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Abstract

Gastric cancer (GC) is a lethal disease due to heterogeneity and complexity from the point 
of view of epidemiology, epidemiology and public health policy and biological behaviour. 
Despite recent advances in the research field on the molecular and cellular characterisa-
tion of GC, the clinical outcomes have been ominous. Perhaps the unceasing research 
in future years, focusing on spatial omics, has revolutionary potential for transforming 
the conception and understanding of GC mechanisms, thereby enabling the discovery 
of targeted therapies that are most effective in improving survival. Under these circum-
stances, this review article lays the groundwork for an update of spatial omics, offer-
ing a comprehensive vision and its implications for understanding the landscape of GC 
research. Moreover, it highlights the recent advances and breakthroughs in heterogeneity 
and immunosuppressive tumour microenvironment.

Keywords: gastric cancer, tumour microenvironment, spatial omics, proteomics, genomic, 
transcriptomic

Introduction

Gastric (stomach) cancer (GC) is well-known for leading to the mortality of cancer glob-
ally since it is considered a fatal disease, with a mortality projected of 832.310 by 2050 
[1]. However, research efforts have emerged in this field. Nevertheless, aspects of cell 
and molecular biology, epidemiologic patterns dimensions of clinical complexity and het-
erogeneity of the disease contribute to the worst survival rates [2–6]. The urgency to 
develop novel and effective therapies to counteract this disease is paramount. In this 
sense, technological advances in the omics sciences enable breakthroughs through plat-
forms such as proteomics and next-generation sequencing (NGS), with the capacity to 
characterise molecular and cellular subtypes of GC, thereby enhancing our understanding 
of GC biology and cellular immunobiology [2].
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Furthermore, this allows it to complement the histopathological classifications of the Lauren system (diffuse and intestinal), Nakamura  
(differentiated and undifferentiated) and the World Health Organisation, such as mucinous, papillary, poorly cohesive and tubular [3–5]. 
A recent approach to molecular characterisation, The Cancer Genome Atlas (TCGA), has been a significant milestone in understanding 
the molecular and cellular biology of GC and characterising it into four subtypes: Epstein-Barr virus (EBV), microsatellite instability (MSI), 
genomically low stable (GS) and chromosome instability (CIN) [4]. The impact of this project is evident in the development of novel targeted 
therapies, such as PDL-1, CTLA4 and HER2 response, that have improved partial clinical outcomes, bringing us closer to a more appropriate 
and precise classification of GC prediction and behaviour.

The diagnosis is made by esophagogastroduodenoscopy with biopsy, according to the Sydney classification, which allows for histopatho-
logical examination [6–10]. Moreover, the staging of the disease involved computed tomography, magnetic resonance imaging, ultrasound, 
laparoscopy and fluoro-deoxy-glucose-proton emission tomography [9, 10]. 

In recent years, omics science has paved the way for developing novel therapies to understand the tumour microenvironment (TME); with 
its multiple cell-cell interactions and dynamic communications between diverse cell populations and signaling pathways, this ecosystem is a 
crucial focus for redirecting the understanding of GC [11, 12]. Given this scenario, providing current omics-based classifications can facilitate 
enhanced prediction of responses to immunotherapy and novel therapies in development for GC [13]; even translating basic tumour biology 
into clinical application can pose a challenge to effective cancer treatments [13–16]. Through NGS technologies, proteomics and genomics, 
essential details about GC’s origins have been uncovered, offering new insights. In this sense, recent studies have revealed complex dynam-
ics surrounding cell-cell interactions and the cellular communication network within their TME [2, 11, 12]. Additionally, the interconnections 
between transcriptomics and genomics are significant, as they reveal genomic and transcriptomic cluster subtypes that encompass epithelial-
mesenchymal transition (EMT), metabolic and immune hallmarks [2, 10].

Given this challenge, the authors in this review article provide an update on spatial omics, offering a comprehensive view of the implications 
for understanding the GC research landscape. Moreover, it highlights the recent advances and breakthroughs in the immunosuppressive and 
diversity of TME in GC.

GC molecular classification - the journey begins

TCGA has been a significant milestone in understanding the molecular and cellular biology of GC. This project has allowed us to character-
ise gastric adenocarcinoma into four subtypes: EBV, MSI, GS and CIN [2]. The impact of this project is evident in the development of novel 
targeted therapies that have improved partial clinical outcomes. Another vital component in understanding GC is Lei’s classification, which 
divides GC into metabolic, proliferative and mesenchymal (MES) subtypes. This classification allows us to assess chemotherapy response 
based on integrated biological properties [21]. In addition, the gene expression profile carried out by the Asian Cancer Research Group 
showed four subtypes of GC: MSI, MSI/EMT, microsatellite stable/epithelial-TP53 loss (MSS/TP53-) and MSS/TP53+ without alteration 
[22].

The MSI is mainly present in the gastric antrum (75%) and intestinal subtype (60%), diagnosis is in early stages (>50%), showing high loss 
of MLH1 and high expression of DNA methylation, hypermutation of genes such as KRAS, ARID1A, ALK and PIK3-PTEN-mTOR signaling 
pathway [22, 23]. This MSI subtype is crucial in understanding GC because it is immune-sensitive and correlated with tumour-infiltrating 
lymphocytes (TILs) and PD-L1 expression [17].

The EBV subtype has been characterised by the overexpression of PIK3CA, ARID1A, CDKN2A, PDL-1/PDL2 and EBV-CIMP and is associ-
ated with immune sensitivity [2, 17].The GS subtype is define by low somatic copy number alterations (SCNA) in the diffuse histological type 
and harbours mutations in RHOA1 (Ras homology family A1) and E-cadherin [2, 17]. Meanwhile, the CIN subtype exhibited mutation altera-
tions in high PT53 with amplification of receptor tyrosine kinase-Ras [2, 17] (Figure 1). In summary, the molecular characterisation of GC has 
provided a deep understanding of the disease’s heterogeneity and complexity, despite its poor clinical outcomes.

Through NGS technologies, proteomics and genomics have revealed essential details in GC’s conception and novel insights. In this sense, 
recent studies have shown complex dynamics surrounding cell-cell interactions and the cellular communications network within their TME 
[17–20]. Additionally, the interconnections between transcriptomics and genomics are relevant, as they provide genomic and transcriptomic 
cluster subtypes that involve EMT, metabolic and immune hallmarks [12, 17]. This initial approach is significant because it lays the ground-
work for emerging spatial omics research in GC. 
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Figure 1. The general phases of spatialomics are described, in which the sample is extracted from the stomach to perform tissue analysis, then the 
synthesis of cDNA, the analysis of data on the association of the gene cluster with the tissue and finally, the genes expressed at the spatial level via 
oligo-tag.

Approach of spatial-omics tools

Spatial transcriptomic

The study of gene expression at the spatial level is exciting and challenging. Some aspects can address this. First, single-molecule fluores-
cence in situ hybridisation (smFISH) hybridisation revealed the spatial localisation of genes at single-cell resolution [11, 12]. The beneficial 
results of this method are that it performs a deep and comprehensive analysis of the spatial interplay and gene expression in unique cells 
within an exclusive tissue cross-section [22], with a low level of transcript detection, thereby enhancing sensitivity and subcellular resolution 
in spatial mapping [24, 25]. The limitations of the smFISH include that the overlap limits its ability to target multiple genes simultaneously in 
standard microscopes [11]. sequential fluorescence in situ hybridisation (SeqFISH) can visualise gene expression while maintaining an intact 
tissue structure, which is essential for spatial cell interactions [11, 26]. SeqFISH is an innovative technique that enables comprehensive gene 
detection, improving spatial resolution and sensitivity [11, 26].

Second, spatial transcriptomics technologies are based on high-throughput or NGS, which provides complete transcriptome data from 
whole tissue sections and additional spatial localisation information. Under these considerations, visual and cellular analyses provide data 
on the composition and elucidate the interplay of gene expression, aiming to identify new tissue biomarkers. Some technologies based on 
visual-spatial transcriptome sequencing include lymphocytic choriomeningitis (LCM)-RNA seq, high-definition spatial transcriptomics and 
slide-seq [11, 26–28].
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Thirdly, the spatial transcriptomics technologies included fluorescence in situ sequencing, which allowed genotype discrimination within tis-
sue cells and deciphered the TME on gene expression [30].

Fourth, this study focused on live-cell labeling; for example, transcriptome in vivo analysis plus RNA sequencing (RNA-seq) generated the 
most relevant information and comprehensive single-cell gene expression data. This method is exciting because it allows for the analysis of 
complex TME and tissue as a whole, utilising the single-cell transcriptome, but only for live-cell labeling, not frozen or fixed cells [25, 31]. 
On the other hand, Zip-seq is defined for using illumination patterns and photocaged oligonucleotides to attach DNA codes to live cells in 
unscathed tissues [32].The szip codes can generate information on the spatial and contextual aspects of single-cell transcriptomic data [11, 
33].

Integrating scRNA-seq and spatial transcriptomics involves characterising cell subpopulations within tissues and the spatial distribution 
networks of intercellular interactions and communications in their localisations [12]. This generates transcriptomic maps of tissues [34] and 
provides a comprehensive understanding of cell type distribution and potential mechanisms of cell-cell communication underlying tissue 
architecture [25]. Consistent with this idea, it can favour new inceptions into cell heterogeneity, immune response and functional and remod-
eling TME, which are critical for tumoural evolution [25, 35–38].

Spatial proteomics

Spatial proteomics technology has demonstrated the ability to provide insight into analysing protein distribution in a wide array of tumour 
samples, thereby facilitating the detection of novel biomarkers and therapeutic targets [28, 39, 40]. In this scenario, this technology has 
enabled the collection of high-resolution data about the proteome in tumour tissues [28]. The exciting part is the comprehensive distribution 
and cell interaction of proteins in the TME [41].

Multiplex immunohistochemistry/immunofluorescence is a critical tool for detecting multiple and simultaneous proteins in the TME [11, 
42]. The advantage of this approach is its capacity to understand spatial structures and the complex cell-cell and cell-protein interactions in 
the tumoural ecosystem [11, 42]. The imaging mass cytometry (IMC) and multiplexed ion beam imaging by the time of flight (MIBI-TOF) are 
technological tools that enhance the throughput of mass spectrometry [42–44]. The beneficial immunohistochemistry and mass spectrom-
etry hybrid uses laser ablation for projected high-resolution images [42]. On the other hand, IMC preserves antigen specificity and reveals 
spatial distribution analysis [42–44].

The MIBI-TOF has been characterised for its use of ion mass spectrometry and isotopically labeled antibodies to project high-resolution 
images [42–44]. In this context, a notable example is Co-detection by indexing, which meets the conditions for utilising unique oligonucle-
otide sequence barcodes instead of enzyme reporter genes for multiplex cell counting imaging [42–45]. Matrix-assisted laser desorption/
Ionisation-mass spectrometry imaging (MALDI-MSI) is an exciting option because it combines mass spectrometry with tissue microscopy, 
providing insight for in situ diagnosis and description of the cancer proteome and tumour clonal evolution over time [39, 46–49]. A relevant 
aspect of MALDI-MSI is the detection and localisation of proteins, causing holistic mapping [11, 25, 41, 42]. Moreover, it demonstrated 
high-resolution spatial mass spectrometric characteristics of interest cell types, thereby characterising heterogeneity in the TME. Protein 
microarray technology has enhanced the quantification and quality of spatial visualisation for tumour complexity and heterogeneity [17, 40, 
41, 49, 50].

Lastly, other technologies are cutting-edge in the proteomic field, such as tissue-based cyclic immunofluorescence (t-CycIF), Immuno-
SABER, MACSima imaging cyclic staging and deep visual proteomics [51, 52]. These technologies enable the mapping of detailed protein 
distribution and cellular subpopulations in the TME through protein expression patterns, pathological classifications and clinicopathological 
features [12, 53–55].

http://www.ecancer.org
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Spatial metabolomics

Metabolomics is a fundamental tool that attempts to describe the spatial distribution of metabolites in the TME [56, 57]. This objective 
is feasible for MSI, which utilises label-free and matrix-free approaches with high sensitivity, enabling high-definition profiling of spatial 
metabolites and lipids surrounding the TME [58, 59]. Tracking the metabolites generates a mapping of the network and interplay between 
cells and metabolites [60, 61]. MALDI-MSI and desorption electrospray ionisation-mass spectrometry imaging (DESI-MSI) are two powerful 
tools that can identify compounds with significant molecular weight and hydrophobic, as well as lower isoelectric points, such as proteins and 
lipids. On the other hand, DESI-MSI utilises electrospray ionisation to extract metabolites through a fine mist of charged solvent droplets, 
bypassing the need for preparatory steps such as matrix application and enabling instantaneous analysis on the sample surface [56]. These 
characteristics make DESI-MSI accurate for in situ analysis, involving a speed advantage, comprehensive detection and low-mass metabolites 
analysis (lactate, glucose and amino acids) [11, 56]. This technology allows the identification and imaging of tumour-associated molecular 
alterations and cellular interactions of the tumour and its TME. The MSI explores tumoural spatial complexity to identify spatial distribution 
and metabolic patterns and detect novel targeted therapies [54, 60, 62].

Artificial intelligence (AI) and its applications in spatial-omics

AI is a vigorous tool that helps understand the TME. It enables the analysis of data sources in combination with significant speed and capac-
ity, generating insights into cellular heterogeneity and molecular interplay [63–65].AI is characterised by deep learning, neuronal networks 
and the efficient processing of millions of complex data points, allowing for the classification of molecular subgroups, cellular states, intratu-
moural and intertumoural heterogeneity, tumour progression signal pathways and tumoural evolution [33, 63].

Spatial-omics and new insights in gastric TME

The spatial-omics technology provides spatial information within tumour tissues, highlighting its applications in TME, tumour heterogeneity, 
tumour genesis and development mechanisms [66–68]. In this context, the potential contribution to medicine precision and disease under-
standing will facilitate an effective search for targeted therapies [13].

Spatial omics combines techniques from physics, informatics and computational science, aiming to exhibed the spatial distribution and 
interactions of cells, genes, RNA, proteins, metabolites, cytokines and chemokines with the sources of biological samples [24]. Addition-
ally, this approach regains particular relevance due to its spatial distribution and localisation in three dimensions, enabling the simultaneous 
characterisation of the spatial structure and composition of tissues and cell populations within the TME, as well as multiplex analysis. This 
has demonstrated a high-throughput capacity and facilitated in-depth research [11]. The spatial omics technologies for GC included smFISH, 
LCM-seq, NanoString GeoMX, RNAScope, 10× Genomics Visium, MALDI-MSI, t-CycIF, IMC and DESI-MSI.

Spatial omics emerged due to tumour complexity and heterogeneity of GC, high cellular traffic and its multiple interconnections and commu-
nications with the canonical signaling pathways, and the competence of metabolites for survival in immunosuppressive and heterogeneous 
TME [14, 17, 18, 24].

Among the limitations of single-cell RNA-seq is the need to isolate tumour populations from their surrounding environment, which inherently 
produces cellular stress, alters cell mobilisation, replication or death processes and disrupts interactions with immune cells or fibroblasts. In 
short, this artificially modifies cellular physiology and plausibly genetic transcription. The primary advantages of spatial-resolved transcrip-
tomics methods include the ability to assess gene transcription in situ, the reproducibility of spatial conditions and the study of cell-cell com-
munication within cellular physiology. Some authors have studied the immunomodulation of the metastatic colorectal tumour phenotype 
through spatial transcriptomics [69], as well as the protumoural and peritumoural mechanisms of fibroblasts in the colorectal TME [70]; 
however, they have also been evaluated in gastric TME. 

http://www.ecancer.org
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Spatial transcriptomics studies have been applied to assess tumour heterogeneity, characterise the TME and immune response, investigate 
mechanisms of neoplastic transformation, identify biomarkers and evaluate treatment response (Table 1, which provides a summary of the 
most relevant findings from key studies in this field). Moreover, it provides a systemic analysis of the tumour and its ecosystem within the 
TME [11, 24]. This tool focuses on analysing gene expression in the spatial context of cells and tissues, and its potential was highlighted in 
Nature Methods as the technique of the year in 2020 [71]. At this point, it is essential to remember that cell distribution and mapping in the 
TME will enable optimised immunotherapy and overcome pitfalls to improve clinical outcomes.

In the study conducted by Ma et al [72], an integrated model of 2,138 spatial transcriptomics regions of interest with 152,423 single-cell 
expression-based intratumoural heter described tumour progression through spatially localised and functionally ordered subgroups associ-
ated with tumour immune microenvironment (TIME) profiles, immune checkpoint profiles and genetic drivers (SOX9). In this research, the 
authors’ underscore spatial analysis of tumour–stroma interfaces across multiple GCs highlighted new ecosystem states not attributable 
to mere tumour/stroma admixture, landmarked by increased GREM1 expression. Moreover, immunosuppressive gene expression patterns 
in non-metastatic GC are crucial in the enriched-regulatory T cells (Treg) in gastric tumours; which contribute to immunosuppressive TME 
[73]. This study also observed the exhausted CD8+ T cells clusters, including inhibitory molecules such as PDCD1, CTLA4, HAVCR2, LAG-3 
and TIGIT expression. MALD enables the detection of imaging tumour-associated molecular alterations and cellular interactions of tumours 
and cell types with its ecosystem TME at the metabolic level, intratumoural biochemical pathways and reprogramming in cancer growth 
and immune cells for the competence of surrounding substrates as a source of energy [11]. The metabolic barriers represent a challenge to 
cancer immunotherapy [74]; thus, if it can overcome the comprehensive characterisation of metabolite-cell interaction in the TME, this tool 
is fundamental for fulfilling that purpose.

Table 1. Hallmarks of recent studies using spatial omics in the characterisation of GC TME.

Main findings Reference

Identify TME heterogeneity in GC, highlighting niche-specific gene signatures [26]

Combines single-cell RNA-seq and spatial transcriptomics to map cellular interactions in GC [27]

Tumoral cells were categorized into nine distinct categories and exhibited heightened intercellular 
communication, particularly with matrix fibroblasts

[28]

Spatial transcriptomics unveils the correlation of macrophage infiltration with primary resistance to the 
Regorafenib-Avelumab combination

[29]

Cells at the interface between tumor and non-tumor tissue exhibit a transcription profile compatible with 
immunometabolic alterations

[30]

The co-localisation and crosstalk between GC cells and B cells significantly affect the efficacy of 
immunotherapy

[31]

GC spatial transcriptomes revealed functional cellular crosstalk involving multiple cell types, including the 
interaction between CCL2+ fibroblasts and STAT3-activated macrophages.  

[32]

Gastric tumors metastatic to the brain develop a proangiogenic gene expression profile with 
overexpression of DMBT-1 at tumor margins.

[33]

Gastric tumors exhibit distinct ecosystems in tumor transition, signaled by increased GREM-1 expression. [34]

Poorly cohesive carcinomas exhibit differential profiles compared with signet ring carcinoma, particularly in 
relation to cell cycle genes, the respiratory chain, and MMP-7

[35]

Highly infiltrating CCND1+ fibroblasts are a risk factor for GC patients and can influence the immune and 
chemotherapeutic efficacy of GC patients

[36]

GC patients with different parthanatos signals exhibited distinct immune microenvironment and metabolic 
reprogramming.

[37]

Young patients with GC exhibit overexpression of the IL-17, AGE-RAGE, and relaxin pathways [38]

Oxyntic tumors exhibit overexpression of cyclin D1 and SPINK1 [39]

Source: Created by authors
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On the other hand, it has been described as an interferon regulatory factor-8 downregulation in CD8+ TILs, which favours immunosuppres-
sive TME [75].This study, conducted using scRNA-seq, describes how critical inception in understanding TME reveals the immune landscape, 
cell subpopulations and T cells [76]. Another scRNA-seq study showed that high interferon regulatory factor-γ expression in CD8+ T cells 
was associated with enhanced responses to this combination therapy, suggesting the implications of the immune response on TME [77]. A 
study has examined the diversity of the TME landscape, which involves increased stromal cells and Treg cells, as well as exhausted CTL sub-
types and a specific extracellular matrix (ECM) in TME [78].A study conducted by Yamasaki et al [79] using 10× Genomics Visium in organoids 
showed the critical role of hypoxia and mitogen-activated protein-kinase (MAPK) signaling in the metastatic progression of KRASG12V-
expressing GC-p53KO tumours independent of Wingless/Integrated (WNT) signaling. For its part, Zheng et al [80] employed a novel scRNA-
seq method, referred to as Visium 10× Genomics, which enables the description of cellular communication and interaction, as well as tumour 
heterogeneity. However, the limitation is that spatial data and interactions in these cellular subtypes are not provided. In this respect, the 
Derks et al [19] study reveals the TIME and immune subclasses distinct from gastric and esophagogastric adenocarcinoma (GEA) through the 
use of RNA-seq on a subset of cancers characterised in TCGA. This study is remarkable from the point of view of the immune system; it clas-
sified chromosomally unstable tumours into ‘cold’ and ‘hot’ categories, as hot tumours have a TME with high TILs, whereas cold tumours lack 
a favourable TME with TILs. This affected the response to immune checkpoint inhibitors (ICIs) and prognosis. In addition, the cold CIN-GEAs 
exhibited enrichment of myelocytomatosis oncogene and Cyclin E, whereas the E1 gene exhibited the hot CIN-GEAs [18, 19] (Figure 2A).

In this context, the study conducted by Shah et al [81] proposes TME-based molecular subtypes of GC that aim to predict immunother-
apy response, clinical survival and prognosis. This study described five TME-based molecular subtypes, such as MES, fibrotic (F), immune-
enriched (IE), B-cell inflamed (BI) and immune-depleted. Of these, MES and F are stromal-enriched courses with poor survival and prognosis, 
whereas IE with improved immune infiltration T cells are associated with the best prognosis (Figure 2B) [81].

The study conducted by Cabeza-Segura et al [53] in advanced GEA revealed immune cluster subtypes and signaling related to immunomodu-
latory pathways; in this respect, these subtypes exposed enriched immune infiltrate in two groups with high (HII) and low (LII) immune infil-
trate and high and low (HF and LF) functions. Consistent with this idea, the LF expressed specific proliferative genes (MAPK and E3 ubiquitin 
ligase) and aggressive behaviour. On the other hand, HF exhibited enriched immune gene pathways with an inflammatory profile, including 
genes related to immune cell recruitment, as well as, adaptive and innate immunity. The authors suggested a profile infiltrate and functional 
transcriptomic integration with four different subtypes in the TME: LII-LF, LII-HF, HII-HF and HII-LF. Under these circumstances, it is relevant 
because the H-MSI and CIN are compatible with HII-HF and highly express the inhibitor molecules (PD1, PD-L1 and CTL4) implicated in 
immunotherapy response (Figure 2C).

Continued
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Figure 2. Approach of the immune characterisation using spatial omics platforms to immunotherapy response. (a): Cold and hot tumours have an 
immune response. Cold tumours are characterised by cytokines and chemokines that suppress immune responses, such as IL-10 and IL-5, which interact 
with immune cells [19]. (b):This characterisation proposes HIF, low immune function, HII and LII. Added to cold and hot tumours are complements 
to understanding with further precision, immune response and TME behaviour. In this context, GC MSI tumours are immune and sensitive to 
immunotherapy, responding to HIF and HII immune subtypes [53]. (c): This study was divided into five types: MES, F, IE, BI and immune-depleted (ID).This 
critical characterisation of gastric TME is crucial for understanding the immune response because it helps decipher the behaviour of GC and the immune 
response [81]. Created with www.bioRender.com.
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The high plasticity of GC is underscored by autophagy-related genes MARCKS and TXNIP, which are associated with a poor prognosis [82]. 
This is significant because the high heterogeneity can partly explain the plasticity of cells and therapy resistance [83]. Moreover, stem cells 
are provided to heterogeneous cell subpopulations, biological characteristics, pathological features and treatment sensitivity according to the 
context of regional differences. The GC cell’s heterogeneity and complexities result from clonal evolution and are driven by genetic instability, 
TME pressures, hostility with polyclonal differentiation and stochastic genetic and epigenetic changes [83]. This phenomenon is noteworthy 
because it constitutes a hallmark of cancer [84]. Similarly, it has been shown that GC clinical behaviour is heterogeneous, and partial response 
to treatment results from high histological, transcriptomic and epigenomic expression and variation, with multiple distinct subtypes in a 
unique tumour that has undergone dynamic and transformational changes in the TME (Figure 3) [11, 35].

The phenotype of gastric epithelial cells is reshaped through transdifferentiation, dedifferentiation and blocked differentiation, exhibiting 
distinct differentiation phenotypic characteristics. The plasticity of GC is derived from multiple factors, including activated transcription 
factors, abnormal epigenetic regulation, chronic Helicobacter pylori infection, an acidic environment and the activation of canonical signaling 
pathways, such as WNT/B-catenin, notch signaling pathway (NOTCH) and Sonic Hedgehog [85].

Intratumoural heterogeneity has been linked to the emergence of tumour subclones and is a source of therapeutic resistance [72, 86]. In this 
context, intratumoural heterogeneity studies have utilised DNA-based genomic sequencing to identify clonal and subclonal genomic altera-
tions, including mutations and sCNA, thereby enabling the phylogenetic reconstruction of tumour evolutionary trajectories [72, 87–92]. 
Of note, the timeline and architecture of intratumoural evolution have been uncovered in tumour cellular states associated with subclone 
evolution and interaction with TME [93].

The understanding of heterogeneity and its plasticity, a key role in GC TME, has been facilitated by spatial-omics tools, and their implica-
tions for immunotherapy and immune response are peremptory for developing and focusing novel targeted therapies for GC [11, 12, 17, 83] 
(Figure 3).

Figure 3. The GC TME, which has critical components such as immune cells, stromal extracellular matrix and clonal tumor plasticity, contributes to 
high heterogeneity and immunosuppressiveness. The cellular and molecular interactions and communication between these TME actors determine the 
partial response to immunotherapy. Other elements, such as metabolites and proteins, are also involved in the immunosuppressive state; however, these 
complex dynamics are challenging to understand. In this context, the spatial omics attempt to improve our knowledge of GC TME and characterisation of 
these three components play a fundamental role because they favour the resistance to chemotherapy and immunotherapy in GC. It is important because 
development target therapy for its TME modulation is the objective in the future research. Created with www.bioRender.com.
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https://doi.org/10.3332/ecancer.2026.2140
http:// www.bioRender.com. 


 R
ev

ie
w

ecancer 2026, 20:2140; www.ecancer.org; DOI: https://doi.org/10.3332/ecancer.2026.2140� 10

On the other hand, the Tregs are a master cell in the GC TME, and their fundamental role is related to immune evasion. Recent studies with 
spatial transcriptomics showed a critical distribution in TME that can improve the understanding of immune response and precision of immu-
notherapy [94].

Finally, we discuss the cancer-associated fibroblast (CAF) subpopulations and their role in regulating dynamic communication between ECM, 
TME, immune cells, stromal cells and other cell types [36]. The CAF plus SPP1 (multifunctional cytokine) plays a crucial role in intratumoural 
heterogeneity, and SPP1/CD44+ is involved in the progression of GC [95]. Additionally, the SPP1/CD44+ axis is critical to the interaction 
between TAM and GC cells within the TME, enabling the activation of cancer-associated signaling pathways [95].

Integrated-spatial omics enabling novel targeted therapy

The spatial-omics applications can enable the TME characterisation and prediction, allowing for an enhanced understanding of TME Immu-
noBiology in GC. This is essential because refining this knowledge is essential in the search for novel target therapies. In this scenario, a study 
of the GC murine model found that the combination of anti-IL17 and anti-PDL1 was associated with tumour regression [96]. Moreover, 
another study with spatial transcriptomic analysis (NanoString nCounter System and Illumina TST170 gene panel) of tumour cell specimens 
attempted to investigate target drug resistance genes of GC. This study showed that HER2 and FGFR2 protein expression are possible tar-
gets [97].

Similarly, crizotinib is a targeted therapy that blocks MAPK signahypoxicy and hypoxic TME, tumour angiogenesis and liver metastasis; given 
this, the role of play inhibits the metastatic progression of K-RA cells (-mutated) [79].

Additionally, it has been demonstrated that IL-18 signaling pathways were enriched in a functional assessment, which may contribute to the 
differential functional states of the GC TME [53] and its consideration as an immune response biomarker.

The comprehensive characterisation of TIME is plausible due to the immune transcriptomic profile, which can provide a prediction model for 
immunotherapy response, identify checkpoint inhibitor (CPI)-sensitive tumours and delineate the accuracy of beneficial patients with ICI that 
can complement CPI and combined positive score (CPS). Consistent with this idea, 67% of immunotherapy patient responders correspond 
to IIH-HF, and its classification is an exciting approach for response to immunotherapy (p = 0.003) and predicts response to CPS <5 [53].
These findings are valued because they enable the precise and accurate detection of patients who could benefit from immunotherapy and 
are complementary to CPS.

On the other hand, the study conducted by Akiyama et al [98], which used 10× Genomic Visium for spatial transcriptomics, successfully 
elucidated that PDGFRα/β dual blockade ameliorated the GC TME through ECM shaping, enhancing the anti-PDL1 antibody and immune 
response in the Fibrotic TME. This study is significant because TGF-β signaling in epithelial tumour cells can lead to a MES GC phenotype. 
We now understand that the intrinsic mechanism of MES reprogramming favours the drug resistance of GC tumour cells [85, 99, 100].

The PDGF-PDGFR targeted therapy against PDGFRβ signaling emerges as an effective target for ameliorating the Fibrotic cancer tissue 
matrix environment influenced by TGFβ signaling.  Considering this circumstance, it’s imperative to infiltrate T cells so that TME surrounds 
the tumour cells and improves the immunotherapy response [101]. Besides, PDGF increased the expression of CXCLs involved in recruit-
ing polymorphonuclear myeloid-derived suppressor cells [102–104]. The PDGF/PDGFR pathway is associated with cancer proliferation, 
metastasis, invasion and angiogenesis through modulating multiple downstream pathways, which include PI3K/AKT/PKB (Protein Kinase B)/
mTOR, AKT/protein kinase B pathway, MAPK/extracellular signal-regulated kinase pathway, JAK/STAT pathway and NOTCH pathway [105]. 

Future perspectives and new frontiers

Despite the significant advances made by omics sciences in understanding the TME of the GC, it is still too early to say what fundamental 
role it will play. However, we hope that it will play a transcendental role, as it reveals detailed analysis and information that were previously 
impossible to obtain. This overwhelming new knowledge will give us insight into how to continue searching for new therapies to improve 
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survival. In this regard, this integrative effort holds excellent promise for defining disease subtypes, intratumoural and intertumoural hetero-
geneity, tumour resistance, predicting prognosis and enabling targeted therapies to be delivered based on the spatial distribution of specific 
cell subtypes. It also allows the detection of ligands and receptors involved in their mechanism of action.

Immune cells, stromal cells and clonal cells are evolving as keys to understanding immunosuppressive and heterogeneous TME in the immune 
response to immunotherapy; furthermore, spatial omics is fundamental in the comprehensive understanding of these pillars in the search for 
effective therapies in precision oncology (Figure 4).

AI is characterised by deep learning, neuronal networks and the efficient processing of millions of complex data points, allowing for the clas-
sification of molecular subgroups, cellular states, intratumoural and intertumoural heterogeneity, tumour progression pathways and and cell 
fate [14, 15, 24, 33, 35, 53]. Under these circumstances, the headway will be straightforward and rapid, which promises advances in precision 
oncology and targeted therapy of GC. 

The studies conducted in recent years on spatial omics technologies have made invaluable contributions to the knowledge of GC. Cur-
rent advances have been reflected in the proposed new therapeutic targets. Despite this, harmful outcomes are evident in the prognosis 
and treatment [106]. In this effect, the search for Immunocore is indispensable for the precision assessment of current immunotherapy 
responses, enabling the identification of patients who are candidates for effective therapy. Spatial omics aims to characterise TIME, chemo-
kines and cell phenotypes to explore cell interplay, signal transduction pathways and immune cell and protein trafficking. According to the 
above, having clearance for this landscape is vital for success in tumour-infiltrating cells (TILs) and functional TME phenotype for immune 
response to immunotherapy. This therapeutic approach has likely been noteable and paradigmatic progress in recent years and near future 
precision oncology and personalised management (Figure 4). However, significant challenges would still need to be overcome to achieve 
successful treatment and improve patient survival.

Figure 4. Personalised management of GC. Created with www.bioRender.com.
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The main limitations of spatial omics technologies include sample preparation, the need for sophisticated and logistic, and the complex trans-
lation to clinical practice. Moreover, these platforms are expensive. In this sense, only some are commercial, such as 10× Genomics Visium, 
GeoMX (NanoString) and RNAScope (high-resolution targeted methods).   

The integration of spatial transcriptomics with other omics disciplines, such as proteomics, epigenomics and metabolomics, will enable a 
more comprehensive understanding of gastric tumour biology. However, analysing the complexity of these relationships within a spatial 
context remains a significant challenge. In these conditions, complementary analysis using machine learning tools – particularly deep learn-
ing – can aid in the interpretation of these intricate interactions.
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