UCLA
UCLA Previously Published Works

Title

Spatial transcriptomics: Technologies, applications and experimental considerations

Permalink

Ihttps://escholarship.org/uc/item/65g | thﬂ

Journal

Genomics, 115(5)

ISSN
0888-7543

Authors
Wang, Ye

Liu, Bin
Zhao, Gexin

Publication Date
2023-09-01

DOI
10.1016/j.ygeno.2023.110671

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/65g1k8hf
https://escholarship.org/uc/item/65g1k8hf#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Genomics. Author manuscript; available in PMC 2023 October 13.

-, HHS Public Access
«

Published in final edited form as:
Genomics. 2023 September ; 115(5): 110671. doi:10.1016/j.ygen0.2023.110671.

Spatial transcriptomics: Technologies, applications and
experimental considerations

Ye Wang®*1, Bin LiuP1, Gexin Zhao€, YooJin Lee®, Anton Buzdind&f Xiaofeng Mu2, Joseph
Zhao€, Hong Chen9, Xinmin Li%"

a Clinical Laboratory, The Affiliated Qingdao Central Hospital of Medical College of Qingdao
University, Qingdao 266042, China

b Departments of Medical Oncology, Cancer Hospital of China Medical University, Liaoning
Cancer Hospital and Institute, Shenyang 110042, China

¢ UCLA Technology Center for Genomics & Bioinformatics, Department of Pathology &
Laboratory Medicine, 650 Charles E Young Dr., Los Angeles, CA 90095, USA

d Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences,
Moscow 117997, Russia

€ Moscow Institute of Physics and Technology, Moscow Region, 141701, Russia

fWorld-Class Research Center “Digital biodesign and personalized healthcare”, Sechenov First
Moscow State Medical University, Moscow 119991, Russia

9 Heilongjiang Academy of Traditional Chinese Medicine, No. 142, Sanfu Street, Xiangfang
District, Harbin City, Heilongjiang Province 150036, China

Abstract

The diverse cell types of an organ have a highly structured organization to enable their efficient
and correct function. To fully appreciate gene functions in a given cell type, one needs to
understand how much, when and where the gene is expressed. Classic bulk RNA sequencing

and popular single cell sequencing destroy cell structural organization and fail to provide spatial
information. However, the spatial location of gene expression or of the cell in a complex tissue
provides key clues to comprehend how the neighboring genes or cells cross talk, transduce signals
and work together as a team to complete the job. The functional requirement for the spatial content
has been a driving force for rapid development of the spatial transcriptomics technologies in the
past few years. Here, we present an overview of current spatial technologies with a special focus
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on the commercially available or currently being commercialized technologies, highlight their
applications by category and discuss experimental considerations for a first spatial experiment.

Keywords

Spatial transcriptomics; RNA sequencing; 10x Visium; GeoMx DSP; CosMx SMI; MERFISH;
Stereo-seq; Xienum; BMKMANU S1000

1. Spatial transcriptomics technologies

1.1.

The revolution in imaging, barcoding and sequencing technologies in combination with

the painful loss of spatial information in popular single cell sequencing have together
driven rapid development of spatial transcriptomics (ST) technologies in the past 5 years.
Seven ST technologies have been commercially released and at least one more is in the
process of commercialization. ST technologies broadly fall into two categories: imaging-
based and sequencing-based technologies [1,2]. The key difference between imaging-based
and sequencing-based spatial transcriptomics technologies lies in their distinct approaches
to determine the spatial localization and abundance of specific mMRNA molecules within

a tissue. Imaging-based technologies utilize fluorescent signatures and their intensity to
decode the targeted gene and its abundance, while sequencing-based technologies rely on
spatial barcodes on an array to restore the spatial position of the targeted gene in the

tissue and use next-generation sequencing to determine its expression level. Below, we will
discuss the core technologies, key parameters, advantages and disadvantages of eight spatial
technologies that are commercially available now or will be available in 2023.

Imaging-based technologies

Contemporary imaging-based ST technologies are based on highly multiplexed single
molecule fluorescence in situ hybridization (smFISH), and integrate histology, molecular
and imaging tools into one box without requiring sequencing. The overall workflow and
principles are very much similar across the various platforms. The workflow includes

slide preparation, tissue permeabilization, fluorescent probe hybridization, imaging, color
decoding and spatial mapping. The differences between available platforms are in

probe design, hybridization and color decoding. As of December 2022, there are four
commercially available imaging-based platforms: Molecular Cartography, MERSCOPE, 10x
Xenium and CosMx Spatial Molecular Imager.

Molecular Cartography (MC) from Resolve Biosciences was commercially launched in the
last quarter of 2021. This technology adopted the sequential FISH (seqFISH) approach
using a three-probe hybridization strategy. Briefly, more than twenty gene-specific primary
probes first hybridize to a targeted transcript at different positions (use of more probes

for the same gene boosts signal-to-noise ratio for high detection sensitivity). Secondary
probes linked with a specific barcoding system hybridize to hangout tail regions of the
primary probe, followed by third hybridizations to the barcode regions on the secondary
probes with fluorescent probes (Fig. 1A). After imaging, the secondary and tertiary probes
are removed, followed by a second round of secondary and tertiary probe hybridizations
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with a different set of fluorophores. A total of eight consecutive rounds of fluorescent
hybridization, imaging, color stripping and rehybridization create a fluorescent signature
with a different combination of fluorophores, which is specific to the targeted gene [3,4].

The MC technology has high sensitivity and specificity, which is suitable for detection of
rare transcripts in the cells. However, MC technology labels the probes in every round, and
optical crowding limits the number of detected transcripts. The current product detects a
panel of 100 genes with the potential for future expansion.

MERSCOPE from Vizgen was the first commercially launched platform in August 2021
(MERFISH-based technology). MERFISH technology has 3 key components: combinatory
labeling, error-robust barcoding and sequential imaging. In brief, each gene is pre-assigned

a binary barcode, a series of “0 s” and “1 s”. Thirty to fifty gene-specifc probes physically
imprinting the binary barcode hybridize to different positions on a targeted gene. Each probe
has a target region that binds to transcripts of interest and has hangout tails for readout
binding. The fluorescently labeled or unlabeled secondary probes hybridize to the tails of
the first probe to read out the barcode through multiple rounds of imaging (Fig. 1B). In any
round of hybridization, detecting fluorescence will decode as “1” and no fluorescence as
“0”. After imaging, the fluorescent signal is stripped, and new readout probes are introduced
in subsequent rounds to readout the remainder of the barcode. As opposed to MC technology
where the probes are fluorescently labeled in each round of hybridization, only a subset

of probes are fluorescently labeled in each round of imaging in the MERFISH technology.
Specifically, a MERFISH barcode usually has four “1 s in a given order, i.e., the fluorescent
signal for a barcode will only be detected four times for an assigned gene throughout
imaging rounds. The optical barcode generated through multiple rounds of imaging will

then be used to match with the pre-assigned barcode and resolve the identity and quantity

of different RNA species. This binary labeling strategy effectively mitigates the optical
crowding issue and helps detect and correct errors during the hybridization [5].

Xenium from 10x Genomics launched in December 2022, representing the third
commercially available imaging-based spatial platform. Xenium was modified and further
developed based on the CARTANA technology that was acquired by 10x Genomics in 2020.
Xenium is a hybrid of in situ sequencing (ISS) and in situ hybridization (ISH) technologies.
Firstly, an average of 8 padlock probes [6] with gene-specifc barcodes hybridize to a target
transcript. After highly specific probe ligation, circular DNA probes are enzymatically
amplified. Secondly, an oligo probe labeled with a pre-assigned fluorophore hybridizes to a
gene-specifc barcode built into the padlock probe. After the fluorescent color is imaged and
removed, successive rounds of the same process with a different fluorophore are repeated on
average 8 times to generate an optical signature for target gene identification (Fig. 1C) [7].

The padlock probe offers two advantages: the gene-specifc ligation minimizes mispriming
and increase hybridization specificity, and the padlock probe amplification makes multiple
copies of the barcode, enabling a bright and high signal to noise ratio for imaging.

The CosMx Spatial Molecular Imager (CosMx SMI) from Nanostring started shipping in
December 2022. The hybridization strategy of CosMx is similar to that of MERSCOPE in
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principle. After the tissue is permeabilized, a pool of 5 gene-specific probes is hybridized
to different positions on the targeted gene. Each probe has a 30-50 nucleotide target
binding domain and around 100 nucleotide readout domain. Each set of 5 gene-specific
probes has its unique sequence in the target-binding domain, whereas all 5 gene-specific
probes from each set share the same sequence in the readout domain. This design enables
the highest sensitivity detection in FFPE tissue, in which RNA is often fragmented. The
readout domain includes 16 sub-domains. After the probes are hybridized, the slide is
assembled and inserted into CosMx SMI. The fluorescently labeled secondary probes are
introduced and hybridized to one of the subdomains of the primary probe. The secondary
probe also contains a primary probe binding domain linked with a fluorescently labeled
domain through a UV cleavable linker. The fluorescently labeled domain contains multiple
fluorophore dyes to boost signal intensity (Fig. 1D). After the image is taken, UV cleaves
the labeling domain.

This process is repeated 16 times. The combination of fluorophores dictated by the
secondary probes annealing to the hybridization subdomain on the primary probe, generated
from 16 rounds of hybridization, is specific to the targeted gene. The combination of 4
fluorescent colors and 16 sub-domains allows CosMx SMI to profile more genes than

other 3 imaging-based platforms. Currently, CosMx SMI supports simultaneous imaging and
quantification of 1000+ RNA and 64+ protein targets at subcellular resolution [8].

The imaging-based spatial technologies can provide single cell or subcellular resolution with
high RNA capturing efficiency. However, due to some common technical limitations, such
as optical crowding, increased risk of binding error with increasing number of hybridization
rounds, long imaging time and small imaging area, current commercial platforms can only
profile a few hundred to a thousand genes. In the next section, we will discuss sequencing-
based spatial technologies that overcome the above technical limitations.

1.2. Sequencing-based technologies

Most sequencing-based technologies combine classic microarray technologies with current
next generation sequencing technologies to make spatial localization of gene expression
possible. Briefly, the microarray attaches thousands to millions of oligoes that include
spatial barcode sequences, poly (dT) and other domains. After the tissue section placed on
the array is imaged and permeabilized, RNA is released from the tissue and hybridized to
poly (dT) on the array. The cDNA and library are made on and off the array, respectively.
Based on the spatial barcode sequence in the library which is copied from the array during
reverse transcription, transcripts can be mapped back to the original location on the tissue
after sequencing. Three sequencing-based platforms are commercially available now: 10x
Visium, GeoMx Digital Spatial Profiler (DSP) and BMKMANU S1000. Stereo-seq is
expected to become commercially available in 2023. 10x Visium, BMKMANU S1000 and
Stereo-seq use array technology with similar overall workflow while GeoMx DSP adopts a
different barcode technology. For the convenience of discussion, we will discuss the three
microarray-based technologies first.

Visium from 10x Genomics was developed based on the Spatial Transcriptomics technology
that 10x Genomics acquired in 2018 [9]. The microarray chip coated with spatially barcoded
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RNA-binding oligonucleotides represents the core technology of Visium. The spatial
barcode built into the oligonucleotides, acting as a messenger, is transferred to the cDNA
during library construction, allowing localization of the transcripts back to the original tissue
after sequencing (Fig. 2A). The Visium technology can work with fresh tissues, as well as
Formalin-Fixed Paraffin-Embedded (FFPE) tissues with a slightly modified RNA capturing
strategy [10].

In the fresh frozen workflow, the mRNA released from the tissue section directly binds

to the poly(dT) region of adjacent capture probes on the array, while the FFPE workflow
adopts a probe hybridization strategy to address the poor RNA quality from FFPE tissues.
In the FFPE workflow, the tissue section on the array is treated to remove cross-linking and
be permeabilized. A pair of adjacent probes in the protein-coding region is hybridized to the
targeted gene. After ligation, the gap between the probe pair is sealed to form one longer
probe. The poly-A tail linked to one of the probes on the 3’end is then captured by the

poly (dT) on the array. The double stranded cDNA is synthesized by probe extension, and a
sequencing library is made via sample index PCR.

The Visium platform does not require any special instruments, and can be easily adopted
by a molecular lab equipped with traditional tissue section tools. The technical challenge
of the Visium technology is the requirement to precisely transfer a tissue section to the 6.5
mm x 6.5 mm capturing areas of the Visium array. In addition, direct transfer of the tissue
section to the array is often suboptimal without the investigator’s evaluation. To address
these two issues, 10x Genomics has released a Visium CytAssist instrument, which was
designed to simplify the Visium workflow by facilitating the transfer of the tissue section
from a standard glass slide to the Visium array. With CytAssist, investigators can use either
pre-sectioned tissue on glass slides or FFPE blocks. This option maximizes the sample
selection for Visium experiments and also allows evaluation of the quality of tissue sections
using standard histological techniques before transferring to the Visium slide.

BMKMANU S1000from Biomarker is technologically similar to 10x Visium with two
key differences. Instead of directly attaching oligos to a capturing area with around 5000
barcoded spots as in the 10x Visium (where the position of each oligo on the array is
known), S1000 attaches the oligo probes (Read 1 + Spatial Barcode+Unique Molecular
Identifer+Poly (dT)) to beads that are embedded in the 2.2 million microwells on a 6.8 mm
x 6.8 mm capturing area. The position of each oligo in the microwell is determined by
several rounds of fluorescent hybridizations. Secondly, the diameter of S1000 microwells is
2.5 um and center to center distance is 4.8 um, while the 10x Visium has a 50um diameter
spot size and a 100um center to center distance (Fig. 2B). This size difference leads to
different spatial resolutions between two platforms.

The S1000 has a flexible experimental design with from 1 to 8 capturing areas per slide.
Users can perform whole transcriptome analysis at 100um resolution or compromise the
number of genes detected at a single cell resolution (5 um). The noticeable weakness of
S1000 is its inability to analyze an FFPE sample.
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Stereo-seq from MGI uses the DNA nanoball (DNB) technology for in situ RNA capture
and RNA localization (Fig. 2C). Similar to 10x Visium and S1000, synthesized oligos
contain several domains including random barcoded sequences, the coordinate identity
(CID), molecular identifiers (MID) and poly (dT) sequence. Instead of directly attaching
the oligos to the array in the 10x Visium or attaching the oligos on the beads in the S1000,
Stereo-seq oligos are circularized, and used as a template to generate DNB by rolling circle
amplification. The DNBs are docked in a grid-patterned array of spots to make the Stereo-
seq capture chips [11]. The spatial position of each DNB is determined by sequencing the
25-nt CID. The size of DNB is approximately 0.2um in diameter with a center-to-center
distance of 0.5um, which is significantly smaller than the S1000, providing sub-cellular
resolution.

The Stereo-seq technology is particularly suitable for developmental biology with its large
array, but is currently not available for FFPE samples. MGI offers several different sizes of
Stereo-seq arrays from 1 cm x 1 cm to 13.2 cm x 13.2 cm. Stereo-seq libraries can only
be sequenced on MGI sequencers such as T7, which will limit their wide adoption after
commercialization.

GeoMx Digital Spatial Profiler (DSP) from Nanostring Technologies uses a completely
different strategy to make libraries and obtain spatial information. It first designs a pool of
~20,000 gene-specifc probes genome wide, and links each of the probes to a unique, probe
specific DSP barcode through a UV cleavable linker. The probe pool is hybridized to mRNA
targets on a tissue slide overnight and washed the next morning. The slide is then stained
using fluorescently labeled antibodies (markers) for the cell types of interest, and imaged
using the GeoMx DSP instrument. Based on the staining result, multiple regions of interest
(ROIs) are selected. UV light is then applied to release and collect the DSP barcodes from
selected ROls, followed by library construction and sequencing [12,13]. The counts of a
gene-specifc DSP barcode represent the abundance of the corresponding mRNA, and the
gene-specifc DSP barcodes are mapped back to the tissue section of the spatially defined
ROIs (Fig. 2D). This spatially defined ROI enables investigators to understand the gene
expression patterns or molecular interactions within that specific spatial context.

GeoMx DSP can place more samples on the same slide without being limited by
predesigned capturing areas like array-based platforms. It only makes libraries from the
selected ROIs, and thus is more cost effective per sample compared to other sequencing-
based platforms. In addition, users have an option to add some custom probes to the probe
pool to ensure genes of interest are detected. The practical challenges of GeoMx DSP are
its cell marker selection and fluorescent staining. The antibody markers sometimes produce
unsatisfactory staining and need to be validated before the real experiment.

Sequencing-based ST technologies can provide whole transcriptome analysis with a large
imaging area and short scanning time, but they have relatively lower RNA capturing
efficiency and cannot provide single cell resolution for two commonly used platforms: 10x
Visium and GeoMx DSP. It is worth noting that an upcoming Stereo-seq platform next year
combines the strengths of sequencing-and imaging-based technologies, and provides whole
transcriptome analysis at single cell resolution.
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2. Applications for basic, translational and clinical research

ST has broad applications in developmental biology, immunology, oncology and
neuroscience in disease and health tissues for human, mouse and other species. It can answer
many biological questions that are applicable to single cell sequencing technology and many
other important questions that single cell technology is unable to answer. Of importance, ST
technologies have great potential in clinical applications with need for higher sensitivity

and accuracy, including early diagnosis, prognosis, spatial marker identification, drug
development, clinical trials and so on. In this section, we will highlight recent applications in
representative areas.

2.1. Spatiotemporal analyses of tissue development

ST technologies have been widely used in embryo, tissue, and organ development in
various species, documented by a large body of literature [2,14-16]. It is of particular

note for studying embryogenesis [17,18]. How a zygote develops into a highly complex
organism in a precisely regulated manner is one of the most important scientific questions.
Several methodologies have been applied to study mammalian embryogenesis. However,
lack of cellular structural organization information, lack of contextual microenvironments,
low spatial resolution, a small number of genes, or a combination of these factors have
limited the power of those approaches. ST technology is an ideal tool to systematically
and coherently answer this fundamental and long-standing question. It allows investigation
of spatiotemporal transcriptomic dynamics in the natural cell ecosystem in relation to cell
fate specification, cell-cell interaction, and organ formation, i.e., we are able to visualize an
entire “motion picture” of embryonic development from different dimensions in situ.

Taking advantage of the large field of view of Stereo-seq technology, Chen et al. studied
spatiotemporal transcriptomics of mouse organogenesis using 53 sagittal sections from
entire mouse embryos spanning E9.5-E16.5 [19]. The study identified tissue- or site-
specific gene expression profiles, and visualized dynamic changes of these profiles over
different developmental stages. The high resolution, directional transcriptomic changes in a
time course provide functional insights regarding cell fate differentiation, cell migration,
regional specification and organ formation. Using spatial consistency-based clustering
(SCC) methods and unsupervised clustering of the gene-by-cell matrix and uniform
manifold approximation and projection (UMAP) visualization, Chen et al. established
spatial relationships between distinct gene signatures and heterogenous cell types, cell type
locations and specific anatomic regions. The data set was subsequently used to generate

a mouse organogenesis spatiotemporal transcriptomic atlas (MOSTA). This comprehensive
resource is a foundation for future studies of organogenesis in mouse or other species.

2.2. Spatial atlases of specific tissues or regions

ST technologies can provide an unbiased spatial map of a tissue and have generated several
expandable reference tissue atlases, including human kidney tissue atlases in health and
disease [20], spatial multiomic maps of cardiac remodeling [21], the human lung [22], and
several brain tissue atlases from hypothalamic pre-optic regions [23], hippocampus [24]
and cerebellum [25]. The technology also significantly empowers a few influential atlas
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initiatives, including Human Lung Cell Atlas 1.0 (Chan Zuckerberg initiative), NIH Brain
Initiative Cell Atlas, and Human Cell Atlas Initiative.

Ortiz et al. generated an ST atlas of entire brain regions that include 15,326 unique genes
[26]. In this study, authors mapped known subdivisions and the borders of the entire
nervous system, identified new area- and layer-specific subregions in the isocortex and
hippocampus, as well as new subdivisions of striatum using unsupervised classification.
This study demonstrated that ST data alone are able to dissect and map the complex spatial
neuroanatomical organization of the brain with well-defined regional boundaries. It has laid
a foundation for investigating the structure-function relationship of specific brain regions
for other species. By cross-species comparison, it will provide critical information for a
comprehensive understanding of the diversity of neuron types and their circuits in humans.

Molecular mechanisms of gene or cellular dysregulation in disease

The current understanding of the molecular mechanisms underlying various diseases is
limited by an inability to directly examine disease-causing cells and their microenvironment
under natural conditions. ST technology has opened new opportunities in this dimension.
The use of ST identified ZBTB11 as a regulator of cardiomyocyte degeneration in
arrhythmogenic cardiomyopathy [27] and an unknown population of neurons that regulate
fever response and other sickness symptoms [27,28]. It has also been used to provide
molecular insights into the coronavirus disease 2019 [29,30], infectious and inflammatory
processes [31-33], and disease associated signaling and pathways in amyotrophic lateral
sclerosis [34], as well as the dorsolateral prefrontal cortex of schizophrenia patients [10,35]
and Alzheimer’s disease.

Of particular interest, Nifio et al. used 10x Visium technology to uncover spatially resolved
cellular and molecular host-microbe interactions in oral squamous cell carcinoma and
colorectal cancer [36]. Tumor-associated bacteria have an active role in cancer development,
but the identity and host cell types of these bacteria have not yet been understood. Using 10x
Visium and GeoMx DSP technologies, the authors demonstrated that bacteria are associated
with malignant cells with lower levels of Ki-67 compared to the tumor regions absent of
bacteria, and those bacteria are highly immunosuppressive in the tumors. The interaction
between host cells and bacteria altered the transcriptional pathways that are involved in
inflammation, metastasis, cell dormancy and DNA repair. The data demonstrated that the
distribution of microbiota in the tumors is not a random event, but are functionally organized
to promote cancer progression.

2.4. Cellular heterogeneity and microenvironment in tumors

The continuous contest between extrinsic immune cells and intrinsic tumor cells shapes
tumor progression and metastasis. Quantitative analysis of tumor heterogeneity and
spatiotemporal characterization of tumor immune microenvironments can provide essential
information for understanding tumor metastasis and developing novel therapies. ST
technologies allow comprehensive analysis of the transcriptomic signatures of tumors and
their associated cells, and reveal spatial tumor heterogeneity and its entire microenvironment
[37-40].
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A relatively early study (in terms of ST technology) used ST profiles from around 6750
tissue regions across different tissue components to construct a detailed spatial map for intra-
tumor heterogeneity in prostate cancer [41]. The map showed remarkably heterogeneous
transcriptomic profiles at each tissue region and exhibited a gradient gene expression profile
in healthy cells adjacent to tumor cells, a warning for using normal tissue adjacent to tumor
as a normal control in experiment design. A recent study explored the immune landscape

of liver metastasis of colorectal cancer [42]. In this study, the authors investigated ST
dynamics of the immune microenvironment of 97 samples from 24 matched (primary and
metastasized) liver patients. The study revealed extraordinary immune microenvironment
reprogramming during metastasis, such as immunosuppressive MRC1 + CCL18+ M2-like
macrophages. Single cell Metabolism analysis [40] showed that those macrophages have
enhanced metabolic activity and can be reversed by effective neoadjuvant chemotherapy in
responsive patients. Interestingly, the same treatment triggered more immunosuppressive
environments in nonresponse patients. This observation suggests that the metabolism
pathway could be a potential drug target in metastasized patients.

2.5. Cell types and states

ST techniques have further enhanced the power of single cell sequencing technologies in
identifying and characterizing cell types and states. The functional elucidation of different
cell types requires their physical localization and connectivity. The spatial dimension of ST
technologies enables the functional analysis of cell populations, neighbor cell interactions
and cellular structural organization. Numerous publications have documented the progress
made in this aspect in the past few year s [23,43-46].

Fang et al. applied the MERFISH technology to analyze the spatial distributions of cell types
within the human and mouse cortexes, and identified >100 transcriptionally distinct cell
populations in the human middle and superior temporal gyrus [47]. The analysis found that
the association patterns of specific cell types are different between the mouse and human
brains. Humans have more specific neurons and increased interactions between neurons and
non-neuronal cells compared to mice. In a spinal cord injury study [48], the ST technology
discovered a single population of excitatory interneurons nested within the intermediate
laminae. This unique cell population is essential for the recovery of walking with epidural
electrical stimulation following spinal cord injury.

Using the EcoTyper tool, Luca et al. identified 69 transcriptionally defined cell states
across 12 major cell lineages of 16 types of human carcinoma [49]. Most of the cell states
are ubiquitous across tumor types, indicating fundamental patterns of cellular organization
in human carcinoma. Further analysis of cell-state co-occurrence patterns identified ten
clinically distinct, evolutionarily conserved multicellular communities, some of which are
associated with adverse survival and others associated with early cancer development.

2.6. Spatially resolved biomarkers for diseases and treatments

ST technologies have greatly facilitated the development of more accurate and sensitive
molecular, cellular and microstructural biomarkers spatially, leading to improved diagnosis,
prognosis and disease treatment. Some examples include a 6-gene signature for the

Genomics. Author manuscript; available in PMC 2023 October 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 10

prediction of patient survival in hepatocellular carcinoma [50], the GATA3 mutation for
relapse in breast cancer [51], CD56+ immune cells for the prediction of outcomes of a

PD-1 checkpoint blockade in NSCLC [52], CDH12-enriched epithelial subpopulation for the
prediction of poor outcomes following surgery, superior responses to immune checkpoint
therapy in the bladder [53], Trem2hi- enriched macrophages in late-stage infarcted heart
leading to significant functional and structural improvements in infarcted hearts [54], and
leucine zipper transcription factor like 1 as a candidate effector gene at a COVID-19 risk
locus [55].

Spatial microstructural biomarkers, identified by using ST technology, are particularly
interesting. In 2020, Petitprez et al. first reported that the presence of intratumoral

tertiary lymphoid structures (TLSSs) is associated with improved outcomes in advanced
soft-tissue sarcoma (STSs) patients, and suggested that TLS presence in advanced STS is
a potential predictive biomarker for patients’ selection for pembrolizumab treatment [56].
Later, a multicohort phase 2 study of pembrolizumab (PEMBROSARC) showed that the
6-month non-progression rate and objective response rate in patients selected based on the
presence of TLSs are significantly better than those in all-comer patients. This clinical trial
confirmed that TLS is an efficient microstructure biomarker for STS patient selection for
immunotherapy [57].

3. Considerations for a first ST experiment

3.1.

In this article, we reviewed 8 different platforms that use different strategies to resolve
spatial information and capture transcriptome profiles. These technologies have different
technical capabilities and limitations. One specific technology may be suitable only for
certain species, tissue types or experimental aims. Users should carefully consider these
limitations and capabilities at the experimental design stage to ensure the chosen platform
is suitable for your tissue type and experimental aim. In the following section, we provide a
summary of essential considerations for choosing a suitable spatial technology.

Biological question

In the experimental planning stage, you should clearly define your biological questions to
ensure that spatial technology is appropriate, i.e., spatial content in the data set is essential to
answer your questions, and cannot be satisfactorily addressed by other simpler or more cost
effective technologies, such as bulk RNAseq.

3.2. Species and tissue type

What species and tissue type are available for your study? Some technologies are limited
to certain species. For example, GeoMx DSP can only work with human and mouse tissues
while 10x Visium suits many species. Both technologies are amenable to fresh frozen
tissues as well as FFPE tissue, but Molecular Cartography and BMKMANU S1000 are
only applicable to fresh frozen tissue. In the case of 10x Visium, optimization is needed to
determine the best permeabilization time for untried tissue types.
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3.3. RNA integrity

Is your RNA integrity sufficient for the chosen technology? If you use FFPE tissue, RNA
quality can be a potential problem and needs to be verified before the experiment. 10x
Visium and GeoMx DSP FFPE protocols recommend —the percentage of RNA fragments
above 200 nucleotides = 50%, although less ideal RNA integrity may also produce usable
data when the sample is irreplaceable, such as for clinical specimen.

3.4. Tissue size

Do you need a large area to capture the necessary information? Different technologies have
different defined capturing or imageable areas. 10x Visium has a capturing area of 6.5

mm x 6.5 mm, MERSCOPE has an imageable area of 10 mm x 10 mm, while Stereo-seq
technology has a slide with a capturing area as large as 13.2 cm x 13.2 cm. GeoMx DSP
requires 3 replicates of ROIs for statistical analysis with their software, and the tissue section
should be large enough for 3 ROI selections when considering GeoMx DSP.

3.5. The number of genes profiled

Do you need whole transcriptome analysis or a focused gene panel? In general, imaging-
based technologies can only profile a limited number of genes due to optical crowding and
other issues, ranging from 100 genes for Molecular Cartography to 1000 genes for CoxMx
SMI. The sequencing-based platforms allow whole transcriptome analysis. In our hands,
10x Visium can recover ~16,762 genes/capturing area, and GeoMx DSP can detect ~11,328
genes/ROI on average.

3.6. Spatial resolution

The most commonly used spatial platforms today, such as 10x Visium and GeoMx DSP,
cannot provide single cell resolution. The resolution of 10x Visium is limited by its 50um
spot size (a typical eukaryotic cell size is around 10um). GeoMx DSP can technically select
ROIs as small as a single cell, but signal to noise ratio from such a small ROl is practically
too low to analyze the data meaningfully. If the experimental design requires single cell
resolution, imaging-based technologies should be considered.

3.7. RNA capturing efficiency

Different platforms have highly variable RNA capturing efficiency, ranging from ~95% to as
low as ~30%. Generally, imaging-based technologies have a significantly higher capturing
efficiency than sequencing-based ones. If you are interested in low expressors, such as
transcription factors, you should consider imaging-based platforms.

3.8. Analyzed analyte

Spatial proteogenomics represents an exciting future direction in the field of spatial
genomics. If you have a precious clinical sample and want to analyze RNA and protein
simultaneously on the same slide, GeoMx DSP is the only platform for consideration.
Nanostring recently released a GeoMx DSP spatial proteogenomic protocol that enables
both protein and RNA expression analysis from a single FFPE slide.
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3.9. The number of samples

Finally, sample number should also be taken into consideration at the experimental design
stage. Imaging-based platforms take 2—7 days to scan a slide compared to ~30 min with
sequencing-based platforms. If you propose processing a large number of samples, imaging-
based platforms may not be practical.

4. Concluding remark

Here, we have explored eight spatial transcriptomics technologies that are currently available
or will be introduced in 2023. These advanced technologies exhibit distinct strengths

and weaknesses, which are reflected in five key parameters (Table 1). The selection of

a particular technology requires careful consideration of these parameters and alignment
with the experimental objectives. In general, sequencing-based technologies are well-suited
for hypothesis generation and research development, while imaging-based technologies are
more appropriate for hypothesis testing and potential clinical applications in the future.

Several technological limitations remain to be addressed in the field. These include

limited multiplexing and throughput of imaging based technologies, as well as the low
spatial resolution and RNA capturing efficiency of sequencing-based technologies. The
future endeavors will necessitate additional advancements in spatial multiomics methods
and the integration of multi-dimensional datasets. These datasets should encompass the
interpretation of spatial DNA alteration, transcriptional regulation, epigenetic modification,
and metabolic reprogramming. The incorporation of Al-guided high dimensional cellular
phenotyping data, using, for example, recently launched Deepcell technology [58],
represents another future trajectory. The development of new computational and creative
analytical tools to effectively analyze the resulting data will be a crucial next task.
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Cc?re technologies of 4 sequencing-based platforms. Visium (A), S1000 (B) and Stereo-
sEq. (C) use probes mounted on the array to capture RNA for library construction and
sequencing. The key difference among those 3 platforms is spot size (A > B > C), which
determines spatial resolution. GeoMx DSP (D) uses a probe hybridization strategy. Each
probe is linked with a gene-specifc barcode through a UV cleavable linker. The barcodes
are cleaved from the selected region of interest, and collected for library construction and
sequencing. UMI: Unique Molecule Identifier. CID: Coordinate Identity. The pink box
located in the upper right corner of B indicates a probe comprising Read1 handle, a spatial
barcode, UMI, and PolyT.
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