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Abstract

Protein function is inherently spatial: the same molecule can elicit distinct biological outcomes depending on its localization,
interacting partners, and surrounding microenvironment. Spatial proteomics enables systematic in situ characterization of
protein localization, abundance, and interactions across subcellular to tissue scales, surpassing the resolution and contex-
tual information accessible to conventional bulk proteomics. Recent technological advances including DNA-barcoded multi-
plexing methods, cyclic fluorescence platforms, and mass spectrometry imaging have substantially increased multiplexing
capacity, sensitivity, and spatial accuracy. These capabilities directly support clinically relevant applications, such as tumor
immune microenvironment analysis, mapping of protein aggregation in neurodegeneration, growth factor dynamics during
tissue repair, patient stratification, pharmacodynamic mapping, and target-engagement assessment. Computational inno-
vations, including graph neural networks, self-supervised embeddings, and workflow management tools (e.g. Snakemake,
Nextflow), further enhance cell segmentation, noise reduction, and multi-modal data integration, enabling extraction of ro-
bust, spatially resolved proteomic information from complex tissues. Future research will aim to standardize protocols, enable
real-time clinical analysis, and develop 3D spatial proteome maps to advance spatial proteomics toward precision diagnostics
and targeted therapies.
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|ntr0ducti0n pro?c.hes to refi|.1e di§ease'cla§sification f'm.d inform therapeutic

decisions [6]. This review highlights the clinical relevance and ap-
Protein function is inherently spatial: the same molecule can trig- plication scenarios of SP in disease stratification and precision in-
ger distinct biological outcomes depending on its localization, in-  terventions, while minimizing technical detail. Looking ahead, its
teracting partners, and surrounding microenvironment. Spatial potential in digital pathology, spatially guided drug delivery, and
proteomics (SP) has emerged as a transformative approach to personalized treatment planning is expected to further advance
map protein distribution within native tissue contexts, overcom- precision medicine.

ing the spatial information loss of conventional lysate-based pro-
teomics [1]. Recent advances have enabled subcellular resolution,

whole-tissue profiling, and dynamic pharmacodynamic monitor- Technological advancesin SP

ing [2], supporting key applications such as tumor immune mi-

croenvironment analysis, protein aggregation mapping in neu- Driven by application needs, the technological advancement of SP
rodegeneration, and growth factor dynamics in tissue repair. aimsto achieve: higher spatial resolution to interrogate protein ex-
For clinicians and biomedical investigators, understanding the ~ Pression at the subcellular scale; enhanced sensitivity and cover-
strengths and limitations of these emerging SP approaches will ~ age to explore low-abundance, cell-type-specific key proteins; and
be essential for selecting appropriate platforms, interpreting re-  increased throughput and scalability to adapt to diverse sample
sults, and translating spatial information into meaningful biolog-  types while reducing costs and improving efficiency.
ical or therapeutic insights. With ongoing methodological inno- Accordingly, we focus this review on two major categories:
vation (Fig. 1), SP has achieved increasing resolution [3-5] and is  imaging-based platforms (Fig. 2), which preserve histological con-
progressively integrating with multi-omics and computationalap- ~ text while achieving high multiplexity, and mass spectrometry
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Figure 1 Recent artificial intelligence advances in spatial proteomics.The timeline summarizes representative methodological milestones from early
proteomics and imaging innovations to current spatial multi-omics and high-capacity, representation-learning approaches; classical machine-learning
methods are not shown. Abbreviations: 2D-DIGE, two-dimensional difference gel electrophoresis; LC-MS, liquid chromatography-mass spectrometry;
LCM, laser capture microdissection; ESI, electrospray ionization; MALDI, matrix-assisted laser desorption/ionization; CyTOF, cytometry by time-of-flight;
DSP, Digital Spatial Profiler; CODEX, CO-Detection by indEXing; DBiT-seq, deterministic barcoding in tissue sequencing; SPOTS, Spatial PrOtein and
Transcriptome Sequencing; Al, artificial intelligence; SSL, self-supervised learning; GNN, graph neural network.

(MS)-based approaches (Fig. 2), which enable high spatial res-
olution, exceptional sensitivity, and high throughput for unbi-
ased protein discovery with distinct trade-offs in resolution and
throughput (Table 1). Broadly defined, SP also encompasses
conventional histopathological techniques such as H&E staining
and immunohistochemistry (IHC) [7], which preserve tissue ar-
chitecture and enable extraction of spatially resolved protein-
associated information. Distinct technologies exhibit specific ap-
plication profiles (Table 2). Concurrently, we will outline parallel
advances in sample preparation that underpin these platforms.
This transition elevates SP investigations from the discovery of
individual proteins to the identification of statistically significant
biomarkers.

DNA-barcoded antibody/probe-based
spatial profiling

DNA-barcoding approaches couple protein-binding antibodies to
unique oligonucleotide tags and recover spatial protein identity
through iterative hybridization or orthogonal readouts, thereby
decoupling multiplexing capacity from optical channels and en-
abling subcellular high-plex maps [19, 28, 69, 70]. This approach
transcends the physical limitations of optical channels, achiev-
ing a high-degree of multiplexing (50-100+ markers) unattain-
able with conventional optical methods, which represents its core
advantage. Two implement action families dominate: cyclic hy-
bridization, which builds tens to >50-plex whole-slide images by
repeated hybridize-image-strip cycles [18, 19, 71-73], and DNA-

based amplification/transient-binding schemes (e.g. Immuno-
SABER, DNA-PAINT) as well as adaptations that couple barcodes
to non-fluorescent detection modalities [20, 21, 26, 27]. Cyclic
systems retain histomorphology but face concrete limitations—
antibody/epitope dependence, cumulative photobleaching and
probe degradation [74], rigid and non-rigid tissue shifts that re-
quire fiducials or advanced registration [75], and quantitative non-
linearity from hybridization kinetics and steric effects [76]. Such
systematic biases lead to the underestimation of protein com-
plexes, thereby compromising biological interpretation. Such bi-
ases also hinder the comparison and integration of results across
studies. Amplification/PAINT variants increase sensitivity or spa-
tial precision but typically trade throughput for longer acquisi-
tion times and add variability linked to concatemer heterogene-
ity or buffer-dependent kinetics [20, 21, 77]. Barcode strategies
have also been ported to imaging mass cytometry (IMC) / multi-
plexed ion beam imaging (MIBI) and sequencing-based platforms
[63, 64], expanding analytic depth at the cost of different sample-
preparation, instrumentation, and cross-modal integration chal-
lenges [78, 79].

For clinical translation, best practices emphasize systematic
antibody quality control (QC), robust image registration, cross-
platform validation with MS/IMC [20, 28], and computational
pipelines that mitigate batch effects and nonspecific signals while
generating interpretable per-cell metrics [11, 39, 40, 72, 80-83].
Combined with spatial transcriptomics (e.g. Visium) [84], their in-
tegration enables mutual validation and complementary insights,
thereby enabling functional analysis of proteins even at single-cell
or low-abundance levels.
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Figure 2 SP analysis workflow and interpretable clinical questions.

Fluorophore-based

Fluorophore-based multiplexed imaging remains the modality
most seamlessly aligned with routine clinical pathology, as it
preserves conventional optical workflows and maintains high-

fidelity tissue morphology compatible with H&E and standard
IHC. These platforms use either cyclic antibody staining (sequen-
tial stain-image-bleach or strip cycles) or single-round amplifica-
tion/spectral separation to increase parameter counts while re-
taining optical histology. Cyclic imaging methods offer superior
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Table 2 Comparative performance of SP technologies.

Feature DNA-barcoding

Fluorophore-based MS-based

Plex capacity Highest (50-100)

Proteome coverage Moderate
Spatial resolution Subcellular
Morphology Excellent
Quantification Semi-quantitative
PTM detection No
Clinical readiness Medium
Cost/complexity High

Moderate (20-60) Low (no marker panel)

Moderate Highest
Optical-limit 5-50 um
Excellent Limited
Semi-quantitative Calibratable quantitative
No Yes
Highest Low
Moderate High

multiplexing capacity, whereas single-round approaches provide
greater throughput but are difficult to scale beyond ~10 markers
without advanced spectral unmixing. Cyclic methods (e.g. t-CyCIF
and IBEX) [9, 85, 86] achieve tens to >50 markers with whole-
slide compatibility but are constrained by cycle number, imag-
ing time, and inter-round registration requirements [9, 76, 87].
Single-round amplification such as TSA/Opal reduces cycles and
speeds acquisition but demands careful panel design and spec-
tral unmixing to avoid bleed-through [81]. These issues are par-
ticularly pronounced in FFPE tissues, where autofluorescence and
stromal heterogeneity amplify spectral overlap and can generate
false co-expression signals if not rigorously corrected [13]. Hyper-
spectral imaging improves fluorophore separation and autoflu-
orescence removal at the cost of greater instrument complexity
and data processing burden [81]. To support analytical robustness
and enable eventual clinical translation, mitigation strategies are
now emphasized across three levels. At the antibody level, per-
antibody QC, validation across fixation conditions, and optimized
dye/panel configuration reduce variability. At the imaging level,
the use of fiducials, non-rigid registration, and standardized ex-
posure/bleaching controls minimize inter-round drift. At the com-
putational level, robust spectral unmixing, batch correction, and
cross-platform validation are increasingly regarded as essential to
achieve reproducibility across instruments, tissues, and laborato-
ries [82].

Both H&E/IHC slides and high-plex fluorescence images can
be analyzed using artificial intelligence (Al) to quantitatively de-
code spatial patterns in tissue architecture, cellular morphology,
and protein expression [88-90]. This approach enables the discov-
ery of prognostic and predictive features that are not discernible
by conventional visual inspection (Table 3). For instance, nuclear
morphometric and tissue architectural features extracted from
H&E and IHC slides can be leveraged to investigate heterogene-
ity within the cancer immune microenvironment and cellular re-
sponses to therapy [7, 91].

MS-based

MS-based SP directly measures endogenous peptides or intact
proteins in situ (label-free or targeted), offering unbiased pro-
teome discovery and the ability to detect post-translational mod-
ifications that are inaccessible to antibody panels [92, 93]. Its
core advantage lies in the ability to identify proteins not cov-
ered by antibody panels and to detect protein functionalities such
as post-translational modifications, capabilities that are unattain-

able with other methods. Major mass spectrometry imaging (MSI)
modalities include matrix-assisted laser desorption/ionization-
MSI (MALDI-MSI) and desorption electrospray ionization (DESI)
for label-free molecular imaging, and laser-ablation approaches
[36] for element/isotope mapping; these methods provide broad
molecular coverage and high chemical specificity [31] but tradi-
tionally trade spatial resolution and sample throughput for depth
of detection. Advances in matrices, ion sources, and instrument
sensitivity [94] have substantially increased ion yields and lowered
background, improving detectability of low-abundance species.
Microfluidics-assisted and microdissection coupling strategies fur-
ther push spatial granularity toward near-cellular (~25 um) res-
olution and permit integration of transfer-learning workflows for
complex tissues [95]. Nevertheless, MS-based approaches face
persistent challenges for routine clinical application: complex
sample preparation, ion suppression and matrix effects that com-
plicate quantification; limited spatial resolution relative to high-
plex imaging; and sensitivity limits intrinsic to single-cell pro-
teomics that require carrier strategies or signal amplification to
reach robust proteome coverage. Consequently, MS methods are
particularly powerful for mechanism-oriented and discovery stud-
ies [96], while complementary imaging-based platforms remain
preferable when high spatial resolution and direct histomorphol-
ogy are prioritized. Its advantageous applications include uncov-
ering novel disease mechanisms and assessing pharmacokinet-
ics [97, 98]. In studies of tumor heterogeneity, protein aggrega-
tion in neurodegenerative diseases, and spatial drug distribution,
MSI serves as the premier tool for the unbiased discovery of new
biomarkers and mechanisms of action. Furthermore, in biomarker
validation, it provides a list of candidate targets for the subsequent
development of targeted antibody imaging panels (Table 3).

Sample preparation and tissue clearing

Efficient sample preparation and tissue clearing are essential for
maximizing the performance of spatial proteomics, as fixation, ex-
traction, and clearing protocols directly influence protein recov-
ery, epitope accessibility, spatial integrity, and ultimately the reli-
ability of downstream multiplexed imaging or MS-based readouts.

Recent strategies such as DISCO-MS integrate solvent-based
tissue clearing with MS workflows [99]. By removing lipids and
rendering tissues transparent, these methods enable deep pro-
teome coverage from intact organs, facilitating unbiased discov-
ery of molecular mechanisms in neuroscience and systemic dis-
ease models.
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Approach Method? Application Ref.
Imaging
DNA labeled PhenoCycler Mouse spleen [19,103]
(formerly CODEX) Human bone marrow niche
GeoMx DSP Melanoma and NSCLC [4,104]
CosMx [5]
Immuno-SABER Melanoma [20, 21]
Spatial-CITE-seq [105]
Fluorophore PhenoCycler-Fusion Head and neck cancer-specific [3,24]
labeled tumors
CyCIF Melanoma [14, 105, 106]
Colorectal cancer tumors
TRIPODD [85]
SUM-PAINT Neuron and synapse [26]
CLASP Suborganelle proteome and [107]
membrane protein topology
Metal labeled MIBI-TOF Invasive breast cancer [28, 29, 33]
Lymph nodes, tonsils, and cancer
tissues
IMC Breast cancer, liver cancer, NSCLC, [35, 57,
brain tumor, ovarian cancer 108-112]
ACE Polycystic kidney [113]
Mass spectrometry
LOPIT Mouse pluripotent stem cells [44,114]
hyperLOPIT
DISCO-MS Brian in Alzheimer’s disease mice [99]
Atherosclerosis in humans.
TransitID Cancer [115]
nanoPOTS Neuron in amyotrophic lateral [45, 46, 48]
sclerosis
Islet tissue from patients with type
1 diabetes mellitus
DVP Invasive melanoma [116]
PCP Liver [117,118]

2PhenoCycler (formerly CODEX, Co-Detection by indexing), GeoMx DSP (GeoMx Digital Spatial Profiler), CosMx (CosMx Spatial Molecular Imager), Immuno-SABER
(Immuno-Simultaneous Amplification and Biodetection of RNA), Spatial-CITE-seq (Spatially-resolved transcriptomics with Cellular Indexing of Transcriptomes and
Epitopes by sequencing), PhenoCycler-Fusion (PhenoCycler Fusion, a platform for highly multiplexed imaging), CyCIF (Cyclical Immunofluorescence), TRIPODD
(Tissue-wide Rapid Imaging of Proteins with Optical Density Detection), SUM-PAINT (Super-resolution Ultrastructure Mapping by Photoactivation and In situ
Nanocluster Tomography), CLASP (Click chemistry-based Labeling And Subsequent Proximity-dependent labeling), MIBI-TOF (Multiplexed lon Beam Imaging-Time
of Flight), IMC (Imaging Mass Cytometry), ACE (Atomic Cartography of Elements), LOPIT (Localization of Organelle Proteins by Isotope Tagging), hyperLOPIT
(High-resolution LOPIT), DISCO-MS (DISsection COupled to Mass Spectrometry), TransitID (Translational Initiation Dynamics Identified by DIA), nanoPOTS
(Nanodroplet Processing in One pot for Trace Samples), DVP (Direct Visualization Proteomics), PCP (Protein Correlation Profiles), NSCLC (Non-Small Cell Lung

Cancer).

Protein-preserving chemical stabilization methods [52, 53] pro-
tect proteins against harsh clearing conditions, allowing high-
fidelity antibody labeling and iterative imaging in large tissues or
even whole organs. Enrichment-based approaches [54] combine
IHC with on-slide proteomic digestion to improve sensitivity for
low-abundance targets in situ. These innovations expand tissue
size and molecular depth accessible to SP, but they also introduce
technical trade-offs: clearing agents can alter antigenicity; solvent
exposure may cause protein loss; and long processing times re-
duce throughput for translational pipelines. To mitigate these ef-
fects, optimized buffer chemistries, standardized digestion proto-
cols, and cross-validation with conventional IHC or bulk MS are in-
creasingly recommended [27, 70].

Overall, optimized sample preparation and tissue clearing pro-
vide a critical foundation for high-quality SP, enabling the integra-

tion of multiplexed imaging with deep proteomic readouts [31, 41,
100-102]. They are applicable across multiple SP platforms, and
are particularly important when working with clinically relevant
specimens, such as FFPE biopsies, organ slices, etc.

Bioinformatics and multi-omics
synergy
Alin SP

Bioinformatics transforms spatial images and spectra into biolog-
ically and clinically actionable insights. Modern SP datasets pose
substantial analytical challenges that exceed the capacity of clas-
sical image processing or per-marker statistics. Al models address
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these challenges by improving segmentation, denoising, spatial
context modeling, and cross-modal integration.

Before biological modeling becomes feasible, raw images and
spectra must be transformed into spatially organized molecular
features. Contemporary workflows integrate spatial-aware data
structures, image preprocessing, feature extraction, and statis-
tical modeling into reproducible pipelines. Popular ecosystems
[58, 62, 119] support multi-format data ingestion, spatial statis-
tics, neighborhood analysis, and visualization. Deep generative
models produce modality-aligned representations [120, 121], en-
abling denoising, imputation of missing channels, and harmoniza-
tion across staining batches orimaging platforms. Workflow man-
agers [122] enforce reproducibility and scalable execution across
compute environments. These components collectively provide
the foundation upon which Al methods can operate.

For dimensionality reduction, clustering, and visualization,
classical methods remain useful for exploratory analysis, but mod-
ern spatial problems often benefit from machine-learning mod-
els that explicitly model spatial context or cross-modal relation-
ships. Recent Al advances applied to SP include deep generative
models and self-supervised embeddings that improve data inte-
gration and denoising across modalities, graph neural networks
that formalize cell-cell interaction modelling on tissue graphs
[59], and task-specific networks for cell-type calling or phenotype
prediction that borrow ideas from single-cell transcriptomics and
imaging-based pathology [123, 124].

Al approaches have improved segmentation and signal de-
noising, and enabled the learning of cross-modal mappings to in-
tegrate imaging and sequencing readouts. However, several lim-
itations deserve emphasis. Model interpretability and clinical ex-
plainability remain limited; deep models can be brittle to staining,
fixation, or instrument shifts and demand substantial annotated
training data for robust generalization. Standardization gaps (per-
marker QC, metadata reporting, and benchmark datasets) further
hinder cross-study reproducibility and regulatory acceptance. To
advance translational readiness, we recommend combining (i)
rigorous per-marker QC and small-scale orthogonal validation
[109], (ii) use of transfer-learning/domain-adaptation strategies
to reduce annotation burden [64], (iii) adoption of containerized,
workflow-managed pipelines for reproducibility, and (iv) commu-
nity benchmark datasets and challenge-driven evaluation to iden-
tify and characterize failure modes and to evaluate calibration
methods [60].

In practice, successful spatial proteomics projects synergis-
tically combine classical statistical methods with a targeted Al
component. These analyses should be implemented within con-
tainerized, workflow-managed pipelines [61] that enforce prove-
nance tracking, scalability, and reproducibility. Moving forward,
emphasizing transparent model reporting, open dataset shar-
ing, and the adoption of standardized metrics will be essen-
tial to translate SP discoveries into reliable, clinically deployable
applications.

Multi-omics synergy in clinical challenges

The complexity of biological systems necessitates integrating
SP with complementary omics technologies and computational
frameworks to achieve clinically actionable insights (Fig. 3) [125].
Recent advancements in high-resolution spatial mapping [95]
combine microfluidics-based imaging and deep learning to enable

proteome-wide profiling. Similarly, wcSOP-MS integrates laser
capture microdissection with surfactant-assisted processing to
quantify ~900-4 600 proteins in tissue voxels as small as 1-100
cells, making it compatible with clinical FFPE samples for region-
specific pathway discovery [65]. These technologies bridge the
gap between bulk tissue analysis and single-cell resolution, un-
covering spatially restricted molecular niches critical for disease
mechanisms.

Dynamic profiling techniques further enhance functional an-
notation. The oblique line scan imaging technique achieves
nanoscale spatial precision and sub-millisecond temporal res-
olution, tracking protein motion and transient interactions in
living cells—capabilities vital for drug screening and dissect-
ing signaling dysregulation [126]. Cross-link assisted spatial pro-
teomics (CLASP) extends these insights to subcellular compart-
ments, resolving mitochondrial membrane proteomes and synap-
tic vesicle heterogeneity. CLASP identified mislocalized disease-
associated proteins in neurodegenerative disorders, offering tar-
gets for organelle-specific therapies [107].

Spatial multi-omics is costly, but simultaneous measurements
from the same sample are possible, integrating spatial transcrip-
tomics and proteomics [127], or spatial metabolomics with pro-
teomics [128]. Challenges include standardizing sample prepara-
tion, ensuring antibody specificity, and managing computational
demands. Multimodal data fusion frameworks address the chal-
lenges of integrating disparate omics layers. True multi-omics ex-
periments that measure multiple modalities in the same cells re-
main rare [66]. The performance of cell segmentation algorithms
is influenced by tissue type and disease state, and the opportu-
nity for parallel measurements of the same cells across multi-
ple modalities remains limited. inClust+ [68], a deep generative
model, was developed for single-cell and spatial transcriptomics
and supports cross-modal imputation and batch correction. It can
integrate paired scRNA-seq and MERFISH data and has been ex-
tended to tri-modal datasets (gene expression, chromatin accessi-
bility, and protein abundance), enabling label transfer and imput-
ing missing protein abundance from CITE-seq references. spaVAE
and its extensions [121], jointly modeling spatial transcriptomics
and ATAC-seq, resolving immune-stromal crosstalk in tumor sub-
types, and predicting immunotherapy-responsive niches [11].
Platforms like PhenoCycler-Fusion and DBiT-seq further enable
concurrent mRNA-protein detection, revealing microvasculature-
pigmented epithelium interactions in early organogenesis [67].
Taking the integration of SP and spatial transcriptomics as an ex-
ample, these technologies exhibit differences in resolution and
sensitivity, leading to issues such as inconsistent data formats
andvaryingsignalintensities, which complicates cross-omics data
analysis. Specifically, SP often struggles with low-abundance pro-
tein detection, whereas spatial transcriptomics generates high-
sensitivity spatial expression maps of transcripts but with lower
spatial resolution. These discrepancies make direct compari-
son and integration challenging. To address these issues, the
PhenoCycler-Fusion platform has been used for high-throughput
transcriptomic mapping of tumors and their microenvironments,
demonstrating that interactions between CD8+ cells and tumors
or other immune cells are associated with positive responses to
immunotherapy [24]. Meanwhile, the soScope toolkit enhances
the analytical capabilities of spatial omics data by comprehen-
sively evaluating and improving various spatial omics technolo-
gies [129, 130].
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Figure 3 Technical issues of integrating spatial multi-omics.

To address these challenges, researchers are exploring unified
data processing frameworks and advanced algorithms. For in-
stance, mathematical models are used to standardize data sig-
nals from different omics, ensuring they can be compared on the
same scale. Machine learning and deep-learning techniques, such
as spaVAE, have been applied in spatial transcriptomics to ex-
plore the spatial characteristics of gene expression, offering in-
sights that are also applicable to SP [121]. Hierarchical integration
strategies leverage SP for initial exploration to identify key pro-
teins and their spatial distributions. Findings are then validated
and enriched using scRNA-seq and ATAC sequencing (scATAC-seq),
improving accuracy and offering deeper insights into cellular het-
erogeneity and function [123].

Technologically, methods such as spatial-CITE-seq and spatial-
ATAC-RNA-seq [63] enable the simultaneous capture of protein ex-
pression and transcript information within cells, achieving criti-
cal multimodal data integration that supports spatial multi-omics.
Other platforms, such as SeqFISH+, enhance protein detection
by combining antibody specificity with DNA barcode detectability
[131], while SM-Omics [132] and SPOTS [133] facilitate concurrent
detection of RNA and proteins, enabling effective analysis of mul-
tiple biomolecules. Despite the current focus on transcriptome
studies [134], joint analyses of SP and transcriptomics are becom-
ing more common, aided by advanced frameworks under devel-
opment for multimodal data integration [68, 135].

Spatial multi-omics integration offers additional dimensions of
information, enabling a panoramic view of cellular and tissue or-
ganization [136]. For instance, integrating spatial metabolomics

Predictors of
disease

and proteomics has allowed researchers to perform single-cell
segmentation [137], phenotypic analysis, and submicron-level
metabolite analysis, uncovering novel cell-type-specific metabolic
statesin endometrial and lung cancers. By combining samples col-
lected at different time points with multi-layered omics data, re-
searchers can elucidate dynamic changes in biological processes
such as development or disease progression, advancing disease
research and precision medicine [138].

Translational applications of SP in
diagnosis

SP offers unprecedented molecular and architectural resolution,
but its translational utility critically depends on a multi-step an-
alytical pipeline—where variation at each stage can alter down-
stream clinical conclusions (Fig. 2). Differences in instrumentation,
data formats, and preprocessing steps such as peak extraction
[139], peptide identification via database matching [140], spatial
quantification, etc. [141], introduce platform-specific biases and
batch effects that must be carefully controlled. Because no sin-
gle workflow is universally applicable, current SP pipelines are of-
ten highly customized, being optimized for tissue type, analytical
depth, or multiplexing requirements.

These technical choices have direct consequences for biologi-
cal and clinical interpretation. Robust spatial statistics and neigh-
borhood modeling, together with appropriate visualization strate-
gies, are essential for accurately resolving protein aggregation, cel-
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lular interactions, and disease-specific microenvironments [142,
143]. In addition, spatial localization reference resources [96, 144-
146] and time-series analysis workflows [147-150] should be stan-
dardized across studies, as discrepancies in these components
can introduce substantial variability into downstream biological
interpretations. Ultimately, SP addresses the following three piv-
otal questions in therapeutic development. What target proteins
exist within the tissue microenvironment? Where and how do ther-
apeutic interventions act? Does the drug successfully reach and
engage its intended target? (Table 4).

Advancing disease stratification beyond
conventional taxonomy

Traditional classification based on histology, genetic mutations,
or single markers cannot fully capture spatial heterogeneity of tis-
sue microenvironments. SP enables multidimensional stratifica-
tion by decoding protein networks, spatial gradients, and cellular
niches beyond static morphology [152] (Fig. 4).

In oncology, SP resolves the spatial organization of protein ex-
pression within the tumor microenvironment (TME). It not only de-
tects the presence of specific oncoproteins, immune checkpoints,
and markers of cancer-associated fibroblasts [80, 153-155], but
crucially maps their spatial gradients and co-localization pat-
terns. This reveals functionally distinct malignant-immune niches
and stromal architectures that underpin immune evasion and
tumor-progression information largely lost in bulk tissue analy-
sis. The direct clinical translation of this spatial mapping is evi-
dent in the automated, protein-signature-based classification of
thyroid nodules by MALDI-MSI, achieving high diagnostic accu-
racy (100% sensitivity, 96% specificity) in a manner that com-
plements traditional cytology [43]. In glioma, spatial multi-omics
integration (transcriptomics, proteomics, computational model-
ing) delineates a five-layered cellular architecture organized by
hypoxia-driven metabolic gradients [127]. This architecture tran-
scends histologic classification, emphasizing microenvironmen-
tal regulation of tumor organization. Multiplexed imaging (e.g.
MALDI-HiPLEX-IHC) further resolves molecular networks by simul-
taneously mapping 12 protein markers in complex pathologies
[30].

In cardiovascular diseases, PhenoCycler identifies CD68+ vas-
cular smooth muscle cells and foam cells as key mediators of
atherosclerotic plaque instability [151], while near-infrared pho-
toacoustic imaging (NIRAPA) links macrophage markers (CD74,
CD163) to plaque vulnerability [156]. This spatial context directly
links specific cellular proteomic states to clinical risk, offering a
path toward imaging-based biomarkers for predicting stroke or
myocardial infarction risk.

In Alzheimer’s disease, SP demonstrates that AB deposition
reshapes hippocampal proteomes and modulates tau pathology
[157]. Comparative analyses with primary age-related tauopa-
thy blur conventional subtype boundaries [9]. Nanoscale pro-
teomic profiling (e.g. nanoPQTS) further resolves neuronal al-
terations associated with TDP-43 inclusion formation, enabling
stage-specific molecular definitions [48]. These insights uncover
spatially resolved mechanisms of disease propagation and cellu-
lar vulnerability, paving the way for developing location-specific
biomarker panels and targeted therapies aimed at halting patho-
logical spread.
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By bridging histomorphology with dynamic spatial proteomic
maps, SP provides mechanism-driven disease stratification across
oncology, cardiovascular, and neurodegenerative disorders. It en-
ables a shift from population-based averages to spatially informed
precision medicine, where diagnosis, prognosis, and therapeutic
strategies are guided by the functional architecture of the tissue
microenvironment [127, 158, 159].

Progression risk identification:
spatiotemporal early warning

Disease recurrence is closely related to time, but at the same
time, the spatial characteristics of ‘latent foci that have not been
cleared’ or ‘areas ofimmunosuppression failure’ in the disease mi-
croenvironment are also important factors. Therefore, SP is help-
ful to predict disease recurrence.

In oncology, SP has been applied to noninvasively stratify pa-
tients and predict prognosis in highly heterogeneous tumors. For
example, the integration of ambient ionization MS (SpiderMass)
with Al has enabled real-time classification and risk assessment in
glioblastoma, a cancer characterized by complex spatial variabil-
ity [160]. Beyond mere molecular abundance, spatial localization
of key metabolites—such as lactate—has been shown to influence
protein post-translational modifications and transcription factor
activity (e.g. p53), revealing previously underappreciated regula-
tory layers in metabolic-signaling networks [158]. Through the in-
tegration of multi-omics data (including transcriptomics) and sub-
sequent targeted validation, researchers are able to unravel the
precise features and underlying mechanisms of tumor recurrence
and progression. Multi-omics spatial profiling in bladder cancer,
for instance, correlates chromosomal instability, transcriptomic
subtypes, and immune infiltration with high chromosomal insta-
bility associated with poorer outcomes [154, 161-164]. In breast
cancer, SP reveals extracellular matrix proteomic heterogeneity
during ductal carcinoma in situ to invasive breast cancer transi-
tion [165]. Similarly, in cervical squamous cell carcinoma (CSCC),
SP captures chemotherapy-induced immune signaling transitions
(MP6 to MPT7 via IFN-y), which predictimmunotherapy responsive-
ness [136].

SP also reveals pathological remodeling in cardiovascular
and metabolic diseases. In abdominal aortic aneurysm, CRP-
associated inflammatory cell localization predicts disease ad-
vancement [166], while in atherosclerosis, spatial transcriptomics
and imaging link macrophage markers (CD74, CD163) to plaque
vulnerability, offering predictive value for clinical management
[156]. In the liver, nutrient gradient-driven mitochondrial hetero-
geneity governed by AMPK/mTOR signaling [167] and dynamic
mitochondria-lipid droplet interactions under metabolic stress
[168] reflect spatially regulated adaptations with potential prog-
nostic implications.

In hematologic malignancies, such as multiple myeloma,
spatial multi-omics profiling has identified chromatin remod-
eling complexes (e.g. ARID1A) as spatially restricted drivers
of disease progression via the IRF4 and MYC oncogenic axes
[169].

Collectively, these studies demonstrate that SP is not only in-
strumental in refining disease stratification but also enables the
identification of spatial biomarkers and molecular events predic-
tive of progression and therapeutic outcomes.
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Discovery of microenvironment-specific
therapeutic targets

SP has revolutionized the ability to decipher disease microenvi-
ronments by elucidating cellular distributions and functional post-
translational modifications [170]. The latest SP technology signifi-
cantly lowers the barrier for widespread adoption and innovation
in SP research [9]. For example, spatial glycomics analyses using
MALDI-MSI and CE-ESI-MS have shown that immunogenic motifs
a-Gal and Neu5Gc exhibit organ- and region-specific distributions,
highlighting potential spatial targets to reduce xenograftimmuno-
genicity and optimize interventions [171]. When combined with
proteomics, techniques like P2L enable detailed profiling of pro-
tein microenvironments associated with specific glycans, reveal-
ing how tumor cell-surface interactions are altered underimmune
pressure [92]. Multiplexed SP platforms are redefining our ability
to dissect the TME; for instance, using MACSima™ imaging cyclic
staining (MICS), researchers have developed a 121-marker im-
munophenotyping panel to profile immune cell subsets in hepato-
cellular carcinoma, unveiling immunosuppressive cellular neigh-
borhoods in which tumor-associated myeloid cells interact with
PD1 (high) exhausted T cells [25]. Deep visual proteomics applied
to archived skin tissues from toxic epidermal necrolysis (TEN) pa-
tients has mapped >5000 proteins at single-cell resolution, re-
vealing strong activation of the JAK/STAT and interferon pathways
that drive disease pathology [47]. SP further demonstrates its util-
ity across diverse clinical contexts: it outperforms existing meth-
ods in annotating islet pathobiology in the Human Pancreas Anal-
ysis Program (HPAP) [172].

Protein kinase r-like endoplasmic reticulum kinase (PERK) inhi-
bition enhances 8 cellimmune tolerance via PD-L1 stabilization—
offering a strategy to delay type 1 diabetes onset [173]. In neu-
ral tissues, single-molecule imaging of neuronal synapses with
SUM-PAINT has quantified heterogeneous distributions of synap-
tic proteins and identified novel subtypes (e.g. GluA2/PSD95-
rich synapses) that enhance our understanding of neural circuit
diversity [27]. Using integrated scRNA-seq and PHENOCYCLER
imaging, researchers revealed distinct spatial neighborhoods
for hematopoietic stem and progenitor cells, including arterio-
endosteal and adipocytic zones [174]. In AML samples, mesenchy-
mal stromal cells were expanded and spatially co-localized with
leukemic blasts, suggesting niche remodeling in disease [174].
Single-cell deep visual proteomics has demonstrated a strong spa-
tial correlation between the proteome and the anatomical struc-
ture of the liver, identifying E-cadherin and Glul as markers of the
portal vein and central vein, respectively [123]. In skin tissue re-
search, spatial quantitative proteomics combined with laser cap-
ture microdissection and MS constructed a layered skin proteome
map. This study revealed that TGFB-induced protein (TGFBI) in
the basement membrane regulates the growth of epidermal stem
cellsand wound healing, providing critical insights into skin home-
ostasis and wound repair [175]. When integrated with other omics
technologies such as transcriptomics and metabolomics, SP of-
fers a more comprehensive understanding of cellular and tissue
functions. The distribution of lipid-associated macrophages and
Kupffer cellsin the liver, along with their corresponding microenvi-
ronmental circuits, confirmed the essential role of ALK1-BMP9/10
in liver homeostasis [176]. In the retina, combining multiprotein
maps (4i), single-cell RNA-seq, and single-cell ATAC-seq uncovered
spatial protein characteristics and spatiotemporal gene regulatory
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networks during retinal development [129]. Using spatial imag-
ing combined with single-cell transcriptomics and proteomics, re-
searchersidentified unique molecular features and structural con-
nections of cranial bone marrow in immune responses, providing
new potential targets for the diagnosis, monitoring, and treatment
of brain diseases [168, 177].

Drug discovery and
pharmacological mechanism

Precision in therapeutic response
prediction

The heterogeneous response to antibody-based therapies and
small molecules underscores the critical need to map spatially
restricted therapeutic resistance niches within the TME [160].
SP resolves adaptive signaling cascades driving therapy resis-
tance (Fig. 5). In cutaneous squamous cell carcinoma (CSCC),
chemotherapy-induced IFNy -dependent transitions (MP6-to-MP7
states) predict immunotherapy responsiveness, guiding post-
relapse therapeutic strategies [136]. Cutaneous T-cell lymphoma
studies using Phenocycler identify spatially restricted biomark-
ers that differentiate pembrolizumab responders from non-
responders, independent of PD-L1 expression [178, 179]. Mature
TLS, enriched in responders, correlate with prolonged survival,
highlighting their role as spatial determinants of immune check-
point efficacy [179].

Beyond oncology, SP informs synergistic therapeutic design.
In multiple myeloma, SWI/SNF chromatin remodelers sustain
IRF4/MYC oncogenic networks, even in IMiD-resistant cases. Tar-
geting SWI/SNF activity with SMARCA2/4 inhibitors disrupts these
networks and synergizes with MEK inhibition, offering a paradigm
for microenvironment-targeted combination therapies [169]. 3D
pathology and agent-based modeling further simulate TME evolu-
tion under therapeutic pressure, predicting optimal drug sequenc-
ing to overcome resistance [180, 181].

Genetic, physiological, and environmental factors often lead
to variable patient responses to the same treatment, even un-
der identical drug-exposure conditions [182, 183]. For example,
protein expression in a single cell line can vary significantly de-
pending on druginterventions [184]. By integrating SP with single-
cell and multi-omics approaches, researchers can uncover drug-
target interaction mechanisms, predict drug pathways, and con-
struct spatial networks of drug action, thereby advancing pre-
cision medicine [123, 185]. Advanced imaging technologies and
computational methods further enhance SP’s capabilities, en-
abling precise tissue region analysis. Techniques such as color
standardization, image registration, and deep-learning-based seg-
mentation improve data reproducibility and accuracy, facilitat-
ing high-precision cellular and tissue segmentation across diverse
imaging platforms [33, 186]. These advancements lay the ground-
work for biomarker discovery in the TME and support the identifi-
cation of functional cellular neighborhoods, which are critical for
understanding drug-target interactions [54].

SP changes the treatment concept from a static biomarker
assessment to a dynamic one by identifying specific immune
and metabolic regions and linking signaling to clinical outcomes
[57].
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Pharmacological mechanism analysis

SP holds advantages in constructing 3D pharmacological mod-
els [99] and tailoring personalized prescriptions [187] (Fig. 4). By
observing the spatial proteomic response to drug interventions,
it can enhance the benefits of individualized treatment. For in-
stance, researchers identified local signal transducer and activa-
tor of transcription 1 (STAT1) phosphorylation activation as a key
molecular mechanism in TEN, leading to the targeted use of the
pan-janus kinase (JAK) inhibitor tofacitinib for TEN treatments
[47]. The integration of SP with spatial transcriptomics and path-
way analysis methods reveals how different cell types within the
TME influence immune therapy responses [130]. The spatial distri-
bution patterns of tumor cells are closely associated with patient
prognosis, and SP can identify therapy-resistant cell populations
post-treatment [188]. In breast cancer, combining SMAC mimet-
ics with endocrine therapy enhances T cell migration and MHC-
I-specific cytotoxicity by modulating NF-«B signaling, offering a
novel treatment strategy [189].

Beyond oncology, SP provides valuable insights into the spatial
distribution of known and potential pathways, adding a new di-
mension to precision therapy. In mouse pancreatic islets treated
with PERK inhibitors, surface PD-L1 expression on S-cells was sig-
nificantly upregulated. PERK inhibitors enhance immune toler-
ance by altering the immune function of B-cells, offering a new
therapeutic target for type 1 diabetes [173]. SP has also revealed
that drugs regulating the AMPK/mTOR pathways alter mitochon-
drial phenotypes in different regions, uncovering the link between
mitochondrial heterogeneity and nutrient gradients in the liver
[167]. Together, these findings demonstrate how SP, combined
with single-cell and multi-omics technologies, provides new per-
spectives on drug-target interaction mechanisms. This approach
deepens our understanding of cellular spatial relationships, mi-
croenvironmental changes, and biomarker identification in vari-
ous cancers and immune diseases. In the research of traditional
Chinese medicine and natural compounds, puerarin targets the
gamma-aminobutyric acid type a receptor (GABAA) «1 subunit to
inhibit dorsal motor nucleus of the vagus nerve activity and re-
duce intestinal fat absorption, establishing a new paradigm for
natural compounds as precise modulators of single key targets
in metabolic regulation and therapeutic innovation [190]. Using
MALDI-TOF-MS and MALDI-MSI, the spatial distribution of «-Gal-
and Neu5Gc-modified glycans in mammalian organs was sys-
tematically analyzed, providing a crucial foundation for address-
ing carbohydrate antigen-induced immune rejection in xenotrans-
plantation [171].

Discussion

SP has emerged as the “Method of the Year 2024” [1], revolu-
tionizing drug discovery through spatiotemporal mapping of pro-
tein interactions that bridge pathological phenotypes with site-
specific signaling pathways. By resolving low-abundance proteins
in subcellular niches, SP identifies biomarkers for early diagno-
sis, therapy monitoring, and relapse prediction. In personalized
treatment, SP enables precise drug and dosage selection by lever-
aging individual proteomic profiles. However, challenges such
as limited sample sizes, rapidly evolving methodologies, and a
lack of standardized protocols hinder data interpretation and in-
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troduce biases in understanding disease mechanisms and drug
efficacy.

High-throughput data analysis in SP requires advanced compu-
tational resources and bioinformatics tools, often relying on man-
ual input from experts. Future advancements should focus on en-
hancing high-resolution technologies, automating sample prepa-
ration and data analysis, and integrating multi-omics datasets.
Standardized experimental and data processing protocols are crit-
ical for ensuring data comparability and reproducibility.

Despite challenges like cross-platform discrepancies, Al model
interpretability [95], and high-dimensional data demands, SP
shows great promise. Integrating high-resolution technologies,
organoid models, Al, and spatial multi-omics will enable 3D and
spatiotemporal proteomic mapping, expediting drug discovery
and personalized treatments. The combination of SP with spatial
transcriptomics will provide deeper insights into cellular commu-
nication, while innovations like specific digital twins and virtual
clinical trials can reduce costs and risks, advancing both research
and clinical applications in precision medicine.
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