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Abstract 

Since many single-cell RNA-seq (scRNA-seq) data are obtained after cell sorting, such as when investigating immune 
cells, tracking cellular landscape by integrating single-cell data with spatial transcriptomic data is limited due to cell 
type and cell composition mismatch between the two datasets. We developed a method, spSeudoMap, which utilizes 
sorted scRNA-seq data to create virtual cell mixtures that closely mimic the gene expression of spatial data and trains 
a domain adaptation model for predicting spatial cell compositions. The method was applied in brain and breast can-
cer tissues and accurately predicted the topography of cell subpopulations. spSeudoMap may help clarify the roles of 
a few, but crucial cell types.

Keywords Spatial transcriptomics, Single-cell RNA-seq, Cell sorting, Cell type mapping, Synthetic cell mixture, 
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Background
Spatial transcriptomics has been widely adopted as a 
tool to explore genome-wide spatial RNA expression 
in various tissues [1]. It paves the way to thoroughly 
investigate the spatial context of cells and their interac-
tions in an unbiased manner [2]. One of the limitations 
of spatial transcriptomics data is the fact that spots are 
not directly interpreted as cells. Therefore, multiple com-
putational approaches have been suggested for accurate 
spatial mapping of cell types by integrating spatial and 

single-cell transcriptomics [3–12]. They can be further 
utilized to speculate the spatial infiltration pattern of a 
few cell types that play a key role in the pathophysiology 
of various diseases [13–16]. In this case, certain cell pop-
ulations, such as immune cell subtypes, can be described 
in detail by jointly analyzing spatial data with single-cell 
RNA sequencing (scRNA-seq) data acquired from cell 
sorting strategies such as fluorescence-activated cell sort-
ing (FACS) and magnetic-activated cell sorting (MACS) 
based on cell surface markers [17]. However, there is a 
major drawback in the practical usage of spatial mapping 
methods employing scRNA-seq data. The majority of the 
methods are based on the assumption that cell types and 
proportions are similar between the two transcriptomic 
datasets [3–11], and cell type-specific signatures defined 
from the single-cell data are translated to decipher spatial 
cell compositions. When the sorted scRNA-seq data are 
utilized as a reference, the data explain only part of the 
cell types from the spatial data. Besides, certain cell types 
can be depleted or enriched during the cell dissociation 
procedure [18], and cell composition may vary across 
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the tissue acquisition sites. Therefore, the integration of 
single-cell and spatial datasets creates a bias in estimating 
the cellular fraction. There is a need for the development 
of a computational model that flexibly integrates scRNA-
seq data of cell subpopulations with spatial transcrip-
tomic data.

In this regard, we created a model, spSeudoMap, which 
utilizes sorted scRNA-seq data to create a cell mixture 
resembling the spatial data and predicts the spatial cell 
composition based on CellDART [10], a domain adapta-
tion approach. More specifically, the cell types exclusively 
present in the spatial data, named the pseudotypes, and 
the cell types shared between the two transcriptomic 
data, named the target types, are defined. Then, the frac-
tion and expression profiles of the pseudotypes in the 
cell mixture are assigned by referencing the spatial and 
single-cell datasets. The rest of the mixture, the portion 
for the target types, is filled with randomly sampled cells 
from single-cell data. As a result, the cell mixture and 
spatial transcriptomic data are jointly analyzed based on 
domain adaptation to obtain a spatial map of the cell sub-
population. Our approach adjusts the discrepancy of cell 
type and proportion in single-cell and spatial data and is 
capable of precisely estimating the spatial distribution of 
the minor cell types.

Methods
Composition of public datasets
Human brain cortex
Spatial transcriptomic datasets of postmortem human 
DLPFC tissues were acquired from a 30-year-old sub-
ject without neurological disorders. Two Visium slides, 
named “151673” and “151676”, which are 300 μm apart 
were selected for the analysis [19]. The count matrix 
(151673: 33,538 genes across 3639 spots; 151676: 33,538 
genes across 3460 spots) and cortical layer informa-
tion of the spatial spots were utilized. The spots were 
assigned to a specific cortical layer [ranging from lay-
ers 1 to 6 and white matter (WM)] based on the spatial 
expression pattern of layer-specific marker genes and the 
expert’s opinion, as described in the paper [20]. The spots 
for which the layer could not be determined were clas-
sified as not available (NA). For the integrative analysis, 
a single-nucleus dataset obtained from the DLPFC of 
postmortem healthy individuals was adopted [21]. The 
count matrix (30,062 genes across 35,212 cells) and the 
cell type annotations defined based on the well-known 
marker genes were used [22]. Among the 33 cell types, 
10 layer-specific excitatory neurons (from Ex_1_L5_6 to 
Ex_10_L2_4) were selected. This subpopulation of the 
single-nucleus dataset was considered a simulation of 
scRNA-seq data acquired by physically sorting excitatory 
neurons and was provided as an input for spSeudoMap.

Mouse brain coronal section
The Visium spatial transcriptomic dataset of the mouse 
brain coronal section was obtained from a C57BL/6 
mouse that was at least 8 weeks old. The dataset, named 
“V1_Adult_Mouse_Brain,” was downloaded from the 
data repository provided by 10x Genomics [23]. Addi-
tionally, single-nucleus data extracted from mouse brain 
coronal tissue were included in the joint analysis [24]. 
The brains of a female and a male C57BL/6 mouse, both 
56 days old, were sectioned and processed for sequencing 
analysis. The count matrices were composed of 32,285 
genes and 2702 spots for spatial data and 31,053 genes 
and 40,532 cells for single-cell data. The cell types of the 
single-cell data were defined using reported marker genes 
[25, 26] and an in  situ hybridization dataset from the 
Allen Brain Atlas (https:// mouse. brain- map. org/ static/ 
atlas) [27], as described in the paper [11]. Among the 59 
cell types, 23 region-specific neuron types were selected, 
and the subpopulation of single-nucleus data was utilized 
for the generation of the cell mixture.

Human breast cancer
Both spatial and single-cell transcriptomics data for 
breast cancer were extracted from an 88-year-old female 
subject (ID: 4290) without a previous history of treat-
ment [28–30]. The cancer tissue was invasive ductal car-
cinoma (IDC) with ER-positive (90%, 3+), PR-positive 
(30%, 2+), and HER2-negative (1+) profiles, and cancer 
had invaded the adjacent skin and chest wall (pathologic 
T stage: T4b). The single-cell data (5789 cells and 29,733 
genes) from the same patient were composed of cancer 
or normal epithelial cells, perivascular-like (PVL) cells, 
cancer-associated fibroblasts (CAFs), endothelial cells, 
and immune cells. This unsorted data was considered ref-
erence datasets for the prediction of spatial cell composi-
tion. In addition, CD45+ sorted single-cell data (29,900 
cells and 31,993 genes) acquired from ER-positive IDC 
patients (n=4, ID: BC1, BC2, BC4, BC6) were utilized 
[31, 32], and the spatial immune cell composition was 
estimated using spSeudoMap.

Clustering and annotation of single‑cell and spatial data
The clustering and visualization of transcriptomics data-
sets were implemented using Seurat (v.4.0.5) [33] in 
R (v.4.1.1). First, count normalization was performed, 
and the total count was set to 10,000 across all cells 
and spots. Then, the count matrices were natural log-
transformed [ln(1 + X)], and the top 2000 highly vari-
able genes (HVGs) were chosen by standardizing counts 
with the mean-variance relationship (vst method) [4]. 
Next, the matrices were regressed against the total count 
and scaled such that the mean and standard deviation 
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for HVGs were 1 and 0, respectively. After reducing the 
dimensionality of the dataset using principal compo-
nent analysis (PCA), the top 30 PCs were selected for 
the downstream analysis. A shared nearest neighbor-
hood (SNN) graph was constructed based on pairwise 
cell-cell distances calculated on PC space. The Louvain 
community detection algorithm [34] was applied with a 
resolution of 0.5, and the resulting clusters were visual-
ized with uniform manifold approximation and projec-
tion (UMAP) plots [35].

For human and mouse brain single-nucleus datasets, 
the cell annotation information offered by the paper 
was adopted and visualized on UMAP plots. In the 
unsorted human breast single-cell data, the cell anno-
tation was originally obtained from the pooled single-
cell data of all patients, and each cell type of one of the 
patients (ID: 4290) contained only a small number of 
cells. Therefore, the cells were reannotated based on 
the Louvain cell clustering results by an automatic cell 
type assignment tool [36] and cell type information 
from the paper [28]. Additionally, the cells from the 
CD45+ sorted breast dataset were annotated by the 
automatic cell type annotation method [36].

Meanwhile, for mouse brain spatial data, the spot 
clusters were named according to the correspond-
ing anatomical structure (amygdala, caudoputamen, 
cortex, ependyma, hypothalamus, meninges, piriform 
cortex, thalamus, and white matter) defined in Allen 
Brain Reference Atlases (https:// mouse. brain- map. org/ 
static/ atlas) [27].

spSeudoMap: spatial mapping of the transcriptomics 
of the cell subpopulations
To estimate a spatial map of cell types for single-cell 
data of cell subpopulations such as sorted or enriched 
single-cell datasets, a synthetic cell mixture that con-
tains all cell types from spatial data is defined (Fig. 1). 
It is intended to create a reference dataset that is highly 
similar to the spatial transcriptomic data. For each 
mixture, the fraction of the exclusive cell types from 
the spatial data is assigned, and their synthetic gene 
expression profiles are created. The rest of the cell mix-
ture is generated from the single-cell data. The process 
is implemented in Scanpy (v.1.5.1) [37] and Numpy in 
Python (v.3.7).

Fig. 1 Mapping cell subpopulations to the spatial transcriptomic data with spSeudoMap. The cell types of the single-cell transcriptomic data 
acquired from cell sorting experiments can be spatially mapped to the tissue using spSeudoMap. The single-cell data of cell subpopulations are 
composed of sorted cells from the tissue, and the cell types cover only part of those in the spatial transcriptomics data. To create the reference 
dataset that mimics the spatial data, virtual cell mixtures, pseudospots, are defined in which all cell types from the tissue are included. First, the 
cell types exclusively present in the spatial data are aggregated and named pseudotypes. The virtual markers for the pseudotypes are selected 
from the top genes highly expressed in spatial pseudobulk compared to single-cell pseudobulk data. Then, the pseudotype fraction in the spatial 
spots is estimated from the module scores (sc.tl.score_genes in Scanpy) of the top 20 pseudotype markers. The fraction and gene expression of the 
pseudotypes are assigned based on the presumed pseudotype fraction and expression of a randomly selected spatial spot. Lastly, the target type 
proportion of the pseudospot, explained by cell types in the single-cell data, is filled with the randomly sampled cells from the single-cell data of 
cell subpopulations. Finally, the pseudospot is considered a reference dataset for the domain adaptation method CellDART [10]
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RCsc: raw count matrix for single-cell data,  RCsp: raw 
count matrix for spatial data,  NCsc: total normalized sin-
gle-cell count matrix,  NCsp: total normalized spatial count 
matrix, x, y: number of cells and genes in single-cell data, 
u, v: number of spots and genes in spatial data, C: set of 
the index for overlapping genes between single-cell and 
spatial data. The gene index in set C is shared between the 
two transcriptomic data (for example, a2c1 and b2c1 indicate 
the counts of the same gene with index c1 in the second cell 
and spot, respectively).

First, a fixed number of cells (n; brain: 8 and breast: 
10) and cell type annotations are randomly sampled 
from single-cell data with random weights, and a cell 
mixture named sub-pseudospot is created as with 
CellDART [10]. The cell types that overlap between 
the single-cell and spatial data are called “target types.” 
These cell types are assumed to be identical to the cell 
types from single-cell data. The Wilcoxon rank-sum 
test is performed, and the top l markers for each tar-
get cell type are pooled. A marker panel (total number 
of genes: m) is curated by extracting intersecting genes 
with the total gene list of spatial data. For each sub-
pseudospot, the composite gene expression profiles of 
the marker panel are calculated.

RCsc =

a11 · · · a1y
...

. . .
...

ax1 · · · axy
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. . .
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n: total number of the cells to be randomly sampled 
from the single-cell data, m: total number of marker 
genes from single-cell data: S: randomly selected index 
of the cells, T: index of the marker genes in the single-
cell count matrix  (RCsc), F: proportion of each sampled 
cell in the cell mixture, G: composite gene expression 
profiles of the cell mixture (named sub-pseudospot).

Next, the cell types present in the spatial data but 
absent in the single-cell data are aggregated, and the 
aggregate is named the “pseudotypes.” The pseudotype 
markers are extracted from pseudobulk analysis of both 
transcriptomic data. It can be assumed that the genes 
showing greater pseudobulk expression in spatial data 
than single-cell data are pseudotype markers. There-
fore, the summed counts for each gene are divided by 
the total counts, and the normalized counts are com-
pared between the two datasets. The ratio of the nor-
malized counts between spatial to single-cell data is 
 log2-transformed, and the genes are sorted in descend-
ing order of the log fold change. The top k genes not 
overlapping with the target type markers are selected as 
pseudotype markers, and the top 20 genes are used as 
predictors of the pseudotype fraction. The target types 
and pseudotype markers are combined and named the 
“composite marker panel.”

BCsc: pseudobulk count matrix for single-cell data, 
 BCsp: pseudobulk count matrix for spatial data, logFC: 
log fold change between the pseudobulk counts, w: 
index number for the top k genes with the highest 
logFC.

Then, the pseudotype fraction in a given spot of 
the spatial data is presumed to be correlated with an 
enrichment score for the top 20 pseudotype markers 
(scanpy.tl.score_genes in Scanpy). The genes of spatial 
data are divided into 25 bins according to the log-nor-
malized expression level. For each marker gene, a total 
of 50 control genes are selected from the same bin and 
pooled. The enrichment score is calculated by subtract-
ing the average expression of control gene pools from 
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that of pseudotype markers [38]. The distribution of a 
created module score is scaled to have a given mean 
(M′) and standard deviation (σ′). The values over 1 and 
less than 0 are replaced with 1 and 0, respectively. The 
scaled module score is considered as a pseudotype frac-
tion of a spatial spot, assuming a linear relationship 
between the two.

MSsp: module scores for the top 20 pseudotype mark-
ers calculated in spatial data, M, σ: mean and standard 
deviation of  MSsp, M′, σ′ : mean and standard deviation 
of the presumed pseudotype fraction in spatial tran-
scriptomic spots, Zsp: presumed pseudotype fraction.

To create a reference dataset, a sub-pseudospot is 
aggregated to the pseudotype portion of a randomly 
chosen spot, and the combined gene expression for the 
composite marker panel is calculated (Additional file 1: 
Fig. S1). The resulting cell mixture is named the pseu-
dospot. Since pseudotype markers are selected accord-
ing to the log fold change in the pseudobulk approach, 
the expression of pseudotype markers in pseudotypes 
is expected to be significantly higher than that of target 
type markers. Additionally, for simplicity, the expression 
of all pseudotype markers in a spot is assumed to be 
directly proportional to that in the pseudotypes of the 
spot. Thus, the target type marker expression in pseudo-
types is set to 0, and the pseudotype marker expression 
is assigned by multiplying the normalized count of the 
selected spot by the presumed pseudotype fraction.

T′: index of the marker genes and pseudotype markers 
in the single-cell count matrix  (RCsc), G′: composite gene 
expression profiles of the modified cell mixture (named 
pseudospot), β: randomly selected index of the spot

Finally, the gene expression profiles of the pseu-
dotypes and the sub-pseudospot are summed with 
the pseudotypes to target type ratio as a weight, and 
the integrated expression of a pseudospot is obtained 
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(Additional file  1: Fig. S1). Of note, the pseudotype 
fraction is extracted from the same spatial spot that 
the expression profile is referenced. The algorithm for 
generating a pseudospot is summarized with the above 
formulae. The pseudospots and spatial transcriptomic 
data are jointly provided as inputs for the domain 
adaptation in CellDART [10].

Performance evaluation of spSeudoMap
The capability of spSeudoMap to predict the spatial 
composition of cell subpopulations was assessed in the 
three different datasets. In human DLPFC tissue, the 
accuracy of the model to localize 10 layer-specific excit-
atory neuron types to corresponding cortical layers was 
measured by receiver operating characteristic (ROC) 
analysis. The layer annotation of each spatial transcrip-
tomic spot (layers 1 to 6 and WM) offered by the paper 
was considered a gold standard of spot identity [20]. 
The area under the ROC curve (AUROC) was calculated 
to explain the performance across all neuron types. For 
instance, a fraction of Ex_3_L4_5, the cell type known 
to be highly localized in layers 4 and 5 is predicted in 
all spots, and the “sensitivity” and “1 – specificity” 
of classifying a spot as belonging to layers 4 and 5 are 
plotted for every threshold value. The AUROC is calcu-
lated and it represents the performance of the model in 
Ex_3_L4_5. In the case of the mouse brain sample, the 
spot clusters were named after the anatomical region, 
and the spatial distribution of region-specific excita-
tory neuron types across the clusters was examined. To 
further assess the performance of spSeudoMap in brain 
tissues, the spatial distribution of pseudotype fraction 
estimated from spSeudoMap was compared with the 
spatial expression pattern of missing cell type markers. 
The missing cell type markers were discovered by per-
forming differential gene expression analysis between 
excitatory neurons and others in unsorted single-cell 
data containing whole cell types. Wilcoxon rank-sum 
test was implemented and the Bonferroni method was 
applied for multiple comparison corrections. The top k 
(the number of pseudotype markers) genes showing the 
highest  log2 fold change were selected and the module 
score was calculated. Spearman’s correlation coefficient 
was computed between the predicted pseudotype frac-
tion and the module score across all spots. Finally, in 
human breast tissue, the spatial localization patterns of 
the top immune cell subpopulation were mapped. The 
spatial correlation patterns were evaluated by Spear-
man’s correlation coefficient and visualized with a 
heatmap.

The performance of spSeudoMap was compared in 
two different aspects. First, the spSeudoMap was tested 
whether it is superior to existing cell type decomposition 
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methods (CARD, CellDART, Cell2location, DSTG, 
RCTD, and SPOTlight) in mapping the cell types in 
the situation that single-cell transcriptomic data only 
has subpopulation of cell types. The count matrix for 
selected cell types from the single-cell dataset of human 
DLPFC was provided as an input for the decomposition 
tools. CARD predicts spatial cell composition based on 
non-negative matrix factorization (NMF) and considers 
spatial correlation by a conditional autoregressive model 
[12]. Spots with a total count of less than 100 and genes 
with the number of spots showing a non-zero count of 
less than 5 were excluded from the analysis. CellDART 
decomposes spatial cell proportions based on domain 
adaptation [10]. The numbers of sampled cells in the 
cell mixture were set to 8 and 10 in brain and breast 
cancer tissues, respectively. The number of markers per 
cell cluster was set to 20. Cell2location predicts spatial 
cell proportion based on the Bayesian statistical model 
[11]. The expected cell abundance in each spatial spot 
was set to 8 in the brain tissue. The number of iterations 
was 30,000, and default values were given to the rest of 
the parameters in the model. DSTG constructs a linked 
graph between the spatial data and cell mixture created 
from single-cell data and applies a graph neural net-
work to estimate spatial cell fraction [9]. RCTD predicts 
spatial cell compositions using maximum-likelihood 
estimation based on Poisson distribution [6]. The dou-
blet mode was set to “full mode” which does not limit 
the number of cell types in the spots. SPOTlight utilizes 
NMF with regression to estimate the spatial distribution 
of cell types [8]. A total of 100 cells were randomly sam-
pled from each cell cluster in single-cell data to enhance 
the computational speed. For all methods, the default 
parameters suggested in the user guide were applied for 
analyses.

Second, cell subpopulation mapping results by spSeu-
doMap were compared with the reference spatial map of 
cell types. As a surrogate to the real spatial distribution, 
the reference map was defined as spatial cell composition 
predicted using the unsorted single-cell dataset covering 
all cell types. It was presumed that the closer the spatial 
distribution of cell types obtained from spSeudoMap 
is to the reference map, the higher the performance of 
spSeudoMap. CellDART and Cell2location were selected 
as methods for obtaining the reference map since they 
showed similar high accuracy in localizing the layer-spe-
cific excitatory neurons [10, 11].

Exploration of optimal parameter range in spSeudoMap
The key parameters for spSeudoMap are the number of 
markers per single-cell cluster (n), the ratio of the total num-
ber of single-cell to pseudotype markers (m/k ratio), and the 
mean and standard deviation of the presumed pseudotype 

fraction in spatial spots (M′ and σ′). The performance of the 
spSeudoMap was tested across the various parameters in 
human DLPFC datasets (slide number: 151676). Since the 
proportion of 10 layer-specific excitatory neurons was 0.53 
among the single-cell data, M′ was set to 0.47. The cortical 
layer annotation in spatial data was used as a reference, and 
the layer discriminative accuracy of the predicted neuron 
fraction was assessed by AUROC. In general, spSeudoMap 
was capable of stably predicting the spatial distribution of 
neuron subpopulations with a median AUROC over 0.5 
with n larger than 20, m/k larger than 1, and σ′larger than 
0.05 (Additional file 1: Fig. S2). The corresponding param-
eter ranges were selected for the downstream analyses. For 
the human brain (slide 151673) and mouse brain tissues, 
n was set to 80, the m/k ratio to 4, and σ′to 0.1. In human 
breast cancer tissue, n was set to 40, the m/k ratio to 2, and 
σ′to 0.1. In brain tissues, M′ was assigned based on the pro-
portion of non-excitatory neurons in the unsorted single-
cell data containing all cell types and in breast cancer tissue, 
based on the proportion of non-immune cells (human 
brain: 0.47, mouse brain: 0.67, and breast cancer: 0.83). 
Other parameters for the domain adaptation were given as 
the user guidelines of CellDART [10].

Results
Scheme of spSeudoMap
spSeudoMap estimates the spatial map of the cell popu-
lation by integrating spatial transcriptomic data with 
unmatched single-cell data which explains the subpopu-
lation of cells in the tissue. The cell type and composi-
tion unmatch between the two datasets are modeled by 
creating a cell mixture, “pseudospot,” that contains not 
only cell types in single-cell data (“target types”) but 
also cell types exclusively present in spatial data (“pseu-
dotypes”). Then, the proportion and expression of the 
pseudotypes are designated based on both transcrip-
tomics data (Fig.  1). First, pseudobulk gene expression 
profiles are computed from both datasets. The top genes 
highly expressed in spatial transcriptomics data com-
pared to single-cell data are selected as virtual pseudo-
type markers. These markers represent cell types that 
are not included in scRNA-seq data. Next, a pseudotype 
fraction in spatial spots is estimated by calculating mod-
ule scores of pseudotype markers. Then, the pseudotype 
proportion and expression profiles in the cell mixture 
are designated by referencing the presumed pseudo-
type fraction and expression in a randomly selected spa-
tial spot. The target cell type portion of the mixture is 
filled with randomly sampled cells from single-cell data. 
Finally, the pseudospot is considered a reference dataset 
for the domain adaptation model CellDART [10].

In contrast to CellDART, even when single-cell 
data only explains a portion of cell types in the tissue, 
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spSeudoMap estimates information of missing cell type 
in single-cell compared to spatial transcriptomic data-
sets to create pseudospots that closely mimic real spa-
tial spots. It is expected to minimize the domain shift 
between spatial data and pseudospots and maximize 
the performance of the domain adaptation suggested in 
CellDART.

Mapping the excitatory neuron subpopulation 
in the human brain with spSeudoMap
The capability of the method, spSeudoMap, was 
assessed in the Visium spatial transcriptomic data of the 
human dorsolateral prefrontal cortex (DLPFC). First, 
10 layer-specific excitatory neuron types were selected 
from the single-cell data of the human brain (for con-
venience, single-nucleus RNA-seq data were also called 

single-cell data) (Additional file 1: Fig. S3), and the cell 
subpopulation was jointly analyzed with the spatial 
data (slide no. 151673). Notably, the physical sorting of 
excitatory neurons did not precede scRNA-seq. Instead, 
for simulation purposes, excitatory neuron subpopula-
tions were manually selected from the whole scRNA-
seq data, and the cell types were mapped to the spatial 
transcriptomic data. Overall, the cell types were highly 
localized to the corresponding cortical layers (e.g., lay-
ers 4 to 5 for Ex_3_L4_5), although Ex_1_L5_6 and 
Ex_8_L5_6 showed uneven distribution patterns within 
the same layer (Fig. 2A).

Performance stability of spSeudoMap in the human brain
The capability of spSeudoMap to stably predict the spa-
tial map of cell subpopulations using single-cell data 

Fig. 2 Decoding spatial maps of layer-specific excitatory neurons in the human brain. A The composition of ten excitatory neuron types in the 
human brain was predicted by spSeudoMap. The estimated cell fraction was spatially mapped to the tissue and visualized with colored bars. 
Overall, the spatial distribution of layer-specific neuron types was restricted to the corresponding cortical layer (layers 1 to 6). B The performance 
was measured by calculating the layer discriminative accuracy of the predicted layer-specific neuron fraction. It was represented by the area under 
the receiver operating characteristic curve (AUROC). The AUROC values of spSeudoMap in 10 cell subtypes were visualized with barplots and 
compared with those of CARD, CellDART, Cell2location, DSTG, RCTD, and SPOTlight. All methods were implemented using the simulated single-cell 
data of excitatory neuron subpopulations. In contrast to other methods, spSeudoMap showed a more stable performance represented by AUROC 
over 0.5 across all neuron types
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with varying cell composition. To test whether spSeu-
doMap is stable even when the composition of single-
cell data deviates from that of spatial data, cells are 
randomly sampled from the excitatory neuron subpop-
ulation of single-cell data with unequal probabilities. 
The number of cells in each cell type is altered within 
the range of ±30% and the probability of a cell being 
selected is assigned proportionally to the modified cell 
numbers of the cell types. Also, the number of cells 
sampled from the single-cell dataset (n) is modified (4, 
8, 16, and 32) to test the stability of the performance. It 
is to mimic the condition in which certain cell types are 
depleted or enriched due to cell dissociation or to simu-
late spatial heterogeneity of the tissue [18]. The stability 
was tested for 20 different cell sampling probabilities in 
each n value. When n was from 4 to 32, which is a plau-
sible range of the number of cells in each spatial tran-
scriptomic spot, the layer discriminative accuracy of 
predicted cell fraction represented by median AUROC 
was above 0.5 for all excitatory neuron types (Additional 
file 1: Fig. S4). In summary, spSeudoMap presented sta-
ble performance although cell composition and diversity 
in single-cell data were altered across the wide range.

Comparison across cell type mapping tools using 
subpopulations in the human brain
The 10 excitatory neuron subpopulation of single-cell 
data and spatial data were integrated using spSeudoMap, 
CARD, CellDART, Cell2location, DSTG, RCTD, and 
SPOTlight tools, and the spatial composition of neurons 
was predicted (Additional file 1: Fig. S5). It was intended 
to compare the performance of spSeudoMap with the 
existing cell type deconvolution methods when there is 
a mismatch of cell types between both transcriptomic 
datasets. First, in CellDART, Ex_3_L4_5 and Ex_10_L2_4 
had lower cell fractions in the corresponding corti-
cal layers than in other layers. Second, in Cell2location, 
Ex_1_L5_6 and Ex_9_L5_6 had opposite patterns of dis-
tribution, with higher cellular abundance in layers other 
than 5 and 6. Third, in SPOTlight, Ex_3_L4_5 and Ex_9_
L5_6 revealed nonspecific patterns of spatial distribution. 
Last, in CARD, DSTG, and RCTD, more than half of the 
cell types showed lower cell fractions in the expected lay-
ers than in other locations.

To measure the layer discriminative accuracy of the 
predicted cell fraction, an AUROC was calculated, con-
sidering layer annotation as a reference. The AUROC 
was compared across the seven methods (Fig.  2B), and 
spSeudoMap showed superior performance than CARD, 
CellDART, Cell2location, DSTG, RCTD, and SPOTlight 
in 100, 80, 70, 70, 90, and 70% of cell types. In summary, 
within the optimal parameter range, spSeudoMap pre-
sented more stable performance across all cell types in 

the neuron subpopulation compared to other existing 
computational methods.

Deciphering the excitatory neuron composition 
in the mouse brain with spSeudoMap
The performance of spSeudoMap was evaluated in cor-
onal sections of the mouse brain (Additional file  1: Fig. 
S6). First, the two cell type deconvolution tools, Cell-
DART and Cell2location, which showed comparable 
high performance in the previous study [10], were tested 
on the original single-cell data containing all cell types 
(Additional file  1: Fig. S7A). The two prediction results 
were considered reference standards for assessing spSeu-
doMap. In both methods, the region-specific neurons 
showed spatially restricted patterns according to their 
expected spatial predominance (Additional file 1: Fig. S8).

The excitatory neuron subpopulation was selected 
as a simulation of sorted scRNA-seq data (Additional 
file  1: Fig. S7B) and spatially mapped to the brain with 
spSeudoMap (Fig. 3A). The 8 cell types showed a highly 
restricted distribution with a similar spatial predomi-
nance as the reference results (Fig.  3B and Additional 
file  1: Fig. S9). Other cell types were also mapped on 
the mouse coronal section data and compared with 
the reference results (Additional file  1: Fig. S10). Some 
of the neuron types having a low fraction (<0.05) esti-
mated by spSeudoMap were distributed not only in the 
expected regions but also in the regions outside of inter-
est. According to the results, spSeudoMap was capable of 
precisely predicting the spatial compositions of the main 
cell types composing the cell subpopulation.

Elucidating cellular heterogeneity in human breast cancer 
with spSeudoMap
spSeudoMap was assessed in breast cancer tissue, 
which has a high level of heterogeneity. We mapped cell 
types of spatial transcriptomics of human breast can-
cer using two different scRNA-seq datasets: one data-
set with unsorted whole-cell types and another dataset 
obtained after CD45+ cell sorting. The prediction 
results of CellDART obtained using all cell types in the 
unsorted single-cell data were considered a reference 
(Additional file  1: Fig. S11A). Immune cell types from 
CD45+ sorted single-cell data (Additional file  1: Fig. 
S11B) were spatially mapped to human breast cancer 
tissue using spSeudoMap. For macrophages, which are 
the immune cell type with the highest proportion in the 
tissue (Additional file 1: Fig. S11B), the spatial cell com-
positions were similar between spSeudoMap and the 
reference results from CellDART (Fig. 4A, B). Addition-
ally, CD4+ T cells and B cells showed similar spatial pat-
terns with positive spatial correlation (Fig. 4C), although 
B cells in the two single-cell datasets indicated different 
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cell subtypes. However, the spatial localization patterns 
of CD8+ NKT-like cells, one of the minor cell types in 
scRNA-seq data, were different between spSeudoMap 
and the reference. Finally, to investigate the spatial 
interaction between the immune cells, the pairwise cor-
relations between the cell fractions predicted by spSeu-
doMap were computed and visualized with a heatmap 
(Additional file 1: Fig. S12). Spatial correlation patterns 
were highly similar between one of the macrophage 
subtypes and memory CD4+ T cells. Additionally, high 
proximities were observed between another subtype of 

macrophages and CD8+ NKT-like cells. These findings 
implicate the spatial interaction of macrophages with T 
cells in the tumor tissue [39]. In short, spSeudoMap can 
be applied to decipher complex tumor microenviron-
ments and to understand spatial interactions between 
cell subpopulations.

Discussion
Exploring the spatial composition of infiltrating cells in 
tissues provides a key to understanding the molecular 
mechanism underlying the functional changes. In recent 

Fig. 3 Predicting the spatial composition of region-specific neuron types in the mouse brain. A The proportion of the representative region-specific 
neuron types was estimated by spSeudoMap and mapped to the mouse brain. Overall, the 8 neuron types presented were predominantly 
localized to the corresponding anatomical locations. B Spatial spots were clustered based on their gene expression profiles, and the spot clusters 
were named after the anatomical locations. The predicted neuron fraction was highly distributed according to anatomical location. Ext_L25 
to the mid-cortical layer, Ext_23 to the outer cortical layer, Ext_L56 to the inner cortical layer, Ext_Hpc_CA1, Ext_Hpc_CA3, and Ext_Hpc_DG1 
to the hippocampus, Ext_Thal_1 to the thalamus, and Ext_Pir to the amygdala or piriform cortex area. Amy: amygdala, Amy_Pir: amygdala or 
piriform cortex, Cor_out: outer cortex, Cor_mid: mid cortex, Cor_in: inner cortex, CP: caudoputamen, EP: ependyma, Hippo: hippocampus, Hypo: 
hypothalamus, Men: meninges, Thal_lat: lateral thalamus, Thal_med: medial thalamus, and WM: white matter
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years, the crosstalk between immune cells and cancer 
cells has been highlighted as a major player in the devel-
opment of tumor microenvironments [14]. Additionally, 
the complex interactions between the peripheral and 
central immunities are considered crucial for the pro-
gression of various neuroinflammatory diseases [15]. As 
a breakthrough to the research questions, the integration 
of spatial transcriptomics with the single-cell data of cell 
subpopulations can provide a cellular landscape of the 
few cell types, such as immune cells, in highly heteroge-
neous tissues.

Compared to the existing approaches, spSeudoMap, 
which is specialized in tracking the spatial distribution 

of subclusters of specific cell types, is more appropri-
ate for capturing the transcriptomic changes in a few 
cell populations. The main contribution of the method 
is that it enables the mapping of cell subtypes explained 
in sorted scRNA-seq data to spatial transcriptomic data 
based on the pseudobulk approach of modeling the miss-
ing information in single-cell data. First, spSeudoMap 
was assessed in brain tissues, and the main region-spe-
cific excitatory neuron types could be accurately mapped 
according to anatomical locations (Figs. 2 and 3). Particu-
larly in human brain tissue, the prediction results were 
stable even when the cell compositions deviated in sin-
gle-cell data (Additional file 1: Fig. S4). The application of 

Fig. 4. Exploring the spatial heterogeneity of immune cells in human breast cancer tissue. A The spatial composition of immune cells in human 
breast cancer was predicted by integrating spatial data with single-cell data covering all cell types. The results from CellDART were considered a 
reference for comparison with spSeudoMap. B The spatial composition of the immune cell types was predicted by spSeudoMap using CD45+ 
sorted single-cell data and visualized on the tissue. Macrophages (sum of macrophage_1, macrophage_2, and macrophage_3), memory CD4 T 
cells, and B cells showed similar spatial distributions, while CD8 NKT-like cells presented different patterns. C The scatter plots show the correlation 
between the cellular proportion predicted by spSeudoMap with sorted single-cell data and that estimated by CellDART with an unsorted 
single-cell dataset covering all cell types (reference). Spearman’s correlation coefficients and statistical significance (p-value) were calculated and 
are presented in the top-left corner of each plot. The correlation between CellDART and spSeudoMap was the highest in macrophages (the sum of 
macrophage_1, macrophage_2, and macrophage_3). Other cell types also showed weak but positive correlations except for CD8+ NKT-like cells, 
which showed a negative correlation
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spSeudoMap could be extended to human breast cancer 
tissue to estimate the spatial distribution of immune cell 
types (Fig. 4). The predicted spatial patterns of the major 
immune cell populations were well correlated with the 
reference results, in which original single-cell data with 
all cell types were utilized for integration.

One of the key features of spSeudoMap is that it 
assumes the virtual cell types, pseudotypes, which are 
absent in single-cell data but present in the spatial data. 
Then, it finds markers of the pseudotypes by considering 
single-cell and spatial data as bulk sequencing datasets 
(Fig. 1). Moreover, spSeudoMap predicts the pseudotype 
fraction in each tissue domain and adopts the informa-
tion to model the reference dataset, pseudospots. These 
processes along with domain adaptation estimate the 
missing information in single-cell transcriptomic data, 
thereby correcting the cell types and composition mis-
match between single-cell and spatial data. This capa-
bility of the spSeudoMap could be further validated in 
brain datasets. The unsorted single-cell datasets from the 
brain contain whole cell types in the tissue, and missing 
cell type markers can be acquired by finding differential 
expressed genes between excitatory neurons and other 
populations. The spatial enrichment patterns of missing 
cell type markers of the single-cell data showed a posi-
tive correlation with the pseudotype fraction predicted 
by spSeudoMap (Additional file 1: Fig. S13). In contrast 
to spSeudoMap, most of the existing methods utilize cell 
type signatures solely extracted from the single-cell data-
sets of cell subpopulations, and it will be biased to select 
the genes differentially expressed inside of the cell sub-
set. Thus, the signatures would not well represent the real 
expression profiles of cell types in the tissue. This may 
result in an imprecise estimation of the cellular composi-
tion. In this regard, some layer-specific excitatory neuron 
types showed nonspecific distribution when the single-
cell data of cell subpopulations was directly given as an 
input to the existing methods (Additional file 1: Fig. S5). 
Although CARD utilizes spatial correlation of cell com-
position and adjusts the mismatch between single-cell 
and spatial data, many of the neuron types did not show 
layer-specific patterns of distribution.

As in the aforementioned simulation examples (Figs. 2 
and 3), spSeudoMap can be applied to investigate the 
spatial compositions of the cell subtypes of a certain 
cluster. When the original single-cell data are composed 
of finely defined clusters and the clusters are closely 
located in terms of gene expression, their marker genes 
will largely overlap. It may interfere with the precise com-
putation of cell fractions with the existing deconvolu-
tion tools. In that case, spSeudoMap can be applied as an 
alternative, and the selected cell subtypes and their count 
matrix are provided as inputs to the model. Furthermore, 

spSeudoMap can be directly applied to enriched single-
cell data in which certain cell types are collected from 
multiple samples by cell sorting strategies, e.g., immune 
cells using CD45+ sorting. Otherwise, cell types that are 
not of interest are removed during data processing and 
specific clusters of single-cell data are selected to create 
the spatial map of the specific cell types.

There are additional considerations when implement-
ing spSeudoMap to predict the spatial composition of 
the cell subpopulation. Among the main parameters 
of the model, the mean of the presumed pseudotype 
fraction (M′) must be given to generate pseudospots. 
For the single-cell data obtained from the cell sorting 
experiments, M′ can be considered a fraction of the 
negative population during the sorting. Alternatively, 
M′ can be determined based on the literature evidence 
that explains the cell type proportion. In fact, spSeu-
doMap is a generalized form of CellDART, and it flex-
ibly models various situations. If the single-cell and 
spatial transcriptomic datasets have highly similar cell 
types, the mean and standard deviation of the pseudo-
type fraction can be set to 0, and then spSeudoMap is 
identical to CellDART. When both datasets have sig-
nificantly different cell types, only the shared cell types 
can be selected, and their proportions and expression 
profiles can be given as inputs. In that case, M′ will 
be closer to 1 than 0. Meanwhile, in spSeudoMap, the 
distribution of the pseudotype fraction is assumed to 
be linearly proportional to the gene set enrichment 
score of the top pseudotype markers. Although the 
real distribution may be different, the domain adapta-
tion process could manage the discrepancy between 
the pseudospots and spatial datasets (Additional file 1: 
Fig. S13). In addition, there may be a concern that 
the pseudotype markers extracted by the pseudobulk 
approach may contain nonspecific housekeeping genes 
which account for a major proportion of the total count 
in the tissue. When the Gene Ontology (GO) analysis 
was performed for the estimated pseudotype markers 
in brain and breast cancer tissues [40, 41], the markers 
were not associated with housekeeping gene sets such 
as cell proliferation and metabolism (Additional file  1: 
Fig. S14). In addition, since the pseudotype marker is 
used to determine approximately how much propor-
tion the cell types of single-cell data occupies in a spot, 
the purpose is to estimate the approximate amount of 
the “target cell types” rather than to identify the genes 
not included in single-cell data. Last, when the rare 
cell types are mapped to the tissue, the cellular frac-
tion may be overestimated in the regions outside those 
of interest, and the region-specific localization pat-
terns may be less prominent. In addition, when the 
single-cell data contain additional cell types compared 
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to the spatial data, as in the basophils and effector 
CD8 T cells in sorted single-cell data of breast cancer 
(Additional file  1: Fig. S11B), the prediction of minor 
immune cell fraction may be affected. Thus, caution is 
required when interpreting the results for the rare cell 
population.

Conclusions
The spSeudoMap is a robust model to estimate the spa-
tial configuration of cell subtypes explained by sorted 
scRNA-seq data in tissues with a high level of heteroge-
neity. It can be further utilized to describe the perturba-
tion of complex intercellular interactions during disease 
progression, therefore capturing the spatial dynamics of 
pathophysiology.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13073- 023- 01168-5.

Additional file 1: Fig. S1. The schematic diagram for creating pseudos-
pots, the reference dataset for the domain adaptation. Fig. S2. Explora-
tion of optimal parameters for spSeudoMap. Fig. S3. Single-nucleus 
datasets for the human DLPFC tissue. Fig. S4. The performance stability 
of spSeudoMap. Fig. S5. Spatial distribution patterns of layer-specific 
neurons estimated by existing cell type deconvolution tools. Fig. S6. Spot 
clustering of mouse brain spatial transcriptome. Fig. S7. Single-nucleus 
data for the mouse brain coronal section. Fig. S8. Spatial maps of region-
specific neurons in mouse brain using original single-cell data containing 
all cell types: the representative neuron types. Fig. S9. Distribution of 
the neuron subtypes in mouse brain across the locations predicted from 
single-cell data covering all cell types. Fig. S10. The spatial landscape of 
region-specific neurons in mouse brain: rest of the neuron types. Fig. S11. 
Single-cell data for the human breast cancer. Fig. S12. Spatial correlation 
patterns between immune cells in the human breast cancer tissue. Fig. 
S13. Comparison between spatial enrichment patterns for marker genes 
of missing cell types in single-cell data and the pseudotype fraction pre-
dicted from spSeudoMap. Fig. S14. Functional implication of pseudotype 
markers extracted from spSeudoMap.

Acknowledgments
Not applicable.

Authors’ contributions
H.C. and D.S.L. conceived the study. S.B., H.C., and D.S.L. designed the 
experiments. H.C. initially suggested a new algorithm and S.B. modified and 
optimized the analytic method. H.C. and D.S.L. devised the data analysis. S.B. 
mainly conducted the data analysis. All authors contributed to the interpreta-
tion of the data and wrote the paper. All authors read and approved the final 
manuscript.

Funding
This research was supported by the National Research Foundation 
of Korea (NRF-2020M3A9B6038086, NRF-2020R1A2C2101069, NRF-
2022M3A9D3016848, and NRF-2022R1A5A6000840).

Availability of data and materials
Publicly available transcriptomic datasets were utilized for the analyses. 
First, human DLPFC single-nucleus and spatial transcriptomic (slide no. 
151673 and 151676) datasets can be downloaded from http:// resea rch. libd. 
org/ spati alLIBD/ [19] and GSE144136 (https:// www. ncbi. nlm. nih. gov/ geo/ 
query/ acc. cgi? acc= GSE14 4136) [21], respectively. Second, mouse brain 

coronal section single-nucleus and spatial datasets can be accessed from 
E-MTAB-11115 (https:// www. ebi. ac. uk/ biost udies/ array expre ss/ studi es/E- 
MTAB- 11115) [24] and 10x Genomics data repository (https:// www. 10xge 
nomics. com/ resou rces/ datas ets) [23], respectively. Lastly, matched single-
cell and spatial data from the breast cancer patient can be downloaded 
from GSE176078 (https:// www. ncbi. nlm. nih. gov/ geo/ query/ acc. cgi? acc= 
GSE17 6078) [29] and https:// zenodo. org/ record/ 47397 39 [30], while CD45+ 
sorted single-cell data from GSE114727 (https:// www. ncbi. nlm. nih. gov/ 
geo/ query/ acc. cgi? acc= GSE11 4727) [32]. Python source code and R wrap 
function for spSeudoMap is uploaded on https:// github. com/ bsung woo/ 
spSeu doMap.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
H.C. is a co-founder and CTO of Portrai, Inc. The remaining authors declare that 
they have no competing interests.

Received: 17 January 2023   Accepted: 3 March 2023

References
 1. Stahl PL, Salmen F, Vickovic S, Lundmark A, Navarro JF, Magnusson J, et al. 

Visualization and analysis of gene expression in tissue sections by spatial 
transcriptomics. Science. 2016;353:78–82.

 2. Liu B, Li Y, Zhang L. Analysis and visualization of spatial transcriptomic 
data. Front Genet. 2021;12:785290.

 3. Hie B, Bryson B, Berger B. Efficient integration of heterogeneous single-
cell transcriptomes using Scanorama. Nat Biotechnol. 2019;37:685–91.

 4. Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM 3rd, et al. 
Comprehensive integration of single-cell data. Cell. 2019;177:1888–902.

 5. Andersson A, Bergenstrahle J, Asp M, Bergenstrahle L, Jurek A, Fernandez 
Navarro J, et al. Single-cell and spatial transcriptomics enables probabilis-
tic inference of cell type topography. Commun Biol. 2020;3:565.

 6. Cable DM, Murray E, Zou LS, Goeva A, Macosko EZ, Chen F, et al. Robust 
decomposition of cell type mixtures in spatial transcriptomics. Nat 
Biotechnol. 2022;40:517–26.

 7. Dong R, Yuan GC. SpatialDWLS: accurate deconvolution of spatial tran-
scriptomic data. Genome Biol. 2021;22:145.

 8. Elosua-Bayes M, Nieto P, Mereu E, Gut I, Heyn H. SPOTlight: seeded NMF 
regression to deconvolute spatial transcriptomics spots with single-cell 
transcriptomes. Nucleic Acids Res. 2021;49:e50.

 9. Song Q, Su J. DSTG: deconvoluting spatial transcriptomics data through 
graph-based artificial intelligence. Brief Bioinform. 2021;22:bbaa414.

 10. Bae S, Na KJ, Koh J, Lee DS, Choi H, Kim YT. CellDART: cell type inference 
by domain adaptation of single-cell and spatial transcriptomic data. 
Nucleic Acids Res. 2022;50:e57.

 11. Kleshchevnikov V, Shmatko A, Dann E, Aivazidis A, King HW, Li T, et al. 
Cell2location maps fine-grained cell types in spatial transcriptomics. Nat 
Biotechnol. 2022;40:661–71.

 12. Ma Y, Zhou X. Spatially informed cell-type deconvolution for spatial 
transcriptomics. Nat Biotechnol. 2022;40:1349–59.

 13. Kather JN, Suarez-Carmona M, Charoentong P, Weis CA, Hirsch D, Bank-
head P, et al. Topography of cancer-associated immune cells in human 
solid tumors. Elife. 2018;7:e36967.

 14. Galli F, Aguilera JV, Palermo B, Markovic SN, Nistico P, Signore A. Relevance 
of immune cell and tumor microenvironment imaging in the new era of 
immunotherapy. J Exp Clin Cancer Res. 2020;39:89.

 15. Bettcher BM, Tansey MG, Dorothee G, Heneka MT. Peripheral and central 
immune system crosstalk in Alzheimer disease - a research prospectus. 
Nat Rev Neurol. 2021;17:689–701.

https://doi.org/10.1186/s13073-023-01168-5
https://doi.org/10.1186/s13073-023-01168-5
http://research.libd.org/spatialLIBD/
http://research.libd.org/spatialLIBD/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144136
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144136
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-11115
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-11115
https://www.10xgenomics.com/resources/datasets
https://www.10xgenomics.com/resources/datasets
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176078
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176078
https://zenodo.org/record/4739739
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE114727
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE114727
https://github.com/bsungwoo/spSeudoMap
https://github.com/bsungwoo/spSeudoMap


Page 13 of 13Bae et al. Genome Medicine           (2023) 15:19  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 16. Croese T, Castellani G, Schwartz M. Immune cell compartmentalization 
for brain surveillance and protection. Nat Immunol. 2021;22:1083–92.

 17. Nguyen A, Khoo WH, Moran I, Croucher PI, Phan TG. Single cell 
RNA sequencing of rare immune cell populations. Front Immunol. 
2018;9:1553.

 18. Denisenko E, Guo BB, Jones M, Hou R, de Kock L, Lassmann T, et al. Sys-
tematic assessment of tissue dissociation and storage biases in single-cell 
and single-nucleus RNA-seq workflows. Genome Biol. 2020;21:130.

 19. Pardo B, Spangler A, Weber LM, Page SC, Hicks SC, Jaffe AE, et al. 
spatialLIBD: an R/Bioconductor package to visualize spatially-resolved 
transcriptomics data. BMC Genomics. 2022; http:// resea rch. libd. org/ 
spati alLIBD/.

 20. Maynard KR, Collado-Torres L, Weber LM, Uytingco C, Barry BK, Williams 
SR, et al. Transcriptome-scale spatial gene expression in the human 
dorsolateral prefrontal cortex. Nat Neurosci. 2021;24:425–36.

 21. Nagy C, Maitra M, Tanti A, Suderman M, Theroux JF, Davoli MA, Perlman 
K, Yerko V, Wang YC, Tripathy SJ, et al. Single-nucleus RNA-seq in the 
post-mortem brain in major depressive disorder. GSE144136, NCBI Gene 
Expression Omnibus. 2020. https:// www. ncbi. nlm. nih. gov/ geo/ query/ 
acc. cgi? acc= GSE14 4136. Accessed 25 Feb 2020.

 22. Nagy C, Maitra M, Tanti A, Suderman M, Theroux JF, Davoli MA, et al. 
Single-nucleus transcriptomics of the prefrontal cortex in major depres-
sive disorder implicates oligodendrocyte precursor cells and excitatory 
neurons. Nat Neurosci. 2020;23:771–81.

 23. 10x Genomics. Mouse Brain Section (Coronal). 10x Genomics Datasets. 
https:// www. 10xge nomics. com/ resou rces/ datas ets/ mouse- brain- secti 
on- coron al-1- stand ard-1- 1-0.

 24. Kleshchevnikov V, Shmatko A, Dann E, Aivazidis A, King HW, Li T, Elmen-
taite R, Lomakin A, Kedlian V, Gayoso A, et al. Single-nucleus RNA-seq 
from adult mouse brain sections paired to 10X Visium spatial RNA-seq. 
E-MTAB-11115, EMBL-EBI. 2022. https:// www. ebi. ac. uk/ biost udies/ array 
expre ss/ studi es/E- MTAB- 11115. Accessed 1 Feb 2022.

 25. Zeisel A, Munoz-Manchado AB, Codeluppi S, Lonnerberg P, La 
Manno G, Jureus A, et al. Brain structure. Cell types in the mouse 
cortex and hippocampus revealed by single-cell RNA-seq. Science. 
2015;347:1138–42.

 26. Tasic B, Menon V, Nguyen TN, Kim TK, Jarsky T, Yao Z, et al. Adult mouse 
cortical cell taxonomy revealed by single cell transcriptomics. Nat Neuro-
sci. 2016;19:335–46.

 27. Allen Institute for Brain Science. Allen Mouse Brain Atlas. Allen Institute. 
2011. https:// mouse. brain- map. org/ static/ atlas.

 28. Wu SZ, Al-Eryani G, Roden DL, Junankar S, Harvey K, Andersson A, et al. 
A single-cell and spatially resolved atlas of human breast cancers. Nat 
Genet. 2021;53:1334–47.

 29. Wu SZ, Al-Eryani G, Roden DL, Junankar S, Harvey K, Andersson A, Then-
navan A, Wang C, Torpy JR, Bartonicek N, et al. A single-cell and spatially 
resolved atlas of human breast cancers. GSE176078, NCBI Gene Expres-
sion Omnibus. 2021. https:// www. ncbi. nlm. nih. gov/ geo/ query/ acc. cgi? 
acc= GSE17 6078. Accessed 24 June 2021.

 30. Wu SZ, Al-Eryani G, Roden DL, Junankar S, Harvey K, Andersson A, Then-
navan A, Wang C, Torpy JR, Bartonicek N, et al. A single-cell and spatially 
resolved atlas of human breast cancers. 4739739, zenodo. 2021. https:// 
zenodo. org/ record/ 47397 39.

 31. Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C, Prabhakaran S, et al. 
Single-cell map of diverse immune phenotypes in the breast tumor 
microenvironment. Cell. 2018;174:1293–308.

 32. Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C, Prabhakaran S, Nainys 
J, Wu K, Kiseliovas V, Setty M, et al. Single-cell map of diverse immune 
phenotypes in the breast tumor microenvironment. GSE114727, NCBI 
Gene Expression Omnibus. 2018. https:// www. ncbi. nlm. nih. gov/ geo/ 
query/ acc. cgi? acc= GSE11 4727. Accessed 28 Jun 2018.

 33. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, et al. 
Integrated analysis of multimodal single-cell data. Cell. 2021;184:3573–87.

 34. Blondel VD, Guillaume J-L, Lambiotte R, Lefebvre E. Fast unfolding of 
communities in large networks. J Stat Mechanics. 2008;2008:P10008.

 35. Becht E, McInnes L, Healy J, Dutertre CA, Kwok IWH, Ng LG, et al. 
Dimensionality reduction for visualizing single-cell data using UMAP. Nat 
Biotechnol. 2018;37:38–44.

 36. Ianevski A, Giri AK, Aittokallio T. Fully-automated and ultra-fast cell-type 
identification using specific marker combinations from single-cell tran-
scriptomic data. Nat Commun. 2022;13:1246.

 37. Wolf FA, Angerer P, Theis FJ. SCANPY: large-scale single-cell gene expres-
sion data analysis. Genome Biol. 2018;19:15.

 38. Tirosh I, Izar B, Prakadan SM, Wadsworth MH 2nd, Treacy D, Trombetta JJ, 
et al. Dissecting the multicellular ecosystem of metastatic melanoma by 
single-cell RNA-seq. Science. 2016;352:189–96.

 39. DeNardo DG, Ruffell B. Macrophages as regulators of tumour immunity 
and immunotherapy. Nat RevImmunol. 2019;19:369–82.

 40. Gene OC. The Gene Ontology resource: enriching a GOld mine. Nucleic 
Acids Res. 2021;49:D325–D34.

 41. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, et al. Gene 
ontology: tool for the unification of biology. The Gene Ontology Consor-
tium. Nat Genet. 2000;25:25–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

http://research.libd.org/spatialLIBD/
http://research.libd.org/spatialLIBD/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144136
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144136
https://www.10xgenomics.com/resources/datasets/mouse-brain-section-coronal-1-standard-1-1-0
https://www.10xgenomics.com/resources/datasets/mouse-brain-section-coronal-1-standard-1-1-0
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-11115
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-11115
https://mouse.brain-map.org/static/atlas
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176078
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176078
https://zenodo.org/record/4739739
https://zenodo.org/record/4739739
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE114727
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE114727

	spSeudoMap: cell type mapping of spatial transcriptomics using unmatched single-cell RNA-seq data
	Abstract 
	Background
	Methods
	Composition of public datasets
	Human brain cortex
	Mouse brain coronal section
	Human breast cancer

	Clustering and annotation of single-cell and spatial data
	spSeudoMap: spatial mapping of the transcriptomics of the cell subpopulations
	Performance evaluation of spSeudoMap
	Exploration of optimal parameter range in spSeudoMap

	Results
	Scheme of spSeudoMap
	Mapping the excitatory neuron subpopulation in the human brain with spSeudoMap
	Performance stability of spSeudoMap in the human brain
	Comparison across cell type mapping tools using subpopulations in the human brain
	Deciphering the excitatory neuron composition in the mouse brain with spSeudoMap
	Elucidating cellular heterogeneity in human breast cancer with spSeudoMap

	Discussion
	Conclusions
	Anchor 22
	Acknowledgments
	References


