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Abstract. Spatial transcriptomics (ST) measures and maps transcripts within intact tissue sections, allowing the visualiza-
tion of gene activity within the spatial organization of complex biological systems. This review outlines advances in genomic 
sequencing technologies focusing on in situ sequencing–based ST, including applications in transplant and relevant non-
transplant settings. We describe the experimental and analytical pipelines that underpin the current generation of spatial 
technologies. This context is important for understanding the potential role ST may play in expanding our knowledge, includ-
ing in organ transplantation, and the important caveats/limitations when interpreting the vast data output generated by such 
methodological platforms. 

(Transplantation 2023;107: 1463–1471).

INTRODUCTION
The field of solid organ transplantation is built on the 
combined pioneering endeavors of clinicians and research-
ers. These efforts have overcome, or at least moderated, 
many of the barriers to successful human transplantation, 
including improvements in surgical techniques and organ 
preservation methods, as well progressive understanding 

of transplant immunology, facilitating development of 
antirejection medications. However, over the past 2 dec-
ades, no new immunosuppressive medications have been 
approved by the Food and Drug Administration, stagnat-
ing progress that could improve graft and patient out-
comes and contributing to unmet needs in solid organ 
transplantation.1 The explosion of “Omics” technology 
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(including genomics, epigenomics, transcriptomics, pro-
teomics, metabolomics and metagenomics) has allowed 
researchers to expose the biological processes crucial to 
immunological matching, transplant rejection, or chronic 
fibrosis.2-5 Transcriptomics technologies like microarray, 
bulk RNA sequencing (RNA-seq), and single-cell or sin-
gle-nuclei RNA-seq (scRNA-seq or snRNA-seq; Figure 1) 
have dominated gene profiling research in transplanta-
tion over the past 20 y, leading to several large trans-
plantation-based consortia, including the International 
Genetics and Translational Research in Transplantation 
Network,6 Critical Path Institute’s Transplant 
Therapeutics Consortium,4 Kidney Precision Medicine 
Project,7 Genome Canada Transplant Consortium,8 Banff 
Molecular Diagnostic Working Group,9 and Clinical 
Trials in Organ Transplantation.10

Transcriptomics technologies have identified sev-
eral diagnostic gene panels to improve the detection of 
kidney, heart, lung, and liver allograft acute rejection 
when used with traditional histopathology, such as the 
molecular microscope diagnostics11-16 (One Lambda), 
common rejection module,17 and Banff Human Organ 
Transplant9 (B-HOT) panel. In a similar manner, 
researchers have also identified predictive gene sets for 
fibrosis and early graft loss in kidney transplants,18 as 
well as donor and recipient polygenic risk scores to pre-
dict the risk of posttransplant diabetes after liver trans-
plantation.19 Molecular microscope diagnostics and 

B-HOT have received the most attention for current 
and future validation studies. Transcriptomics profiling 
within archived formalin-fixed and paraffin-embedded 
(FFPE) tissues have allowed investigators to expand the 
validation cohorts, including correlation between Banff 
scores and measurement of the B-HOT gene panel in 
326 FFPE kidney transplant biopsies. This panel was 
able to detect subpathological evidence of rejection 
(before histopathological features), with peritubular 
capillary inflammation and donor-specific antibody 
as primary drivers of antibody-mediated rejection sig-
nature.20 Single-cell transcriptomics have allowed a 
degree of matching of gene expression to the cell type 
of origin, although the accuracy of this in human trans-
plant rejection samples is yet to be confirmed.21,22

Loss of spatial information is a key limitation with pub-
lished transcriptomics studies that are high throughput but 
primarily derived from bulk sample preparations. To retain 
spatial information, past transcriptomics studies have 
either used laser capture microdissection (LCM)23 or serial 
sections from the same (or sometimes a different) tissue 
block to select the region of interest (ROI) to infer spatial 
information. However, the laborious nature of LCM, addi-
tional costs, and generally poor spatial information have 
limited application of LCM-based bulk RNA-seq. Here is 
where spatial transcriptomics (ST) can provide the criti-
cal link between classical gene expression and sc RNA-seq 
to the underlying cell type(s) and histological structures. 

FIGURE 1.  Overview of transcriptomic platforms. Available transcriptomics platforms are organized on the basis of a decision hierarchy 
that can assist transplant researchers to select the right transcriptomics technique for their clinical research question/s. Created using 
BioRender.com. DSP, Digit Spatial Profiler; ISH, in situ hybridization; ISS, in situ sequencing; MERFISH, multiplexed error-robust 
fluorescence ISH; sc/snRNA-seq, single-cell/single-nuclei RNA sequencing; ST, spatial transcriptomics.
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ST methods retain spatial location of the captured tran-
scripts by incorporating either spatial barcode information 
with in situ sequencing (ISS)–based ST or fluorescently 
labeled probes with in situ hybridization (ISH)–based ST 
(Figure 1).

The ISS-ST method captures the genome-wide tran-
scriptome, whereas ISH-ST detects only predefined tran-
scripts. Both methods allow transcripts to be mapped or 
imaged within their specific spatial location in the tis-
sue section or subcellular structure, respectively, unlike 
prior methods. The reason spatial information is retained 
with ISS/ISH-ST techniques is because sample prepa-
ration does not require tissue homogenization, cell dis-
sociation, or lysis.22,24-29 Thus, ST provides the critical 
link between gene expression and the underlying tissue 
structures or cell types. This link between gene expression 
and spatial location within complex tissue sections30,31 
may help discover or clarify key mechanistic processes 
within solid organ transplantation that can be therapeuti-
cally targeted.32-34 Retention of the spatial context of the 
transcripts is imperative because complex biological sys-
tems, like all solid organs, consist of spatially organized, 
functional structures, and this is critical to understanding 

(patho)physiological changes. In this review, we focus on 
commercially available ST techniques that have allowed 
transcriptomics to be analyzed within the spatial context 
of intact tissue sections and thus accounting for complex 
cellular/structural organization and localized pathologies. 
We will describe the underlying principles of ST technolo-
gies to enable contextualization and highlight opportuni-
ties for transplantation-based applications of ST.

SPATIAL TRANSCRIPTOMICS
Both ISS-based and ISH-based ST techniques resolve 

transcriptome expression within the spatial context of intact 
tissue. ISS-based ST achieves this by integrating histology 
with RNA-seq,24-29,35 whereas ISH-based ST achieves this 
by expanding on the established fluorescent ISH (FISH) 
technique. Commercially available ST techniques includes 
Visium ST-seq (Visium ST, an updated version of the legacy 
Spatial Transcriptomics) by 10x Genomics, GeoMx Digit 
Spatial Profiler (DSP) by NanoString (https://nanostring.
com), and multiplexed error-robust fluorescence ISH 
(MERFISH) by Vizgen (https://vizgen.com) (summarized 
in Figure 2 and Table 1).

FIGURE 2.  Commercially available ST platforms. MERFISH and GeoMx DSP (top panel) are both ISH-based ST techniques that allow 
fluorescent imaging of targeted genes within the tissue section. Visium (bottom panel) is an ISS-based ST technique that identifies the 
unbiased gene expression within the tissue section using ST-spots with millions of oligo-dT with unique spatial barcodes. Created using 
Biorender.com. DSP, Digit Spatial Profiler; H&E, hematoxylin and eosin; ISH, in situ hybridization; ISS, in situ sequencing; MERFISH, 
multiplexed error-robust fluorescence ISH; oligo-dT, oligonucleotide sequence of repeating deoxythymidines; ROI, region of interest; ST, 
spatial transcriptomics; UV, ultraviolet.
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ISH-based ST
For ISH-based ST, there is MERFISH and GeoMx DSP. 

MERFISH uses encoding probes with a target region com-
plementary to the target transcript and flanking readout 
sequence that hybridize with fluorescent readout probes. 
The MERFISH method consists of initial staining with the 
encoding probe, then sequential rounds of hybridization 
and imaging of the readout probes across the entire tissue, 
using custom MERSCOPE. After each round of hybridiza-
tion and imaging, the fluorescent signals are extinguished 
and thus, allowing the multiplexing within the MERFISH 
technique. GeoMx DSP uses fluorescently labeled antibod-
ies and premixed panel ultraviolet photocleavable oligo 
probes for staining and hybridization with target RNA or 
protein. After hybridization, the fluorescent antibodies are 
used to image and select ROIs on a custom GeoMx DSP 
instrument. These ROIs are then exposed to ultraviolet 
light to cleave the oligo probes that are collected and quan-
tified on a custom nCounter analysis system or genomic 
sequencer. In this manner, ISH-based ST has allowed the 
visualization of tissue niches of interest in complex tissue 
sections such as brain36-38 and liver39 by MERFISH and 
kidney,40,41 colon,42 liver,43 and lung44 by GeoMx DSP. 
Based on the number of probes and size of tissue or ROI, 
both ISH-based ST techniques are simple, cost-effective, 
and high-throughput relative to ISS-based ST. However, 
both ISH-based ST techniques require custom instruments 
and available probes of known transcripts. Additionally, 
MERFISH can be limited by sensitivity because of low 
fluorescent signal and spectral overlap. GeoMx DSP can 
also be affected by spectral overall and intrinsic limitation 
to predefined ROI.

ISS-based ST
For ISS-based ST, histology, imaging, and RNA-seq are 

analyzed sequentially on the same tissue section placed 
on a glass slide with printed oligonucleotide sequence of 
repeating deoxythymidines and spatial barcodes within 
a 55-µm spot, termed ST-spot34,45,46 (Visium, 10x). Each 
ST-spot has a unique spatial barcode. As transcriptomes 
within the tissue section are released by chemical permea-
bilization, they are captured by the underlying ST-spots 
and thus receive a spatial barcode. After sequencing, the 
captured transcriptomes are aligned with the hematoxy-
lin and eosin image of the tissue section to visualize gene 
expression within the context of the intact tissue.

The current application of ST-seq has allowed the visu-
alization of functional activity in complex tissue sections, 
including brain, liver, heart, breast, skin, lung, prostate, 
intestine, and kidney.47-58 An advantage with commercially 
available ISS-based ST is that it requires standard histology 
and molecular laboratory instruments to complete unbi-
ased capture of all transcripts. However, current limitations 
of the ISS-based ST technique include lateral diffusion of 
transcripts, poor resolution, and complex bioinformatics 
analysis. Lateral diffusion of transcript can be mitigated by 
tissue optimization before commencing an ISS-ST experi-
ment. The poor transcript resolution results because of the 
capture of mRNA from multiple cells overlying individual 
ST-spots, which measure 55 µm in diameter. Frequently, 
the number of cells underlying an individual ST-spot are 
reported to be 1 to 10 cells. However, the actual number 

of cells underlying ST-spots depends upon the type of tis-
sue and the pathological processes present within the tis-
sue section. 10x Genomics plan to address this with higher 
resolution (Visium HD) capture slides to provide a single 
cell–level ISS-ST platform with smaller and more densely 
packed ST-spots. Another single-cell ISS-based ST plat-
form currently undergoing commercialization is Slide-seq. 
The Slide-seq platform uses DNA-barcoded 10-µm beads 
with probes that can capture, in an unbiased manner, up 
to 500 transcripts per bead, from fresh frozen tissue sec-
tions.59,60 However, Slide-seq does not incorporate histol-
ogy and imaging, and therefore, additional adjacent tissue 
sections are needed to correlate the captured transcriptome 
with histomorphology. Furthermore, the Slide-seq method 
requires decoding and identification of the spatial location 
of the 10-µm beads using sequencing by oligonucleotide 
ligation and detection.59-61

ISS-based ST—Bioinformatics
Bioinformatics workflow components such as quality 

control, batch correction, normalization, and clustering 
are similar for both sc/sn RNAseq and ISS-based ST.25,62,63 
However, ISS-based ST has the added complexity of spatial 
organization with clustering,48,49,64 annotation, and cell-
to-cell communication analysis (Figure 3).5,10,12,15,17 First, 
the clustering with ISS-based ST can be mapped back to the 
tissue section and visually correlated with distinct regions 
using packages like Seurat,65 STUtility,66 Squidpy,67 and 
SpatialExperiment.68 Next, annotation of clusters can be 
performed on the basis of known structures (ie, glomeru-
lus, tubule, or vessel), regions (ie, cortex versus medulla), 
or cell types and states (ie, CD8+ T cells with cytotoxic 
or exhausted states) using known genes for specific 
regions, structures or cell types and cell states, respectively. 
Alternatively, this annotation can be completed using label 
transfer69,70 or regression-based deconvolution.70-76 Longo 
et al70 provide excellent, in-depth description and discus-
sion of the different annotation strategies. In brief, label 
transfer uses gene signatures derived from an annotated 
reference dataset/s to project cell types onto query spatial 
data sets,69 resulting in ST-spots being annotated with a 
nominal cell type based on the dominantly captured tran-
script.77 To further predict the single-cell types and states 
within each ST-spot, there are multiple deconvolution 
packages.52,71-75

However, both label transfer and deconvolution meth-
ods require reference data set/s to predict the cell type 
and/or state within each ST-spot. Generating reference 
data set/s, which are generally sc/snRNA-seq data sets, 
can be costly if performed in-house. Publicly available sc/
snRNA-seq data sets are a less costly solution. However, 
if the cell type or state of interest are absent within the 
reference data set, then integration of additional reference 
data sets will be needed. The integration of multiple ref-
erence data sets needs to be balanced against the intro-
duction of both noise and errors resulting from technical 
and biological variations between data sets. An analytical 
alternative to label transfer and deconvolution analysis 
that does not require a reference data set is BayesSpace78 
that uses the Bayesian statistical method and t-distributed 
error modeling of the generated spatial clusters to demon-
strate reduced noise and clear spatial separation.78 Once 
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ST-spots are annotated then, they can be further charac-
terized into spatial organization, colocalization, and cell–
cell communications (within and between ST-spots) using 
additional analytical approaches.79 Limitations and risks 
associated with/without the use and application of refer-
ence data sets for annotating ST data sets are best over-
come when reliable single-cell or subcellular resolution ST 
methods are available.

EXPANDING APPLICATION OF ST
A key advantage with Visium, MERFISH, and GeoMx 

DSP ST techniques is their capacity to complete gene 
expression profiling in either FFPE or fresh-frozen tissue 
sections. This ability to use FFPE tissue sections increases 
sample availability, given that many clinical FFPE speci-
mens are stored after diagnostic testing. However, these 
samples are especially susceptible to RNA degradation 
because of delayed and/or poor initial sample handling, 
fixation, dehydration, and storage.80,81 Thus, deciding 
which ST technique to use and when can be difficult. As 
such, we have provided a simple flowchart (Figure  1) 
as a guide for selecting an optimal ST technique for the 
research question/s posed. Given that ST technology has 
only been commercially available for the past few years, 
publications using this technique are expected to increase. 
Most of the studies using spatial technologies are in the 
areas of organogenesis/embryogenesis, neurological, 
or cancer research. At the time of this review, the only 
human transplant-related ST study is by Salem et al.82 
Visium ST-seq experiments have also been performed in a 

heterotopic heart transplant model, which suggests unique 
immune cell clusters, but data are limited to a conference 
abstract.83 Outside of transplantation, there are several 
articles that apply spatial technologies to assess the impact 
of ischemic kidney and cardiac injury, glomerulopathy, as 
well as diabetes and hypertension on chronic kidney dis-
ease (CKD).

Studies in Transplant Rejection Using ST
Salem et al40 were the first to publish ST data for 

human kidney chronic T cell–mediated rejection (TCMR) 
using GeoMx DSP with whole exome sequencing. They 
selected 2 glomerular and 3 tubulointerstitial ROIs from 
the TCMR sample and demonstrated tubulointerstitial 
enrichment of T-cell activation, differentiation, and pro-
liferative pathways for TCMR biopsies compared with 
control samples. However, the control used in this study 
was obtained from macroscopically “normal” portions 
from nephrectomy for renal cell carcinoma, rather than 
a rejection-free kidney allograft to match for immuno-
logical and immunosuppression effects. This difference 
could impact the differential expression results, even in 
seemingly “immunologically quiescent” allografts. In 
addition, using tubulointerstitial ROIs derived from the 
scarred biopsy (inflammation in areas of interstitial fibro-
sis and tubular atrophy (i-IFTA) and tubulitis in areas 
of interstitial fibrosis and tubular atrophy (t-IFTA) = 3 in 
all 3 ROIs) may explain why the top 100 highly vari-
able genes in the acute rejection biopsy did not correlate 
with biopsy Banff scores. The supervised selection of 5 

FIGURE 3.  Single-cell and ST spot–level gene expression. Bioinformatic analysis of sc/snRNA-seq and ISS-based ST requires similar 
QC, batch correction, normalization, and clustering. However, with sc/snRNA-seq (top panel), the clustered gene expressions are 
mapped back to cells (or nuclei), thus, allowing the prediction of cell state, lineage trajectory, and cell-to-cell communication. With 
ISS-based ST (bottom panel), the clustered gene expressions are mapped back to ST-spots underlying multiple cell types resulting in 
averaged gene expression. To resolve the averaged gene expression to single-cell level, gene expression within the ST-spots required 
annotation with label transfer or deconvolution using reference sc/snRNA-seq data sets. The cell-level gene expression within the 
ST-spots can be mapped back to the tissue section to investigate the spatial organization and colocalization of different cell types and 
states. Additionally, cell-to-cell communication can be inferred on the basis of the spatial proximity of the cells within and between 
ST-spots. Created using Biorender.com. ISS, in situ sequencing; QC, quality control; sc/snRNA-seq, single-cell or single-nuclei RNA 
sequencing; ST, spatial transcriptomics.
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individual nonglomerular ROIs for the TCMR kidney 
demonstrated heterogeneity within the same tissue sec-
tion, which is both a strength and a weakness. Supervised 
selection allows assessment of visually distinguishable 
morphologies, confirms heterogeneity in the underlying 
transcript expression across space, and highlights the 
critical nature of obtaining adequate biopsies to avoid 
sampling error. However, the user-based ROI selection 
limits the opportunity to apply unbiased clustering to 
find transcriptomically similar areas in the whole section 
that could detect novel findings and how well it could 
“map” back to features identified by histopathologists. 
There is an opportunity to test how the B-HOT rejection 
gene panel9 performs on this sample when the data are 
accessible.

Future spatial transcriptomic samples of kidney biop-
sies can help improve biomarker/prediction accuracy by 
optimizing it for different types of rejection and tissue 
compartments. With increasing resolution of molecular 
technologies, it remains to be seen whether this can reliably 
and accurately predict rejection phenotypes with different 
clinical trajectories better than the eyes of an experienced 
pathologist. Combining histology and molecular phe-
notyping of these biopsies and tracking their long-term 
outcomes may be useful to guide the immunosuppression 
burden, particularly patients with subclinical rejection or 
mixed pathologies such as inflammation associated with 
BK or cytomegalovirus infections.

Relevant Nontransplant Disease Models Using ST
Smith et al84 showed that there were distinct glomeru-

lar gene expression profiles between human HIV-related 
versus coronavirus disease 2019–related collapsing glo-
merulopathy using the NanoString GeoMx DSP platform. 
A strong interferon-related signature was found in HIV-
associated collapsing glomerulopathy but not in coronavi-
rus disease 2019 samples, although there was uncertainty 
whether this was a result of timing or viral load (positive 
versus negative polymerase chain reaction) variations at 
time of biopsy. Comparing collapsing versus “normal” 
glomeruli had variable numbers of differentially expressed 
genes within the same biopsy sample (spatial disease het-
erogeneity). Of interest, they found that paired box gene 8 
(Pax8), an important transcription factor controlling cell 
survival and proliferation, was significantly increased in 
collapsed glomeruli. Pax8 was detected in visceral epithe-
lial cells and podocytes of the glomerular tuft, compared 
with “normal” glomeruli derived from the same sample, 
which was limited to the parietal and tubular epithelium. 
This approach may be useful for future mechanistic inter-
rogation of glomeruli, peritubular capillaries, and vascula-
ture for transplant-related vasculopathy as well as vascular 
rejection, particularly for isolated “v” Banff scores.

Kuppe et al85 recently published a comprehensive 
study that details the molecular map of abnormal cardiac 
remodeling after myocardial infarction (MI). This study 
combined snRNA-seq and single-nuclei assay for trans-
posase-accessible chromatin-seq for chromatin accessibil-
ity profiling with ST using Visium ST-seq. Human cardiac 
samples included control (nontransplanted heart donors), 
acute MI (ischemic, border and unaffected/remote zones 
of the LV myocardium), and later stages after MI (fibrotic 

zones) and were complemented by a murine model of left 
anterior descending artery occlusion. Not surprisingly, 
they were able to accurately demarcate ischemic zones, 
with high levels of immune cell infiltration and proin-
flammatory signaling linked to the fibroblast-TGF-β–rich 
cell types and expression in fibrotic zones. By combin-
ing snRNA-seq and single-nuclei assay for transposase-
accessible chromatin-seq, they were also able to delineate 
several distinct ventricular cardiomyocyte states, altered 
metabolic changes in endothelial cells, and myofibroblast 
differentiation, which all followed distinct spatial patterns 
depending on normal, injured, and transitioning (border) 
areas after MI. The vast amount of work and progress in 
this human MI study85 provides unique insights into the 
underlying pathophysiology driving maladaptive remod-
eling and fibrosis after acute ischemic injury, which may 
extend to other transplant-related injuries such ischemia-
reperfusion injury (IRI) and acute rejection.

Of interest, Kuppe et al85 performed pseudo-time trajec-
tory analysis to establish a link between scavenger receptor 
class A member 5 (Scara5) rich fibroblasts and differen-
tiated myofibroblasts, which expressed runt-related tran-
scription factor-1 (Runx1) and periostin (Postn), which are 
associated with extracellular matrix composition. There 
was a clear spatial association between myofibroblast 
markers and secreted phosphoprotein (Spp1+) macrophage 
expression patterns, and their interaction were shown with 
both receptor–ligand interaction analysis and RNA ISH 
to support the importance of fibro-myeloid signaling in 
human hearts. SPP1+ macrophages were transcriptomi-
cally distinct and clustered separately from lymphatic ves-
sel endothelial hyaluronan receptor 1 (LYVE+) expressing 
macrophages. LYVE1+ macrophages have been detected 
in vascular smooth muscle cells of human blood vessels,86 
and more recently detected in the medulla of macroscopi-
cally normal kidney sections (nephrectomy samples for 
renal cell carcinoma) using Slide-seqV2.61 Although their 
role in renal fibrosis is yet to be established, earlier work 
demonstrated that depletion of LYVE+ macrophages led 
to increased arterial collagen deposition and vascular dys-
function86 and may be an area of interest for studies into 
allograft vasculopathy.

Targeted ROIs using GeoMx DSP help improve the reso-
lution limitations of Visium ST-seq, although ST-seq allows 
analysis of a larger specimen area, which was important 
for transitional area analysis in the spatial MI study.85 The 
larger capture area was exploited by Melo Ferreira et al87 
to show perturbations in metabolic, injury, and prominent 
neutrophilic pathways in 2 murine acute kidney injury 
models (IRI, and caecal puncture-ligation) compared with 
sham-operated mice. The neutrophil signature was local-
ized to the outer stripe (or corticomedullary junction) early 
after IRI. Deconvolution of spots in this region showed 
immune-epithelial colocalization (S3-segment proximal 
tubular cells with either neutrophils or macrophages), and 
this area also had significantly greater expression of the 
neutrophil regulator activating transcription factor (Atf3). 
These results were validated using the multiplexed immu-
nofluorescent method, CO-Detection by indEXing.

These studies demonstrate the potential to study allo-
graft injury with spatial detail to unmask important 
features, which would otherwise be lost with bulk or sin-
gle-cell (or single-nuclei) dissociation. Currently, the cost 
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of using these RNA-seq platforms prohibits widespread 
use or large sample numbers, further limiting its ability to 
account for variations in age, sex, and transplant vintage 
in the study design. Dixon et al88 showed significant differ-
ences in the inflammatory response in male versus female 
mice after IRI, highlighting the need to consider biological 
sex in study design.89,90

CONCLUSION
ST methods will accelerate discovery research in the 

coming years, and this is particularly likely in the solid 
organ transplantation field. ST platforms will become 
more accessible with continued improvements in ana-
lytical workflows and cost. Future applications of ST, 
including further developed or evolved versions of this 
technology, will benefit both hypothesis generation and 
targeted transplant research questions. This can poten-
tially aid efforts to use big data to refine transplant 
rejection phenotypes and scoring91 by anchoring spa-
tial analysis to histology by machine learning. Spatially 
resolved analysis of biopsy samples may provide greater 
sensitivity analysis and interpretation of pathologies, 
such as acute rejection versus chronic fibrosis areas, to 
validate current diagnostic/prognostic biomarkers and 
guide immunosuppression. ST offers a realm of diag-
nostic and investigative possibilities both prospectively 
and retrospectively, but it is critical to emphasize that 
ST must be applied and scrutinized with the same rigor 
as other methods at our disposal. Despite its enormous 
potential, data from ST still require careful interpreta-
tion of results in context of ≥1 biological or medical 
questions or hypotheses and cannot replace good experi-
mental design, strong methodology, data quality and 
sample curation.
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