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Abstract 

Since its first application in 2016, spatial transcriptomics has become a rapidly evolving technology in 
recent years. Spatial transcriptomics enables transcriptomic data to be acquired from intact tissue 
sections and provides spatial distribution information and remedies the disadvantage of single-cell RNA 
sequencing (scRNA-seq), whose data lack spatially resolved information. Presently, spatial 
transcriptomics has been widely applied to various tissue types, especially for the study of tumor 
heterogeneity. In this review, we provide a summary of the research progress in utilizing spatial 
transcriptomics to investigate tumor heterogeneity and the microenvironment with a focus on solid 
tumors. We summarize the research breakthroughs in various fields and perspectives due to the 
application of spatial transcriptomics, including cell clustering and interaction, cellular metabolism, gene 
expression, immune cell programs and combination with other techniques. As a combination of multiple 
transcriptomics, single-cell multiomics shows its superiority and validity in single-cell analysis. We also 
discuss the application prospect of single-cell multiomics, and we believe that with the progress of data 
integration from various transcriptomics, a multilayered subcellular landscape will be revealed. 
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1. Introduction 
Spatial and temporal dynamics are closely 

related to all the properties of a cell life cycle, 
including cytogenesis, differentiation, function, and 
death [1]. To explore the spatial and temporal features 
of cells, spatiotemporal transcriptomics was created, 
which includes spatial transcriptomics and temporal 
transcriptomics. Spatiotemporal transcriptomics 
provides a platform for researchers to analyze the 
genome and transcriptome at a subcellular atlas and 
comprehend the relative position of cells in tissue and 
the interaction with neighbors that could explain the 

function of cells. 
The popularization of single-cell RNA 

sequencing (scRNA-seq) [2] ushered in the era of 
single-cell analysis and enabled researchers to explore 
the identities of diverse cell types in complex tissue at 
the single-cell level. ScRNA-seq is based on 
high-throughput sequencing, also known as 
next-generation sequencing (NGS), which is used for 
detecting the single-cell transcriptome and providing 
high-resolution views of intercellular heterogeneity, 
revealing the precise location of transcription 
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boundaries with a single-base resolution [2], and it 
can provide the differentiation trajectory of cells. 

In the workflow of scRNA-seq, the preparation 
of a single-cell suspension is indispensable for 
sequencing; however, this results in the loss of spatial 
information for the cells within the tissue. The spatial 
distribution of distinct cell types is a key factor in 
helping researchers comprehend the biological func-
tion and pathological changes of tissue. Especially in 
the study of tumor pathology, a spatially resolved cell 
atlas reveals a distinct border of tumor-infiltrated 
areas and stroma, cellular interaction between tumor 
and normal cells and a molecular-morphological map 
of the tumor. 

To correlate cell type information with their 
spatial location within the tissue, a new technique 
termed spatial transcriptomics (ST) was first 
developed in 2016 by Ståhl et al., which implements 
the visualization and quantitative analysis of intact 
tissue with spatially resolved transcriptome data [3]. 
The original ST approaches do not provide single-cell 
level resolution [4]. Since then, the combination of 
scRNA-seq and ST [5-7], which both retain spatial 
distribution and single-cell resolution, has become the 
cornerstone of cellular heterogeneity studies in 
complex tissues. 

This article reviews the recent advances in solid 
tumor tissue analysis by ST and summarizes the 
utilization of ST from different perspectives, 
including cell clustering and interaction, cellular 
metabolism, gene expression, immune cell programs 
and combination with other techniques. In recent 
years, single-cell multimodal omics have been 
developed rapidly, which is another major step 
toward comprehension of the inner workings, 
network connectivity and operational principles of 
cells; hence, we consider the future of ST as a crucial 
part of single-cell multimodal omics analysis. 

2. Origin of spatial transcriptomics and 
insights 
2.1 History of spatial transcriptomics 

Before the phrase “spatial transcriptomics” was 
coined, multiple technologies were designed to 
explore mRNA expression in tissue sections with 
spatially resolved data. Since the 1970s, in situ 
hybridization (ISH) has been conducted to visualize 
gene expression while retaining spatial distribution, 
including radioactive ISH (1969), fluorescent in situ 
hybridization (FISH) (1977), and whole-mount ISH 
(WM ISH) (1989). These techniques analyze gene 
expression on a single gene basis, while researchers 
anticipated a technique accomplishing the exploration 
of more genes or even whole transcriptomes, which 

eventually facilitated the emergence of ST [8]. 
The foundation of some ST technologies can be 

traced back to IR and UV laser capture microdissec-
tion (LCM) (1996) [9], which soon after was combined 
with microarray technology (1995) in 1999 [10]. 
Basically, present-era ST techniques are divided into 
five subcategories: LCM, single molecular FISH 
(smFISH), in situ sequencing (ISS), in situ array 
capturing (Array) and in silico reconstruction of 
spatial data [11], whose representative methods are 
GeoMX Digital Spatial Profiler (DSP), multiplexed 
error-robust FISH (MERFISH), Fluorescent In Situ 
Sequencing (FISSEQ), 10x Genomics Visum and 
microfluidic Deterministic Barcoding in Tissue for 
spatial omics sequencing (DBiT-seq). 

Currently, ST has already been used on various 
human tissues, especially in solid tumors, and the 
combination of scRNA-seq and ST, which both retain 
the spatial distribution and single-cell resolution, has 
become the cornerstone in tissue section analysis. 
Strictly, the single-cell resolution requires spatial 
chips with subcellular resolution; otherwise, present 
low-resolution ST can only use single-cell data for 
deconvolution conjecture. In particular, GeoMX DSP, 
which is based on the laser region of interest (laser 
ROI), can reach a subcellular resolution. With the 
combination of scRNA-seq, GeoMX DSP was 
performed on COVID-19 tissues and provided critical 
insights into the pathogenesis of severe COVID-19 
[12]. 

2.2 Commonly applied ST technologies 
 Since the initial proposal in 2016, diverse spatial 

transcriptomics techniques utilizing distinct strategies 
have gained rapid and widespread adopted. Each of 
these methods possesses unique features, accomp-
anied by their respective strengths and limitations. In 
this section, we expound upon the fundamental 
principles of the two most commonly utilized 
commercialized ST technologies: the 10x Genomics 
Visium and GeoMX DSP platforms. 

2.2.1 10x Genomics Visium 
10x Genomics Visium epitomizes a cutting-edge 

platform that leverages comprehensive measurement 
of mRNA in tissue sections while concurrently 
capturing the spatial resolved data for precise 
positioning.  

The Visium Spatial Gene Expression Slide is 
consisted with four 6.5 x 6.5 mm capturing area, 
which contains approximately 5000 spots with 
millions of capture probes in each spot [13]. Following 
tissue section permeabilization, cellular mRNA is 
made accessible and transformed into complementary 
DNA (cDNA) with spatial barcodes through reverse 
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transcription [13]. The incorporation of spatial 
barcodes allows for the precise identification of each 
mRNA transcript's location within the tissue section. 
By constructing a spatial gene expression library and 
performing RNA sequencing, researchers are able to 
analyze mRNA expression profiles within intact 
tissue sections while also visualizing them.  

The compatible tissue type of 10x Genomics 
Visium includes formalin-fixed, paraffin-embedded 
(FFPE) tissue and fresh frozen tissue samples. While 
the 10x Genomics Visium platform boasts an 
impressive resolution of 1-10 cells on average with a 
diameter of 55µm per spot, it falls short of achieving 
single-cell level resolution, which is the main 
drawback of this technique. 10x Genomics Visium is 
considered a highly advanced ST technology that 
enables researchers to comprehensively analyze the 
whole transcriptome with a panoramic view of the 
section. 

2.2.2 GeoMX DSP 
GeoMX DSP quantified mRNA transcripts and 

protein expression using indexing oligonucleotides 
that are attached to mRNA capture probes or 
antibodies [14]. After incubating the sample with 
oligonucleotide tags and visualizing it using 
fluorescent markers, the researchers were able to 
identify the Regions of Interest (ROI) - specific areas 
for analyzing the mRNA or protein pattern. The 
GeoMX DSP platform utilizes a design incorporating 
the indexing oligonucleotides with a UV-photo-
cleavable linker [14]. When the ROI is exposed to UV 
light, the DSP barcodes are released, subsequently 
detected and sequenced. Similar to 10x Genomics 
Visium, the GeoMX DSP platform is compatible with 
both FFPE tissue and fresh frozen tissue samples. 

The integration of multi-omics has long posed a 
challenging issue, however, the GeoMX DSP platform 
enables the combination of ST and spatial proteomics 
through simultaneous sequencing of transcriptome 
and proteome. With a spatial resolution that extends 
up to a depth of 10 µm [15], the GeoMX DSP 
theoretically achieved single-cell accuracy. Unlike 10x 
Genomics Visium, which provides a comprehensive 
view of the entire tissue section, the selection of ROI 
in this solution allows researchers to explore specific 
foci of interest within the tissue. 

2.3 Insights from spatial transcriptomics 
Currently, ST is applied in various fields, 

including development, neuroscience, pathology, 
tumorigenesis, etc., and has already led to successful 
outcomes in the analysis of spatial distributions of 
distinct cell types, and in particular, ST has been 
extensively performed in the analysis of solid tumor 

tissues. Considering this, in this section, we 
summarize the insight that ST brings to the study of 
solid tumors, including cell clustering and interaction, 
cellular metabolism, gene expression, immune cell 
programs and combination with other techniques 
(Figure 1). Besides, we have summarized ten 
significant findings of spatial transcriptomics in 
cancer research (Figure 2). 

2.3.1 Cell clustering and interaction 
In the workflow of ST, cell clustering and 

analysis of cellular interactions are indispensable, 
which leads to significant outcomes in the analysis of 
tissue sections. With the data of cell clustering and the 
projection of the results on tissue images, ST provides 
an understanding of cell enrichment with the spatial 
distribution and can define new subsets of cells. For 
instance, Ji et al. defined a new subset of tumor- 
specific keratinocyte populations related to human 
squamous cell carcinoma by the specific expression 
pattern of epithelial-mesenchymal transition markers 
[7], and it was applied to distinguish the border of 
tumor infiltration and stromal-immune niches [16]. 

Andersson et al. showed that with the assistance 
of expression-based clustering, the definition of cell 
types and heterogeneity of tumors could be analyzed, 
and they found immune cells involved and the 
relative genes overexpressed i.e., macrophages 
(APOE etc.); lymphocytes (HLA class I and II); cancer 
cells (ErbB2; EPCAM and CDH1) [5]. Moreover, ST 
provides insights into the colocalization of cells that 
allows analysis of cell-cell interactions, including 
inflammatory fibroblasts colocalized with stress- 
response genes expressed in cancer cells and 
colocalization of stromal, immune and cancerous cells 
in TME recurring tumor-stroma interactions [17-19]. 

2.3.2 Cellular metabolism 
ST is also widely performed to determine the key 

aspects in the processes of cellular metabolism for 
different spatial foci of tumors showing distinct 
metabolic patterns, and metabolic reprogramming is a 
common phenomenon in solid tumors. Combined 
with scRNA-seq, ST has shown superiority in the 
study of cellular metabolism by analyzing the 
expression of key transcripts in metabolism-related 
gene pathways. In solid tumor tissues, phenotypic 
and functional shifts in macrophages are related to 
metabolic regulation in response to changes in the 
microenvironment [6]. Metabolism in the TME is also 
strongly associated with tumor formation; for 
instance, myeloid cells metabolizing arginine and 
CD4(+) T cells in neuroblastoma together create a 
favorable microenvironment for tumorigenesis [20]. 
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Figure 1. Inspirations in spatial transcriptomics. TME: tumor microenvironment; ScRNA-seq: single cell RNA sequencing. 

 
With spatially resolved tissue data, the metabolic 

affinities of various cell subsets in the TME can be 
distinguished. In a cell subset termed invasive 
micropapillary carcinoma (IMPC) of breast cancer, 
higher lipid metabolism is found in all IMPC clusters 
and metabolic disturbance IMPC subpopulations 
located in different spatial areas [21]. Wang et al. 
modeled the network of metabolism in prostate 
cancer and discovered that prostaglandin metabolism 
genes were expressed at higher levels in tumor tissue 
than in adjacent tissue, and they demonstrated the 
unique liabilities of metabolism in the TME [22]. 

2.3.3 Gene expression 
Another crucial application of ST is the 

quantitative analysis of gene expression with the 
knowledge of spatial distribution in intact tissue. 
Before the large-scale application of ST, researchers 
could hardly describe the consistent, gene expression 
patterns and cellular interactions in different regions 

of the TME, which impeded the comprehension of 
tumor heterogeneity. Moreover, the alteration of gene 
expression is a significant aspect in tumor 
progression; without ST, the analysis of transcrip-
tomic changes is limited to single cell types rather 
than the overall analysis of distinct spatial regions of 
the TME. In studies of solid tumors, the heterogeneity 
of the TME shows strategic significance in tumori-
genesis, progression, metastasis and the selection of 
therapy for tumor treatment. 

With the advantage of retaining spatially 
resolved data at the single-cell level with scRNA-seq 
integration, ST provides a platform for researchers to 
explore the differential genes among various 
constituents, the traits of gene expression with spatial 
distribution in the TME [23], key transcriptomic 
changes and copy number variation (CNV) events 
[24] and the biomarkers associated with prognosis in 
the TME with spatial coordinates [25]. 
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Figure 2. Ten significant findings of spatial transcriptomics in cancer research. The timeline showed the publication dates of relevant studies, the technologies, the 
journals and the key findings [3, 7, 16, 17, 32, 34, 46, 59-61]. Nat Biotechnol: Nature Biotechnology; GeoMx DSP: GeoMX Digital Spatial Profiler; TLS: tertiary lymphoid 
structures; TCF: T-cell factor; ScRNA-seq: single cell RNA sequencing; CD8: cluster of differentiation 8; Nat Genet: Nature Genetics. 
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In colorectal cancer, Wang et al. uncovered 
increased PD-L1 expression at the transcriptional and 
translational levels in patients receiving immuno-
therapy compared with chemotherapy, which was 
considered feasible for the exploration of prognostic 
markers with spatially resolved data in the TME [25]. 
With the clarification of the tumor-infiltrated area, ST 
showed superiority in delineating the extent of cancer 
foci more accurately [26]. 

The spatial distribution resolved data also 
provides insights into the visualization of inflam-
matory reactions [5] and the analysis of prolonged 
interferon signaling activation [24] (with scRNA-seq 
integration). Moreover, the application of ST in solid 
tumors reveals the whole process of tumor 
development, for instance, fetal-like reprogramming 
and signaling pathways related to maintaining an 
onco-fetal ecosystem in tumorigenesis, the emergence 
of stress-like subsets since the preliminary phases of 
oncogenesis express a set of genes and show 
properties of drug resistance [27], epithelial- 
mesenchymal transition and angiogenesis [7, 28] 
polyclonal origins of metastasis [29] and transcripts 
correlated with metastasis [30, 31]. 

2.3.4 Immune cell programs 
Immune dysregulation in the TME plays a 

significant role in tumor growth, metastasis and 
immunosuppression. To ameliorate immune 
disorders and reverse immune suppression in the 
TME, researchers must understand the mechanisms of 
immunoregulation in tumor-infiltrated and normal 
areas as well as the spatial distribution of immune 
cells organized in tumors. Through its integration 
with scRNA-seq data, ST has been used for spatially 
mapping tertiary lymphoid-like structures, and 
revealing the specific interferon response in a 
particular region in a section, that type I interferon 
was associated with the coupling between particular 
T cell and macrophage states and B and T cells were 
co-localized in some patients [5]. Furthermore, the 
composition and organization of the TME, including 
the presence of tertiary lymphoid-like structures, are 
additional factors that can serve as predictors of the 
clinical outcomes of immunotherapy [32]. The leading 
edge of the immune reaction and the stromal-immune 
niches are marked with spatially resolved data from 
ST, which provide insights into immune regulation in 
antitumor therapies [16].  

Immunosuppression is acknowledged as the 
mediator of escape from immune system activation, 
and to comprehend the spatial reprogramming of 
immunosuppressive cells in the TME, ST is necessary. 
Combined with scRNA-seq, multiple cell types 
participating in immunosuppression were observed 

in squamous cell carcinoma, including coinhibitory 
signals on DCs and exhausted T cells and recruitment 
of regulatory T cells (Tregs) [7]. 

2.3.5 Combination with other techniques 
With the rapid development of genomics, 

transcriptomics, proteomics tools, etc., the application 
of multiomics has already become the trend in tumor 
tissue analysis. ST, which enables researchers to 
perform quantitative analysis and retains the spatial 
distribution of tissue sections, is a crucial part of the 
exploration of spatial heterogeneity in the TME. In 
addition, since ST was first reported, the combination 
of ST and scRNA-seq has been the most popular 
technique in normal and tumor tissue sequencing. 

While ST technology continues to evolve, 
another accelerated developing technique is spatial 
proteomics, and researchers are engaged in the 
combined application of ST and spatial proteomics, 
for the levels of RNA transcription in ST cannot 
directly reflex the levels of protein expression and 
spatial proteomics supplements this deficiency. 
Presently, Multiplexed Ion Beam Imaging 
Time-of-flight Mass Spectrometry (MIBI-TOF) which 
is based on metal labeled antibodies imaged by 
orthogonal time-of-flight mass spectrometry [33] was 
incorporated with ST and scRNA-seq in human 
squamous cell carcinoma to image the expression of 
and protein markers in the tumor, stroma and 
immune cells, and analyze the immunodepression 
pattern detected in ST and scRNA-seq [7]. Moreover, 
GeoMx DSP, based on identifying the releasing of 
oligonucleotide tags, enables simultaneous analysis of 
both RNA transcriptome and protein expression in a 
single tissue section [14]. This innovative technology 
has already been extensively utilized in various types 
of tumors.  

Spatial metabolomics, along with ST and spatial 
proteomics, plays a critical role in enabling spatially 
resolved multi-omics analysis. By integrating spatially 
resolved multi-omics, Ravi VM et al. spatially 
visualize the expression pattern of genes by ST and 
spatial proteomics and uncovered the mechanisms of 
dynamic adaptation of glioblastoma with the 
application of spatial metabolomics for metabolic 
factors is crucial in the dynamic adaptation of 
glioblastoma [34]. 

Spurred by advances in computer hardware and 
software, computers are currently widely used in 
various disciplines, particularly the combination of 
mathematics and computer science, which was 
developed to solve the challenge of building statistical 
models from massive datasets and termed machine 
learning [35]. A deep learning algorithm combining 
pathological sections and spatial transcriptomics 
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provides insights into the accurate prediction of 
spatially variable genes and the capture of 
high-resolution gene expression heterogeneity [36]. 
Applying convolutional neural networks (CNN) for 
spatial heterogeneity in gene expression of tissue 
analysis, a deep-learning algorithm was developed by 
He et al. on a new ST dataset in 68 tissue sections from 
23 breast cancer patients to predict genes with the 
highest mean expression and the spatial variable 
genes, and the test showed its accuracy, which was 
named ST-Net and combined histology examination 
with ST [36]. Additionally, it has been used for the 
recognition of tumor-infiltrated regions in entire 
tissue sections automatically, by which clinical 
decisions could be furnished to pathologists in the 
future [37]. 

3. Advances in spatial transcriptomics in 
solid tumors 

The tumor microenvironment (TME), the 
embodiment of heterogeneity, is closely related to 
tumorigenesis, progression and metastasis. Once we 
attribute tumorigenesis to mutationally corrupted 
cancer cells, studies have already proven that TME 
also plays a crucial role in tumorigenesis. Moreover, 
heterogeneity, which plays a critical role in drug 
resistance, has become a tremendous challenge in 
antitumor treatments. To analyze the TME and tumor 
heterogeneity, ST has emerged as a powerful tool to 
obtain the biological properties of different cell types 
and cell interactions with spatially resolved 
information [25]. With the development of ST, it has 
been used in multiple types of solid tumor tissue, 
including lung cancer, breast cancer, gastrointestinal 
cancer, and prostate cancer (Table 1). 

3.1 Lung cancer 
Lung cancer has already become the leading 

cause of mortality in both sexes worldwide. Presently, 
multiple therapies for lung cancer, including surgery, 
radiotherapy, chemotherapy, immunotherapy, etc., 
and the emergence of immunotherapy, especially 
PD-1/PD-L1 blockade, have shown superiority. 
However, the effect of immunotherapy varies in 
different patients, and ST provides insight into tumor 
heterogeneity with spatially resolved datasets, which 
may explain and predict the prognosis of various 
patients after immunotherapy. 

 Jon et al. conducted research on non-small cell 
lung cancer (NSCLC) patients to investigate the 
biomarkers linked to advantageous PD-1 checkpoint 
blockage using the GeoMx DSP, and they showed the 
potential of DSP in identifying spatially informative 
biomarkers of the PD-1 checkpoint blockade response 
in NSCLC and confirmed alternative immune 

predictors with spatial context deserving larger 
independent cohorts’ validation [38]. By applying ST 
to detect the composition of the TME, they revealed 
how distinct components of the TME determine the 
outcome of PD-1 checkpoint blockade. 

Moreover, Larroquette et al. performed ST on 16 
NSCLC tumors using DSP to determine NSCLC cells 
with different expression levels of CD163+ and to 
explore the determining factors that affect the effect of 
immune checkpoint blockers in tumors with 
increasing CD163+ expression, and they found that 
tumors with high CD163+ cell infiltration showed 
upregulation of ITGAM, CD27, and CCL5 [39]. 
Improved outcomes of immunotherapy were revealed 
to be related to the increased expression of genes 
including the M1 phenotype and interferon-γ 
signaling pathway in high macrophage infiltration 
tumors, and they found upregulation of CSF1R in 
responders [39]. 

3.2 Breast cancer 
Breast cancer is a heterogeneous disease that 

develops due to a combination of genetic and 
environmental factors [40]. The complex architecture 
and the specific spatial distribution of assorted cell 
types are intimately linked to tumor progression and 
response to therapy. Understanding tumor hetero-
geneity plays a critical role in clarifying prognoses 
and providing implications for chemotherapies for 
breast cancer. 

Lv et al. drew transcriptomic maps of invasive 
micropapillary carcinoma and revealed its extensive 
heterogeneity and discovered that the stromal areas 
displayed different gene expression patterns with the 
ST platform of 10x Genomics Visium (Visium) [21]. 
Furthermore, the curative effect of chemotherapeutic 
drugs is pertinent to the spatial distribution of 
pharmacogenes. Powell et al. applied Visium spatial 
transcriptomics to breast tumor tissue and revealed 
that the heterogeneity of pharmacogene expression 
may have significant implications for cancer 
treatment because of the influence on drug 
distribution and efficacy [41]. 

ST incorporating various transcriptomics, 
especially scRNA-seq, single-nucleus RNA sequen-
cing (snRNA-seq) and proteomics, may provide 
researchers with a broader range of ST applications. 
Andersson et al. used spatial transcriptomics (Visium) 
and integrated single-cell data to investigate gene 
expression patterns with spatially resolved data in 
HER-2-positive breast tumors and found a tertiary 
lymphoid-like structure and the colocalization of the 
type I interferon response with macrophages and T 
cells [5]. He et al. combined spatial transcriptomics 
(Visium) with histology images and identified 
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spatially resolved gene expression data of 102 genes 
and the simultaneous presence of immune activation 

and tumor development [36]. 

 

 
Figure 3. Typical cases of spatial transcriptomics applied in tumors. Nat Biomed Eng: Nature Biomedical Engineering; Nat Commun: Nature Communications; Nat 
Biotechnol: Nature Biotechnology; Cancer Biol Med: Cancer Biology & Medicine; Sci Rep: Scientific Reports; Clin Cancer Res: Clinical Cancer Research; Mol Syst Biol: Molecular 
Systems Biology; Cancer Discov: Cancer Discovery; Front Bioeng Biotechnol: Frontiers in Bioengineering and Biotechnology; CDH12: cadherin 12, type 2; CD8: cluster of 
differentiation 8; TME: tumor microenvironment; PD-1: programmed cell death protein 1; NSCLC: non-small cell lung cancer. 
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Table 1. Spatial transcriptomics in solid tumors 

Author Year Journal Type Platform Findings Refs 
K. H. Gouin 2021 Nat Commun bladder cancer Visium The CDH12 population showed undifferentiated and aggressive [52] 
Liu SQ 2022 J Hematol Oncol breast cancer Visium Malignant cells with diverse features, origins and functions clustered into distinct 

subpopulations owned specific spatial distribution and found variable enrichment 
of stromal cell subtypes 

[61] 

Powell NR 2022 Cancer Rep 
(Hoboken) 

breast cancer Visium The heterogeneity of pharmacogenes expression may have significant connotations 
for cancer treatment because of the influence on drug distribution and efficacy 

[41] 

S. Alon 2021 Science breast cancer ExSeq Differences in gene expression by cell types are plotted as a function of their 
distance from other cell types 

[62] 

A. Andersson 2021 Nat Commun breast cancer Visium Found tertiary lymphoid-like structures, and colocalization of T-cell and 
macrophage subpopulation with type I interferon response 

[5] 

A. Boisson 2021 Front Mol Biosci breast cancer Visium The tertiary lymphoid structure signature showed THF (two of the four annotated) 
and Th1 (all) expression 

[63] 

B. He 2020 Nat Biomed Eng breast cancer Visium Identified spatially resolved gene expression data of 102 genes and the 
colocalization of tumor progression and activation of immune reaction 

[36] 

R. Huang 2020 Front Oncol breast cancer Visium MAF positively regulated CD248 in the network of bone metastasis-specific [30] 
P. Lu 2021 Breast Cancer Res breast cancer Smart-3SEQ Key transcriptomic diversity and copy number variations events preceding HER2 

amplification in ductal carcinoma in situ 
[24] 

J. Lv 2021 Cell Death Dis breast cancer Visium Drew the transcriptomic maps of IMPC and revealed its extensive heterogeneity, 
and found varieties programs of gene expression in stroma 

[21] 

S. Nagasawa 2021 Commun Biol breast cancer Visium GATA3 irregulating promoted the transition of epithelial-to-mesenchymal and 
upregulated angiogenesis 

[28] 

A. Kulasinghe 2021 Front Oncol breast cancer DSP Adjuvant chemotherapy response is related to the upregulation of ER-alpha and 
downregulation of CD137 and MART1 in the stroma 

[64] 

J. Svedlund 2019 EBioMedicine breast cancer ISS Revealed intratumoral heterogeneity and uncovered areas of minor cellular 
subpopulations 

[65] 

S. Vickovic 2019 Nat Methods breast cancer HDST High-resolution spatial transcriptomics developed to capture RNA on dense arrays 
of spatially barcoded beads from tissue sections 

[66] 

L. Voith von 
Voithenberg 

2021 Small breast cancer DSP Polyclonal origin of metastasis and development are driven by multiple positional 
specificities 

[29] 

Y. Wang 2021 Cancer Res breast cancer DSP Expression morphology is an effective way to anticipate the mean expression of the 
tumor with spatial distribution from histology images 

[67] 

S. Z. Wu 2021 Nat Genet breast cancer Visium High-resolution immune profiles provided by immunophenotyping, including a 
clinical associated new subpopulation of PD-L1/PD-L2(+) macrophage 

[16] 

N. Yoosuf 2020 Breast Cancer Res breast cancer ST Trained a machine learning method on ST signatures and proved to be applicable to 
the identification of breast cancer regions 

[37] 

V. Kumar 2021 Cancer Discov. gastrointestinal 
cancer 

DSP Showed molecular resources of lineage status within and between patients with 
different gastric cancer subtypes with high-resolution 

[46] 

R. Sundar 2021 Gut gastrointestinal 
cancer 

DSP Regional lymph node metastases were related to deeper regions of originated tumor 
in gastric cancer 

[31] 

N. Wang 2021 Front Bioeng 
Biotechnol 

gastrointestinal 
cancer 

DSP Compared with chemotherapy patients, the levels of PD-L1 expression in the 
tumoral region were increased in immunotherapy patients 

[25] 

Y. Wu 2021 Cancer Discov. gastrointestinal 
cancer 

Visium Immunosuppressive cells showed significant spatially reprogramming in the 
metastatic microenvironment 

[6] 

Qi J 2022 Nat Commun gastrointestinal 
cancer 

Visium FAP+ fibroblasts interact with SPP1+ macrophages to regulate the adherent 
proliferative microenvironment and limit immune cell infiltration into the tumor 
core 

[68] 

L. A. Van de 
Velde 

2021 Cancer Res glioma Visium Demonstrated a pathway by which arginine metabolizing myeloid cells and CD4(+) 
T cells synergize with pathogens to facilitate tumorigenesis 

[20] 

Ravi VM 2022 Cancer Cell glioblastoma Visium Showed five differnet spatial transcriptional programs with unique genomic 
changes and common transcriptomic features 
Revealed the bidirectional and unidirectional interactions between 
microenvironment and temporal and spatial variations of GBM transcription 
heterogeneity 

[34] 

Wang YF 2022 Theranostics liver cancer Visium CCL15 enriched in the core region and participated in building an 
immunosuppressive microenvironment 
CCL15 and CD163 relating to a poor prognosis while CCL19 and CCL21 indicated a 
good prognosis 

[44] 

Wu R 2021 Sci Adv liver cancer Visium The relationship between TME remodeling and tumor metastasis and the 
distribution of PROM1(+) and CD47(+) cancer stem cell 
Revealed tertiary lymphoid structures 

[43] 

H. Massalha 2020 Mol Syst Biol liver cancer LCMseq In liver metastases, stromal cells exhibit a recurrent, specific expression program 
and reconstitute the ligand-receptor profile 

[19] 

N. M. Muñoz 2020 Commun Biol liver cancer DSP Molecularly targeted photothermal ablation effectively modulates the progression 
of intratumor myeloid cells to cells with immunogenicity and reduces the systemic 
release of cytokines related to tumorigenesis 

[69] 

A. Sharma 2020 Cell liver cancer DSP VEGF and NOTCH signaling pathways relating to onco-fetal reprogramming [45] 
C. Gong 2021 Cancers (Basel) lung cancer spQSP-IO Developed spQSP-IO, to extend QSP spatially resolved agent-based models for 

immuno-oncology 
[70] 

J. Zugazagoitia 2020 Clin Cancer Res lung cancer DSP Clinical outcomes were only associated with high expression of CD56 and CD4 in 
CD45 compartment 

[38] 

H. B. Schiller 2019 Am J Respir Cell 
Mol Biol 

lung cancer Slideseq; 
MERFISH 

Allowed for molecular characterization with a depth of TME and cellular 
neighborhoods 

[71] 

M. Larroquette 2022 J Immunother 
Cancer 

Lung cancer DSP High CD163+ cell infiltration tumors showed ITGAM, CD27, and CCL5 
upregulation 
High CD163+ cells infiltrated tumors showed high expression of ITGAM, CD27 and 
CCL5 
High interferon-γ signaling pathway gene expression and the M1 phenotype related 

[39] 
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Author Year Journal Type Platform Findings Refs 
to exceptional immunotherapy outcomes in high macrophage infiltration tumors 

P. Nieto 2021 Genome Res melanoama; 
breast cancer; 
oropharyngeal 
squamous cell 
carcinoma; 

Visium Applied SPOTlight, identified the colocalization of various cell types in TME 
including stromal cells, cancer cells and immune-related cells by the combination of 
spatial transcriptomics and scRNA-seq 

[18] 

K. Thrane 2018 Cancer Res melanoma ST Uncovered the components of melanoma metastases with spatially resolved data, 
and showed distinct gene expression profiles 

[72] 

T. Vu 2022 Nat Commun melanoma Visium; DSP Demonstrated the feasibility of detecting protein and mRNA in cancer cells in the 
meantime 

[73] 

E. Zhao 2021 Nat Biotechnol. melanoma; 
breast cancer; 
ovarian cancer 

Visium Showed that undetectable tissue structures previously and identified heterogeneity 
that histology images were unable to uncover 

[74] 

Stur E 2022 iScience ovarian cancer Visium The spatial distribution and especially the spatial interaction of cell clusters showed 
a relationship with the reaction to chemotherapy 

[75] 

Y. Zhu 2021 Cancers (Basel) ovarian cancer SIO The SIO pipeline identified cell markers and interactions among TME by cell 
segmentation and recognition of distinct cell features 

[76] 

Hwang WL 2022 Nat Genet pancreatic 
cancer 

DSP Discovered recurring expression patterns in fibroblasts and cancerous cells 
Discovered three multicellular colonies constituted by a variety of cell subtypes and 
named classical, squamoid-basaloid and treatment enriched 

[50] 

Sun H 2021 Cancer Biol Med pancreatic 
cancer 

Visium Hypoxic circumstances promoted transcriptome variation in spatial in pancreatic 
ductal adenocarcinoma, and identified potential targets for future therapy 

[77] 

M. Elosua-Bayes 2021 Nucleic Acids Res pancreatic 
cancer 

SPOTlight Distinguished the tumor infiltrated and normal area, and mapped the distribution 
of tumoral special and clinically associated immune cell states 

[78] 

K. Young 2021 Gut pancreatic 
cancer 

DSP The MLP-1 subtype was strongly linked with increased expression levels of 
immune genes, poor outcomes and an outbreak of tumor evolution 

[49] 

M. R. Farren 2020 JCI Insight pancreatic 
cancer 

DSP Immunologically relevant proteins in different regions of the tumor 
microenvironment showed a noticeable change in spatial distribution and 
expression condition 
Significant changes were found in the spatial distribution and expression of 
immune-related proteins in different regions of the TME 

[79] 

R. Moncada 2020 Nat Biotechnol pancreatic 
cancer 

Visium Inflammatory fibroblasts colocalized with stress-response genes expressed cancer 
cells 

[17] 

Q. Song 2021 Brief Bioinform pancreatic 
cancer 

Visium Introduced deconvoluting spatial transcriptomics data through graph-based 
convolutional networks (DSTG) 

[80] 

Brady L 2021 Nat Commun prostate cancer DSP Regarding tumor phenotype, there showed an intrapatient analogy 
Metastatic prostate cancer with high androgen receptor activity showed high 
expression of B7-h3/CD276 

[55] 

E. Berglund 2018 Nat Commun prostate cancer ST Gradients pf gene expression found in the stroma adjacent, allowing for relayering 
of the TME 

[26] 

E. Chelebian 2021 Cancers prostate cancer Visium Morphological images had certain relations with the molecular spectrum, which 
can predict the spatial distribution of a single gene 

[81] 

S. Friedrich 2020 BMC Med 
Genomics 

prostate cancer Visium Explored a new method named STfusion which could help the spatial resolved 
localized of fusion transcripts in single cell level 

[82] 

Y. Wang 2020 Sci Rep prostate cancer Visium Found that the tumor had higher levels of prostaglandin metabolic-related 
transcriptomes than the adjacent tissue 

[22] 

A. L. Ji 2020 Cell squamous cell 
carcinoma 

Visium Colocalization of Tregs and CD8+ T cells in the stroma of stroma and such potential 
immunosuppressive mechanisms were uncovered 

[7] 

M. Tarabichi 2021 Mol Cell 
Endocrinol 

thyroid cancer ST Showed that in the epithelial areas of this PTC there was increasing VIM 
transcription, including areas without fibroblasts 

[83] 

K. H. Hu 2020 Nat Methods N/A FISSEQ Showed a peripheral to central track of myeloid and T-cell development [84] 
Y. Lee 2021 Sci Adv N/A XYZeq Determined local expression of tumor suppressor genes by mesenchymal stem cells, 

which changes with proximity to the tumor core 
[85] 

A. 
Levy-Jurgenson 

2021 Bioinformatics. N/A HTA Created tumor molecular maps and whole-image heterogeneity maps, and 
developed a heterogeneity index 

[86] 

B. T. Grünwald 2021 Cell pancreatic 
cancer 

N/A Concurrent intratumoral subTME generated patient’s individual phenotypes and 
calculated predictable heterogeneity that was closely related to the biology of 
malignancy 

[87] 

S. Kumar 2020 Bio Protoc glioma N/A Developed a method to classify tumor cells based on their relative distance from 
blood vessels 

[88] 

Abbreviations: CDH12: Cadherin 12; TFH: T follicular helper cells; Th1: T helper cell 1; CD248: tumor endothelial marker-1; HER2: human epidermal growth factor receptor 
2; GATA3: GATA binding protein 3; estrogen receptor alpha; CD137: Cluster of Differentiation 137; MART1: melanoma antigen recognized by T-cells 1; PD-L1/PD-L2: 
programmed death-ligand 1/ programmed death-ligand 2; FAP: fibroblast activation protein; SPP1: secreted phosphoprotein 1; CD4: cluster of differentiation 4; CCL15: 
chemokine (C-C motif) ligand 15; CD163: cluster of differentiation 163; CCL19: chemokine (C-C motif) ligand 19; CCL21: Chemokine (C-C motif) ligand 21; TME: tumor 
microenvironment; PROM1: prominin 1; CD47: cluster of differentiation 47; VEGF: vascular endothelial growth factor; spQSP-IO: spatial quantitative systems pharmacology 
for immuno-oncology; QSP: quantitative systems pharmacology; CD163: cluster of differentiation 163; CD56: cluster of differentiation 56; CD45: cluster of differentiation 45; 
ITGAM: integrin alpha M; CD27: cluster of differentiation 27; CCL5: chemokine (C-C motif) ligand 5; SIO: SpatioImageOmics; DSTG: deconvoluting spatial transcriptomics 
data through graph-based convolutional networks; B7-h3/CD276: B7 homolog 3/ cluster of differentiation 276; CD8: cluster of differentiation 8; PTC: papillary thyroid 
carcinoma; VIM: Vimentin. 

 
 

3.3 Liver cancer 
Globally, liver cancer is one of the most common 

cancers and was the sixth most diagnosed among all 
sites of cancer and the fourth most common cause of 
mortality in 2018, and the incidence and mortality 

showed a sex difference, with males being at high risk 
for liver cancer [42]. To analyze the heterogeneity of 
the TME with spatial data, researchers have already 
applied ST in liver cancer and obtained certain results. 

Wu et al. performed ST on 21 tissues from seven 
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patients with primary liver cancers based on Visium 
to investigate the gene expression states in different 
foci of the TME, and they revealed the relationship 
between the remodeling of the TME and tumor 
metastasis and the distribution of PROM1(+) and 
CD47(+) cancer stem cells [43]. In addition, they 
uncovered a TLS precisely by proposing the TLS-50 
signature [43]. Additionally, based on the platform of 
Visium, Wang et al. identified the malignant subsets 
of the TME of hepatocellular carcinoma by 
hierarchical clustering, and they discovered the 
enrichment of CCL15 in the core region of the tumor 
that participated in the construction of an immuno-
suppressive microenvironment, which is also a 
molecular sign indicating poor prognosis together 
with CD163[44]. 

In combination with scRNA-seq, Sharma et al. 
applied ST (GeoMx DSP) to hepatocellular carcinoma 
and uncovered the oncofetal reprogramming of the 
tumor ecosystem in which VEGF and NOTCH 
signaling played a significant role [45]. 

3.4 Gastrointestinal cancer 
Gastric cancer is the fifth-highest diagnosed 

cancer in both sexes and the third-highest cause of 
death in all cancers, especially in males, while 
colorectal cancer is the third-highest in incidence and 
the second-highest in mortality both in males and 
females [42]. However, clinically, spatial transcrip-
tomics has not been widely used in defining 
heterogeneity within gastrointestinal cancers, in 
which research is urgently needed. 

Kumar et al. combined ST (GeoMx DSP), bulk 
RNA-seq cohorts for quadrature validation, and 
confirmed the results with in vitro and vivo models 
and provided a high-resolution molecular resource of 
within-patient and between-patient pedigree status 
across different gastric cancer subtypes [46]. 

Wang et al. performed ST (GeoMx DSP) on 
tissue sections from patients treated by only 
neoadjuvant chemotherapy or in conjunction with 
immunotherapy, which profiled both the mRNA and 
protein levels and uncovered significant immune 
infiltration at tumor areas linked to immunotherapy 
treatment [25]. Additionally, Wu et al. sequenced 97 
samples of liver metastasis patients with colorectal 
cancer by scRNA-seq and ST (Visium) and discovered 
that immunosuppressive cells in the metastatic 
microenvironment experienced prominent spatial 
reorganization [6]. 

3.5 Pancreatic cancer 
Pancreatic cancer has the highest mortality rate 

of all cancers, with a 5-year survival rate that has not 
improved since the 1960s in the United States, which 

is only approximately 10% [47, 48]. In addition, most 
patients with pancreatic cancer seek clinical advice at 
an advanced stage due to its unique anatomical 
position, and overall, the prognosis of pancreatic 
cancer is poor. 

Thus, in recent years, researchers have already 
begun to investigate pancreatic cancer with the 
assistance of scRNA-seq and ST and brought insights 
in diagnoses, analysis of heterogeneity and therapy of 
pancreatic cancer. Young et al. identified the 
metastasis-like primary (MLP)-1 subtype as a 
phenotype with extensive and powerful activation of 
immune-related genes applying the DSP platform 
[49]. This study provides the basis for future precision 
immunotherapy studies for MLP-1 patients. Moncada 
et al. proposed a multimodal intersection analysis 
combining scRNA-seq and a microarray-based spatial 
transcriptomics method (Visium) to study the 
heterogeneity of the TME of pancreatic cancer [17]. 
They described the spatial distribution of distinct cell 
types and subpopulations and showed distinct 
co-enrichments between different cell types [17]. 

With the combination of single-nucleus RNA 
sequencing, Hwang et al. performed ST (DSP) on 43 
primary pancreatic ductal adenocarcinoma (PDAC) 
tumor specimens, and they identified recurring 
expression patterns in fibroblasts and cancerous cells 
and uncovered three multicellular colonies 
constituted by a variety of cell subtypes [50]. 

3.6 Bladder cancer 
Bladder cancer is the most diagnosed malignant 

tumor in the urinary system, and there were 549,393 
new cases in 2018, accounting for 3.0% of all types of 
cancer and causing 199,922 deaths in the same year 
[42]. The postponement of diagnosis, especially for 
females, is the most significant factor in the mortality 
of bladder cancer [51]. 

Compared to the aforementioned tumors, 
bladder cancer has not been extensively addressed by 
ST. In one case, Gouin et al. incorporated ST (Visium) 
with single-nucleus RNA-seq and spatial proteomic 
analysis on bladder cancer and classified an epithelial 
subtype (expressing Cadherin 12, catenin, and other 
epithelial markers), which was closely related to the 
therapeutic response in which Cadherin 12-enriched 
tumors showed a superior reaction to immune 
checkpoint therapy compared with neoadjuvant 
chemotherapy [52]. This study shows the potency of 
ST in the analysis of intact tissue from human bladder 
cancer, and the approach of multimodal omics 
warrants further study. 

3.7 Prostate cancer 
Prostate cancer, the second most common cancer 
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in males and the fifth leading cause of death of all 
cancers [53], is a disease mostly occurring in aging 
males. However, the classification of prostate cancer 
varies from less aggressive localized to metastatic, 
which is incurable despite present treatment 
strategies [54]. 

Applied ST (DSP) to quantitatively analyze 
transcript and protein abundance with spatially 
resolved distribution, Brady et al. compared the 
heterogeneity between inter- and intratumor prostate 
cancer with the biological behavior of metastasis and 
identified homogeneity concerning tumor phenotype 
[55]. In contrast to the declining expression of 
PD1/PD-L1 and CTLA4, the immune checkpoint 
protein B7-H3/CD276 showed abnormally high 
expression, especially in phenotypes with androgen 
receptor activation [55]. By comparing tumoral and 
adjacent tissue by ST (Spatial Transcriptomics), 
Berglund et al. distinguished tumoral focus accurately 
with help from pathologic description, and they 
re-stratified the TME of prostate cancer [26]. Wang et 
al. found high expression of the prostaglandin gene in 
tumors, and they discovered new targets with 
metabolic vulnerability by small molecular drugs 
using the 10x Genomics Visium[22]. Moreover, they 
predicted that inhibitors of SCD1 and SLCO2A1, 
which are fatty acid desaturases and transporters of 
prostaglandin, may slow tumoral progression. 

4. Conclusion and future perspectives 
Since the first application of ST in 2016, which 

was developed by Ståhl et al., this technology has 
already been widely applied in distinct fields, 
including neuroscience, oncology, developments of 
organ and plant biology. With the advantage of 
retaining spatial distribution when performing 
transcriptome sequencing, ST shows its superiority in 
the analysis of gene expression in distinct foci of 
tissue, the interactions between disparate compart-
ments of tissues and the mechanism of drug 
resistance. Thus, the application of ST in the 
investigation of compartmentalization of the TME has 
become a routine strategy for researchers.  

The value of spatial transcriptomics extends 
beyond studying the biological characteristics of 
tumors, as it also has implications for clinical 
diagnosis, treatment, and prognosis prediction in 
cancer research. By combining deep learning and 
spatial transcriptomics, it is possible to more 
accurately distinguish tumor-enriched regions, 
non-tumor regions, and tumor-infiltrated regions [36, 
57, 58], thus providing a more accurate assessment of 
the extent of tumor infiltration and facilitating a 
refined classification of tumors based on gene 
expression. ST has the potential to enable the 

development of a novel pathology system known as 
"spatially resolved molecular pathology". Through the 
use of high-throughput sequencing, this system 
would offer significant advantages over traditional 
methods and could represent a major step forward in 
the field of molecular pathology. In addition, ST can 
assist clinical physicians in selecting individualized 
anti-tumor therapies and predicting patient prognosis 
by identifying specific gene expressions in the 
patient’s tumor tissue and the three-dimensional 
immune structure of the TME. This approach 
represents a promising avenue for advancing the field 
of precision medicine. 

Presently, ST has been widely performed to 
understand the heterogeneity of the TME in solid 
tumors, especially in breast cancer, and has already 
shown achievements. Conversely, in nonsolid tumors, 
especially tumors originating from the hematological 
system, the application of ST is inadequate, and we 
envision that ST technology will demonstrate 
feasibility in bone marrow tissue sections. 

However, the restriction of resolution and 
sensitivity are still challenges for ST. To confront these 
technical shortcomings, two scenarios are feasible, 
which include improving the resolution and accuracy 
of ST and integration with other technologies. We 
anticipate the establishment of ST technology with 
higher resolution, and presently researchers are 
seeking the possibility of merging multiple omics in 
tissue analysis. To provide single-cell datasets, ST 
combined with scRNA-seq has already been widely 
used in the study of the TME, and to validate the 
quantitative analysis of gene expression, proteomics 
was incorporated with ST. With the development of 
next-generation sequencing, the era of single-cell 
multiomics, including and not restricted to genomics, 
single-cell transcriptomics, spatial transcriptomics 
and proteomics, is around the corner, which offers an 
opportunity for analyzing DNA, mRNA, and proteins 
at single-cell resolution. With the maturation of 
single-cell multiomics, we believe that we will gain 
deeper insights into tumorigenesis, progression and 
metastasis and thus propose the development of new 
strategies for antitumor therapies. 

Abbreviations 
IR: infrared ray; UV: ultraviolet ray; scRNA-seq: 

single-cell RNA sequencing; NGS: next-generation 
sequencing; ST: spatial transcriptomics; ISH: in situ 
hybridization; FISH: fluorescent in situ hybridization; 
WM ISH: whole-mount ISH; LCM: laser capture 
microdissection; smFISH: single molecular FISH; ISS: 
in situ sequencing; DSP: GeoMX digital spatial 
profiler; MERFISH: multiplexed error-robust FISH; 
FISSEQ: fluorescent in situ sequencing; DBiT-seq: 
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deterministic barcoding in tissue for spatial omics 
sequencing; COVID: corona virus disease; 
MHC: major Histocompatibility Complex; APOE: 
apolipoprotein E; TRBC1: T-Cell Receptor Beta 
Constant 1; HLA: human leukocyte antigen; ERBB2: 
Erb-B2 Receptor Tyrosine Kinase 2; EPCAM: 
epithelial cell adhesion molecule; CDH1: Cadherin 1; 
CD4: cluster of differentiation 4; IMPC: invasive 
micropapillary carcinoma; TME: tumor microen-
vironment; CNV: copy number variation; PD-1: 
programmed death-1; PD-L1: programmed death- 
ligand 1; DC: Dendritic cell; Tregs: regulatory T cells; 
MIBI-TOF: multiplexed ion beam imaging 
time-of-flight mass spectrometry; CNN: convolutional 
neural networks; NSCLC: non-small-cell lung cancer; 
CD163: cluster of differentiation 163; ITGAM: integrin 
alpha M; CD27: cluster of differentiation 27; CCL5: 
chemokine (C-C motif) ligand 5; CSF1R: colony 
stimulating factor 1 receptor; HER-2: human 
epidermal growth factor receptor 2; PROM1: 
prominin 1; CD47: cluster of differentiation 47; TLS: 
tertiary lymphoid structure; CCL15: chemokine (C-C 
motif) ligand 15; VEGF: vascular endothelial growth 
factor; MLP-1: metastasis-like primary; PDAC: 
pancreatic ductal adenocarcinoma; CTLA4: cytotoxic 
T-lymphocyte associated protein 4; B7-H3/CD276: B7 
homolog 3/ cluster of differentiation 276; SCD1: 
stearoyl-CoA desaturase 1; SLCO2A1: solute carrier 
organic anion transporter family member 2A1; cDNA: 
complementary DNA; ROI: regions of interest; FFPE: 
formalin-fixed, paraffin-embedded. 

Acknowledgments 
We thank Wei-Yang Shi and Jian Hou for their 

guidance in finalizing the manuscript and express 
gratitude to all members of our research team on 
lymphatic system tumors for their feedback. Parts of 
the elements in the figures were drawn by using 
pictures from Servier Medical Art licensed under a 
Creative Commons Attribution 3.0 Unported License. 

Funding 
This project was funded by Shanghai Shenkang 

Hospital Development Center (No. SHDC2020C 
R2070B). 

Author contributions 
Jun Du, Zhi-Jie An and Zou-Fang Huang 

conceived the concept and were mainly responsible 
for writing, reviewing and revision this review. 
Yu-Chen Yang, Ming-Hui Zhang and Xue-Hang Fu 
participated in reviewing literatures and provided 
feedback on this review. Wei-Yang Shi and Jian Hou 
provided guidance and valuable feedback. All 
authors read, revised and approved the manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Lin S, Liu Y, Zhang M, Xu X, Chen Y, Zhang H, et al. Microfluidic single-cell 

transcriptomics: moving towards multimodal and spatiotemporal omics. Lab 
Chip. 2021; 21: 3829-49. 

2. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for 
transcriptomics. Nat Rev Genet. 2009; 10: 57-63. 

3. Ståhl PL, Salmén 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. 

4. Longo SK, Guo MG, Ji AL, Khavari PA. Integrating single-cell and spatial 
transcriptomics to elucidate intercellular tissue dynamics. Nat Rev Genet. 
2021; 22: 627-44. 

5. Andersson A, Larsson L, Stenbeck L, Salmén F, Ehinger A, Wu SZ, et al. 
Spatial deconvolution of HER2-positive breast cancer delineates 
tumor-associated cell type interactions. Nat Commun. 2021; 12: 6012. 

6. Wu Y, Yang S, Ma J, Chen Z, Song G, Rao D, et al. Spatiotemporal Immune 
Landscape of Colorectal Cancer Liver Metastasis at Single-Cell Level. Cancer 
Discov. 2021. 

7. Ji AL, Rubin AJ, Thrane K, Jiang S, Reynolds DL, Meyers RM, et al. 
Multimodal Analysis of Composition and Spatial Architecture in Human 
Squamous Cell Carcinoma. Cell. 2020; 182: 497-514 e22. 

8. Moses L, Pachter L. Museum of spatial transcriptomics. Nat Methods. 2022; 19: 
534-46. 

9. Emmert-Buck MR, Bonner RF, Smith PD, Chuaqui RF, Zhuang Z, Goldstein 
SR, et al. Laser capture microdissection. Science. 1996; 274: 998-1001. 

10. Luo L, Salunga RC, Guo H, Bittner A, Joy KC, Galindo JE, et al. Gene 
expression profiles of laser-captured adjacent neuronal subtypes. Nat Med. 
1999; 5: 117-22. 

11. Asp M, Bergenstråhle J, Lundeberg J. Spatially Resolved Transcriptomes-Next 
Generation Tools for Tissue Exploration. Bioessays. 2020; 42: e1900221. 

12. Delorey TM, Ziegler CGK, Heimberg G, Normand R, Yang Y, Segerstolpe Å, et 
al. COVID-19 tissue atlases reveal SARS-CoV-2 pathology and cellular targets. 
Nature. 2021; 595: 107-13. 

13. 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. 

14. Merritt CR, Ong GT, Church SE, Barker K, Danaher P, Geiss G, et al. Multiplex 
digital spatial profiling of proteins and RNA in fixed tissue. Nat Biotechnol. 
2020; 38: 586-99. 

15. Toki MI, Merritt CR, Wong PF, Smithy JW, Kluger HM, Syrigos KN, et al. 
High-Plex Predictive Marker Discovery for Melanoma 
Immunotherapy-Treated Patients Using Digital Spatial Profiling. Clin Cancer 
Res. 2019; 25: 5503-12. 

16. 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. 

17. Moncada R, Barkley D, Wagner F, Chiodin M, Devlin JC, Baron M, et al. 
Integrating microarray-based spatial transcriptomics and single-cell RNA-seq 
reveals tissue architecture in pancreatic ductal adenocarcinomas. Nat 
Biotechnol. 2020; 38: 333-42. 

18. Nieto P, Elosua-Bayes M, Trincado JL, Marchese D, Massoni-Badosa R, 
Salvany M, et al. A single-cell tumor immune atlas for precision oncology. 
Genome Res. 2021; 31: 1913-26. 

19. Massalha H, Bahar Halpern K, Abu-Gazala S, Jana T, Massasa EE, Moor AE, et 
al. A single cell atlas of the human liver tumor microenvironment. Mol Syst 
Biol. 2020; 16: e9682. 

20. Van de Velde LA, Allen EK, Crawford JC, Wilson TL, Guy CS, Russier M, et al. 
Neuroblastoma Formation Requires Unconventional CD4 T Cells and 
Arginase-1-Dependent Myeloid Cells. Cancer Res. 2021; 81: 5047-59. 

21. Lv J, Shi Q, Han Y, Li W, Liu H, Zhang J, et al. Spatial transcriptomics reveals 
gene expression characteristics in invasive micropapillary carcinoma of the 
breast. Cell Death Dis. 2021; 12: 1095. 

22. Wang Y, Ma S, Ruzzo WL. Spatial modeling of prostate cancer metabolic gene 
expression reveals extensive heterogeneity and selective vulnerabilities. Sci 
Rep. 2020; 10: 3490. 

23. Alon S, Goodwin DR, Sinha A, Wassie AT, Chen F, Daugharthy ER, et al. 
Expansion sequencing: Spatially precise in situ transcriptomics in intact 
biological systems. Science. 2021; 371. 

24. Lu P, Foley J, Zhu C, McNamara K, Sirinukunwattana K, Vennam S, et al. 
Transcriptome and genome evolution during HER2-amplified breast 
neoplasia. Breast Cancer Res. 2021; 23: 73. 

25. Wang N, Wang R, Li X, Song Z, Xia L, Wang J, et al. Tumor Microenvironment 
Profiles Reveal Distinct Therapy-Oriented Proteogenomic Characteristics in 
Colorectal Cancer. Front Bioeng Biotechnol. 2021; 9: 757378. 

26. Berglund E, Maaskola J, Schultz N, Friedrich S, Marklund M, Bergenstråhle J, 
et al. Spatial maps of prostate cancer transcriptomes reveal an unexplored 
landscape of heterogeneity. Nat Commun. 2018; 9: 2419. 



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4791 

27. Baron M, Tagore M, Hunter MV, Kim IS, Moncada R, Yan Y, et al. The 
Stress-Like Cancer Cell State Is a Consistent Component of Tumorigenesis. 
Cell Syst. 2020; 11: 536-46 e7. 

28. Nagasawa S, Kuze Y, Maeda I, Kojima Y, Motoyoshi A, Onishi T, et al. 
Genomic profiling reveals heterogeneous populations of ductal carcinoma in 
situ of the breast. Commun Biol. 2021; 4: 438. 

29. Voith von Voithenberg L, Kashyap A, Opitz L, Aquino C, Sykes T, Nieser M, et 
al. Mapping Spatial Genetic Landscapes in Tissue Sections through Microscale 
Integration of Sampling Methodology into Genomic Workflows. Small. 2021; 
17: e2007901. 

30. Huang R, Li Z, Zhang J, Zeng Z, Zhang J, Li M, et al. Construction of Bone 
Metastasis-Specific Regulation Network Based on Prognostic 
Stemness-Related Signatures in Breast Invasive Carcinoma. Front Oncol. 2020; 
10: 613333. 

31. Sundar R, Liu DH, Hutchins GG, Slaney HL, Silva AN, Oosting J, et al. Spatial 
profiling of gastric cancer patient-matched primary and locoregional 
metastases reveals principles of tumour dissemination. Gut. 2021; 70: 1823-32. 

32. Cabrita R, Lauss M, Sanna A, Donia M, Skaarup Larsen M, Mitra S, et al. 
Tertiary lymphoid structures improve immunotherapy and survival in 
melanoma. Nature. 2020; 577: 561-5. 

33. Keren L, Bosse M, Thompson S, Risom T, Vijayaragavan K, McCaffrey E, et al. 
MIBI-TOF: A multiplexed imaging platform relates cellular phenotypes and 
tissue structure. Sci Adv. 2019; 5: eaax5851. 

34. Ravi VM, Will P, Kueckelhaus J, Sun N, Joseph K, Salié H, et al. Spatially 
resolved multi-omics deciphers bidirectional tumor-host interdependence in 
glioblastoma. Cancer Cell. 2022; 40: 639-55.e13. 

35. Deo RC. Machine Learning in Medicine. Circulation. 2015; 132: 1920-30. 
36. He B, Bergenstråhle L, Stenbeck L, Abid A, Andersson A, Borg Å, et al. 

Integrating spatial gene expression and breast tumour morphology via deep 
learning. Nat Biomed Eng. 2020; 4: 827-34. 

37. Yoosuf N, Navarro JF, Salmen F, Stahl PL, Daub CO. Identification and 
transfer of spatial transcriptomics signatures for cancer diagnosis. Breast 
Cancer Res. 2020; 22: 6. 

38. Zugazagoitia J, Gupta S, Liu Y, Fuhrman K, Gettinger S, Herbst RS, et al. 
Biomarkers Associated with Beneficial PD-1 Checkpoint Blockade in 
Non-Small Cell Lung Cancer (NSCLC) Identified Using High-Plex Digital 
Spatial Profiling. Clin Cancer Res. 2020; 26: 4360-8. 

39. Larroquette M, Guegan JP, Besse B, Cousin S, Brunet M, Le Moulec S, et al. 
Spatial transcriptomics of macrophage infiltration in non-small cell lung 
cancer reveals determinants of sensitivity and resistance to anti-PD1/PD-L1 
antibodies. J Immunother Cancer. 2022; 10. 

40. Barzaman K, Karami J, Zarei Z, Hosseinzadeh A, Kazemi MH, 
Moradi-Kalbolandi S, et al. Breast cancer: Biology, biomarkers, and treatments. 
Int Immunopharmacol. 2020; 84: 106535. 

41. Powell NR, Silvola RM, Howard JS, Badve S, Skaar TC, Ipe J. Quantification of 
spatial pharmacogene expression heterogeneity in breast tumors. Cancer Rep 
(Hoboken). 2022: e1686. 

42. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer 
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries. CA Cancer J Clin. 2018; 68: 394-424. 

43. Wu R, Guo W, Qiu X, Wang S, Sui C, Lian Q, et al. Comprehensive analysis of 
spatial architecture in primary liver cancer. Sci Adv. 2021; 7: eabg3750. 

44. Wang YF, Yuan SX, Jiang H, Li ZX, Yin HZ, Tan J, et al. Spatial maps of 
hepatocellular carcinoma transcriptomes reveal spatial expression patterns in 
tumor immune microenvironment. Theranostics. 2022; 12: 4163-80. 

45. Sharma A, Seow JJW, Dutertre CA, Pai R, Bleriot C, Mishra A, et al. Onco-fetal 
Reprogramming of Endothelial Cells Drives Immunosuppressive 
Macrophages in Hepatocellular Carcinoma. Cell. 2020; 183: 377-94 e21. 

46. Kumar V, Ramnarayanan K, Sundar R, Padmanbahan N, Srivastava S, Koiwa 
M, et al. Single-cell atlas of lineage states, tumor microenvironment and 
subtype-specific expression programs in gastric cancer. Cancer Discov. 2021. 

47. Mizrahi JD, Surana R, Valle JW, Shroff RT. Pancreatic cancer. Lancet. 2020; 395: 
2008-20. 

48. Ansari D, Tingstedt B, Andersson B, Holmquist F, Sturesson C, Williamsson C, 
et al. Pancreatic cancer: yesterday, today and tomorrow. Future Oncol. 2016; 
12: 1929-46. 

49. Young K, Lawlor RT, Ragulan C, Patil Y, Mafficini A, Bersani S, et al. Immune 
landscape, evolution, hypoxia-mediated viral mimicry pathways and 
therapeutic potential in molecular subtypes of pancreatic neuroendocrine 
tumours. Gut. 2021; 70: 1904-13. 

50. Hwang WL, Jagadeesh KA, Guo JA, Hoffman HI, Yadollahpour P, Reeves JW, 
et al. Single-nucleus and spatial transcriptome profiling of pancreatic cancer 
identifies multicellular dynamics associated with neoadjuvant treatment. Nat 
Genet. 2022; 54: 1178-91. 

51. Grayson M. Bladder cancer. Nature. 2017; 551: S33. 
52. Gouin KH, 3rd, Ing N, Plummer JT, Rosser CJ, Ben Cheikh B, Oh C, et al. An 

N-Cadherin 2 expressing epithelial cell subpopulation predicts response to 
surgery, chemotherapy and immunotherapy in bladder cancer. Nat Commun. 
2021; 12: 4906. 

53. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer 
statistics, 2012. CA Cancer J Clin. 2015; 65: 87-108. 

54. Wang G, Zhao D, Spring DJ, DePinho RA. Genetics and biology of prostate 
cancer. Genes Dev. 2018; 32: 1105-40. 

55. Brady L, Kriner M, Coleman I, Morrissey C, Roudier M, True LD, et al. Inter- 
and intra-tumor heterogeneity of metastatic prostate cancer determined by 
digital spatial gene expression profiling. Nat Commun. 2021; 12: 1426. 

56. Chang Y, He F, Wang J, Chen S, Li J, Liu J, et al. Define and visualize 
pathological architectures of human tissues from spatially resolved 
transcriptomics using deep learning. Comput Struct Biotechnol J. 2022; 20: 
4600-17. 

57. Xu C, Jin X, Wei S, Wang P, Luo M, Xu Z, et al. DeepST: identifying spatial 
domains in spatial transcriptomics by deep learning. Nucleic Acids Res. 2022; 
50: e131. 

58. Meylan M, Petitprez F, Becht E, Bougoüin A, Pupier G, Calvez A, et al. 
Tertiary lymphoid structures generate and propagate anti-tumor 
antibody-producing plasma cells in renal cell cancer. Immunity. 2022; 55: 
527-41.e5. 

59. Lin JR, Wang S, Coy S, Chen YA, Yapp C, Tyler M, et al. Multiplexed 3D atlas 
of state transitions and immune interaction in colorectal cancer. Cell. 2023; 186: 
363-81.e19. 

60. Roelands J, van der Ploeg M, Ijsselsteijn ME, Dang H, Boonstra JJ, Hardwick 
JCH, et al. Transcriptomic and immunophenotypic profiling reveals molecular 
and immunological hallmarks of colorectal cancer tumourigenesis. Gut. 2023; 
72: 1326-39. 

61. Liu SQ, Gao ZJ, Wu J, Zheng HM, Li B, Sun S, et al. Single-cell and spatially 
resolved analysis uncovers cell heterogeneity of breast cancer. J Hematol 
Oncol. 2022; 15: 19. 

62. Alon S, Goodwin DR, Sinha A, Wassie AT, Chen F, Daugharthy ER, et al. 
Expansion sequencing: Spatially precise in situ transcriptomics in intact 
biological systems. Science. 2021; 371. 

63. Boisson A, Noël G, Saiselet M, Rodrigues-Vitória J, Thomas N, Fontsa ML, et 
al. Fluorescent Multiplex Immunohistochemistry Coupled With Other 
State-Of-The-Art Techniques to Systematically Characterize the Tumor 
Immune Microenvironment. Front Mol Biosci. 2021; 8: 673042. 

64. Kulasinghe A, Monkman J, Shah ET, Matigian N, Adams MN, O'Byrne K. 
Spatial Profiling Identifies Prognostic Features of Response to Adjuvant 
Therapy in Triple Negative Breast Cancer (TNBC). Front Oncol. 2021; 11: 
798296. 

65. Svedlund J, Strell C, Qian X, Zilkens KJC, Tobin NP, Bergh J, et al. Generation 
of in situ sequencing based OncoMaps to spatially resolve gene expression 
profiles of diagnostic and prognostic markers in breast cancer. EBioMedicine. 
2019; 48: 212-23. 

66. Vickovic S, Eraslan G, Salmén F, Klughammer J, Stenbeck L, Schapiro D, et al. 
High-definition spatial transcriptomics for in situ tissue profiling. Nat 
Methods. 2019; 16: 987-90. 

67. Wang Y, Kartasalo K, Weitz P, Ács B, Valkonen M, Larsson C, et al. Predicting 
Molecular Phenotypes from Histopathology Images: A Transcriptome-Wide 
Expression-Morphology Analysis in Breast Cancer. Cancer Res. 2021; 81: 
5115-26. 

68. Qi J, Sun H, Zhang Y, Wang Z, Xun Z, Li Z, et al. Single-cell and spatial 
analysis reveal interaction of FAP(+) fibroblasts and SPP1(+) macrophages in 
colorectal cancer. Nat Commun. 2022; 13: 1742. 

69. Muñoz NM, Dupuis C, Williams M, Dixon K, McWatters A, Avritscher R, et al. 
Molecularly targeted photothermal ablation improves tumor specificity and 
immune modulation in a rat model of hepatocellular carcinoma. Commun 
Biol. 2020; 3: 783. 

70. Gong C, Ruiz-Martinez A, Kimko H, Popel AS. A Spatial Quantitative Systems 
Pharmacology Platform spQSP-IO for Simulations of Tumor-Immune 
Interactions and Effects of Checkpoint Inhibitor Immunotherapy. Cancers 
(Basel). 2021; 13. 

71. Schiller HB, Montoro DT, Simon LM, Rawlins EL, Meyer KB, Strunz M, et al. 
The Human Lung Cell Atlas: A High-Resolution Reference Map of the Human 
Lung in Health and Disease. Am J Respir Cell Mol Biol. 2019; 61: 31-41. 

72. Thrane K, Eriksson H, Maaskola J, Hansson J, Lundeberg J. Spatially Resolved 
Transcriptomics Enables Dissection of Genetic Heterogeneity in Stage III 
Cutaneous Malignant Melanoma. Cancer Res. 2018; 78: 5970-9. 

73. Vu T, Vallmitjana A, Gu J, La K, Xu Q, Flores J, et al. Spatial transcriptomics 
using combinatorial fluorescence spectral and lifetime encoding, imaging and 
analysis. Nat Commun. 2022; 13: 169. 

74. Zhao E, Stone MR, Ren X, Guenthoer J, Smythe KS, Pulliam T, et al. Spatial 
transcriptomics at subspot resolution with BayesSpace. Nat Biotechnol. 2021. 

75. Stur E, Corvigno S, Xu M, Chen K, Tan Y, Lee S, et al. Spatially resolved 
transcriptomics of high-grade serous ovarian carcinoma. iScience. 2022; 25: 
103923. 

76. Zhu Y, Ferri-Borgogno S, Sheng J, Yeung TL, Burks JK, Cappello P, et al. SIO: 
A Spatioimageomics Pipeline to Identify Prognostic Biomarkers Associated 
with the Ovarian Tumor Microenvironment. Cancers (Basel). 2021; 13. 

77. Sun H, Zhang D, Huang C, Guo Y, Yang Z, Yao N, et al. Hypoxic 
microenvironment induced spatial transcriptome changes in pancreatic 
cancer. Cancer Biol Med. 2021; 18: 616-30. 

78. 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. 

79. Farren MR, Sayegh L, Ware MB, Chen HR, Gong J, Liang Y, et al. Immunologic 
alterations in the pancreatic cancer microenvironment of patients treated with 
neoadjuvant chemotherapy and radiotherapy. JCI Insight. 2020; 5. 

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



Int. J. Biol. Sci. 2023, Vol. 19 
 

 
https://www.ijbs.com 

4792 

81. Chelebian E, Avenel C, Kartasalo K, Marklund M, Tanoglidi A, Mirtti T, et al. 
Morphological Features Extracted by AI Associated with Spatial 
Transcriptomics in Prostate Cancer. Cancers (Basel). 2021; 13. 

82. Friedrich S, Sonnhammer ELL. Fusion transcript detection using spatial 
transcriptomics. BMC Med Genomics. 2020; 13: 110. 

83. Tarabichi M, Demetter P, Craciun L, Maenhaut C, Detours V. Thyroid cancer 
under the scope of emerging technologies. Mol Cell Endocrinol. 2021: 111491. 

84. Hu KH, Eichorst JP, McGinnis CS, Patterson DM, Chow ED, Kersten K, et al. 
ZipSeq: barcoding for real-time mapping of single cell transcriptomes. Nat 
Methods. 2020; 17: 833-43. 

85. Lee Y, Bogdanoff D, Wang Y, Hartoularos GC, Woo JM, Mowery CT, et al. 
XYZeq: Spatially resolved single-cell RNA sequencing reveals expression 
heterogeneity in the tumor microenvironment. Sci Adv. 2021; 7. 

86. Levy-Jurgenson A, Tekpli X, Kristensen VN, Yakhini Z. Spatial 
transcriptomics inferred from pathology whole-slide images links tumor 
heterogeneity to survival in breast and lung cancer. Sci Rep. 2020; 10: 18802. 

87. Grünwald BT, Devisme A, Andrieux G, Vyas F, Aliar K, McCloskey CW, et al. 
Spatially confined sub-tumor microenvironments in pancreatic cancer. Cell. 
2021; 184: 5577-92.e18. 

88. Kumar S, Sharife H, Kreisel T, Bar-Lev L, Grunewald M, Keshet E. Isolation of 
Tumor Cells Based on Their Distance from Blood Vessels. Bio Protoc. 2020; 10: 
e3628. 

 


