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Abstract

Despite advances in cancer therapies, treatment responses remain highly variable
due to the complexity and heterogeneity of the tumor microenvironment. The
tumor microenvironment comprises malignant, immune, stromal, and endothelial
cells, along with extracellular matrix and soluble factors, all organized into spatially
distinct communities that evolve dynamically throughout tumor progression and
therapy. These spatial structures orchestrate tumor behavior, immune evasion, and
drug resistance. Recent breakthroughs in spatial omics technologies, including spatial
transcriptomics and spatial proteomics, have enabled high-resolution, multiplexed
mapping of tissue architecture and molecular characteristics. These technologies
provide valuable insights into how the spatial organization of cells and signaling
networks within the tumor microenvironment influences therapeutic efficacy. Notably,
specific structures, such as tertiary lymphoid structures, fibroblast-mediated stromal
barriers, and vascular heterogeneity have been identified as spatial determinants of
treatment response. By delineating cellular communities and their interactions, spatial
omics technologies can reduce intratumoral complexity into clinically interpretable
modules. This review summarizes the diversity of these spatial structures and
their relationships with treatment outcomes in immunotherapy, chemotherapy,
radiotherapy, and targeted therapy. In addition, it highlights present challenges in data
integration, analytical standardization, and functional validation, and discusses future
directions for incorporating spatial omics technologies into precision medicine.

Keywords: Tumor microenvironment; Therapeutic response; Spatial heterogeneity;
Cellular community; Spatial omics

1. Introduction

Despite significant advances in cancer therapies over the past few decades, treatment
outcomes remain highly variable. Many patients experience drug resistance or
poor outcomes, primarily due to tumor heterogeneity and the complex tumor
microenvironment (TME).! The TME—comprising malignant cells, immune cells,
stromal cells, endothelial cells, extracellular matrix (ECM), and soluble factors—is
highly diverse and spatially organized.” These cell types are further subdivided into
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distinct subtypes, each exhibiting unique phenotypic and
functional characteristics. Their complex crosstalk forms
localized microenvironments that vary in cell composition,
spatial distribution, signaling molecules, and metabolic
state. The TME not only provides a supportive niche for
tumor cells but also constructs a dynamic ecosystem that
critically influences therapeutic responses. Consequently, a
comprehensive understanding of the spatial and functional
heterogeneity within the TME is essential for overcoming
present treatment limitations.

Recent advances in spatial omics technologies, such as
imaging mass cytometry (IMC) and spatial transcriptomics
(ST), have revolutionized the characterization of tissue
architecture. These technologies enable the simultaneous
capture of spatial structural information and the
transcriptome, proteome, epigenome, or metabolome,
offering pivotal insight into how tissue organization regulates
tumor progression and therapeutic responses.** Over the past
decade, continuous advancements in spatial resolution have
established spatial omics as a critical tool in cancer research.®

Early multiplex immunofluorescence (mIF) technology
enabled the visualization of multiple protein markers
in tumor sections, supporting biomarker discovery
and precision pathology.”® The emergence of IMC in
2014 integrated mass spectrometry with metal-labeled
antibodies to enable highly multiplexed protein profiling.’
In 2016, ST technology allowed for the spatial mapping
of gene expression at single-cell resolution.”” In 2019,
digital spatial profiling (DSP) was launched, integrating
high-throughput analysis with optical labeling to enable
precise protein and gene expression analysis in specific
tissue regions.!’ Furthermore, the development of cyclic
immunofluorescence,’> CO-Detection by Indexing,”
iterative bleaching and exchange,** multiplexed ion beam
imaging,”” and deep visual proteomics'® has expanded
the depth and breadth of spatial analysis. Nature Methods
recognized spatial proteomics as the 2024 method of
the year for its critical role in uncovering complex tissue
structures.

These technological advances have uncovered critical
spatial features of the TME that correlate with treatment
response. For example, tertiary lymphoid structures (TLS),
spatially organized immune cell aggregates, have emerged
as predictive markers of immunotherapy outcomes across
multiple cancers.”"® In addition, the spatial distribution
of tumor-infiltrating lymphocytes, fibroblast barriers, and
vascular patterns has been associated with therapeutic
responses to chemotherapy, radiotherapy, and targeted
therapy.”%? By capturing these cellular spatial relationships
and the cellular communities formed in the TME, TME
heterogeneity can be simplified into clinically recognizable

entities, providing new perspectives for researchers
in advancing cancer diagnosis, treatment, and drug
development (Figure 1).

In this review, we systematically summarize how spatial
omicstechnologies elucidate the compositionand structural
organization of the TME in various cancers, as well as their
role in modulating responses to immunotherapy, targeted
therapy, chemotherapy, and radiotherapy. These insights
provide a foundation for the further optimization of cancer
treatments and the development of precision oncology
strategies.

2. Spatial immune communities and
responses to immunotherapy

Building on foundational mouse studies, Schreiber et al.*¢
demonstrated that tumor-infiltrating T cells significantly
influence the progression and clinical behavior of
human cancers,”*® thereby revolutionizing the field of
tumor immunology. Hanahan and Weinberg® identified
“evading immune destruction” as a new hallmark of
cancer. Immunotherapy strategies are designed to restore
or enhance the antitumor capacity of the host immune
system,’**! including immune checkpoint inhibitors (ICI),*
chimeric antigen receptor T cells,”® cancer vaccines,*
cytokine-based therapies,* and oncolytic viruses.*

However, patient responses to immunotherapy are
highly heterogeneous. This variability reflects not only
inter-individual immune differences but also the spatial
organization of immune cells within the TME.”” Immune
cells may localize in distinct regions, including the tumor
core (TC), invasive margins, or TLS, forming diverse
immune niches that modulate therapeutic efficacy. This
section summarizes how the density, proximity, and
cellular interactions of immune communities influence the
effectiveness of immunotherapy (Table 1).

2.1.T cell infiltration and density

Tumor-infiltrating lymphocytes, particularly cluster of
differentiation (CD) 8+ cytotoxic T cells, play critical roles
in tumor immunotherapy. The functional state and density
of CD8" T cells often determine the efficacy of ICIs.”*7®
In metastatic triple-negative breast cancer (TNBC),
pembrolizumab responders exhibited significantly higher
densities of pre-existing intratumoral CD8" T cells
compared to non-responders, which were engaged in close
interactions with tumor cells. Post-treatment responders
also demonstrated reduced proximity between CD8" T
cells and CD15* neutrophils, suggesting an escape from
neutrophil-mediated immunosuppression.*®

In patients with esophageal squamous cell carcinoma
undergoing neoadjuvant immunochemotherapy,
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Figure 1. Comprehensive workflow for spatial-omics profiling of the tumor microenvironment. Fresh or frozen tumor specimens are processed into FFPE
blocks or cryosectioned and arrayed into TMAs. Spatial omics platforms—spatial transcriptomics for RNA-level analysis, and imaging mass cytometry,
multiplex immunofluorescence, or digital spatial profiling for proteinlevel interrogation—map molecular distributions within intact tissue architecture.
Subsequent computational pipelines extract key spatial features: (i) Cell composition, through unsupervised clustering and quantitative deconvolution
of discrete cell populations; (ii) cell-cell interactions, through inference of ligand-receptor signaling networks and spatial interaction graphs; (iii) cellular
neighborhoods, by identifying local cooccurrence patterns and niche enrichment; and (iv) microanatomical structures, through reconstruction of
higherorder tissue units, such as immune-stromal interfaces and tertiary lymphoid structures. The figure was created using Biorender.com. Shan, J. (2025)
https://BioRender.com/rbaqcof.

Abbreviations: FFPE: Formalinfixed, paraffinembedded; TMA: Tissue microarrays.

responders exhibited densely clustered CD4* and CD8* tissues.”? Similar trends were observed in non-small cell
T cells at the TC and periphery, consistent with a “hot” lung cancer (NSCLC) patients: responders to neoadjuvant
immune phenotype. In contrast, non-responders displayed immunochemotherapy exhibited higher density of CD8",
sparse, diffusely distributed T cells, indicative of an programmed death-ligand 1 (PD-L1)*, and CD8*PD-L1*
immune-“cold” environment.* cells in the tumor nest, and lower density of CD3*FOXP3",

In bladder cancer, response to Bacillus Calmette-Guerin FOXP3", and CD163" cells.”

therapy correlated with increased baseline infiltration of

2.2.T cell-tumor cell spatial proximit
CD8" programmed cell death protein 1 (PD-1)* T cells and P P y

post-treatment elevation of non-regulatory T cells CD4* The spatial relationship between T cells and tumor cells
Forkhead box P3(FOXP3)~ T cells and active CD8*PD-1-T is an important determinant of therapeutic efficacy
cells.” This finding aligns with a previous study identifying (Figure 2A). IMC analyses in melanoma demonstrated
PD-1*CD8* T cells as a subset of tumor-reactive CD8* that closer proximity between CD8" T cells and tumor
T cells with tumor specificity.””’® In contrast, Bacillus cells was strongly associated with better responses to ICIs,
Calmette-Guerin therapy resistance was linked to higher such as ipilimumab, nivolumab, and pembrolizumab.**
densities of exhausted CD8*PD-1* T cells in post-treatment A high abundance of antigen-experienced T cells in the
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Table 1. Cell communities affecting immunotherapy

Tumor Technology Cell community Therapy response References
TNBC mIF High density of CD8" T cell infiltration before treatment; CD8* T Response 38
cells are located farther from CD15* neutrophils after treatment
IMC CD8*GZMB* T cells interact with tumor cells Response 39
ESCC mlIF Denser clusters of CD4*and CD8* T cells are observed Response 40
IMC CD8*T and B cells are increased in TLS regions Response 41
BCa mIF High post-treatment densities of non-Treg CD4*FOXP3" T cells Response 42
and active CD8'PD-1"T cells
High density of exhausted CD8PD-1* T cells after treatment Non-response
NSCLC mlF High densities of CD8*, PD-L1*, and CD8*PD-L1* cells Response 43
mIF/WES GZMB* CTLs are located close to tumor cells and exhibit higher Response 44
density
ST Treg cells are positioned near Ki67*tumor cells Non-response 45,46
ST Tumor cells are located farther from CD163* TAMs Response 47
mIHC/DSP CD68* macrophages interact with PD1* FOXP3* Treg cells Non-response 48
mIF M2-polarized TAMs interact with T cells Non-response 49
mIHC High baseline LCAM score Response 50
mIHC Inflamed immunophenotype is present Response 51
ST CD14"APOE" cells are colocalized with MMP7* tumor cells Non-response 52
mIF High proportion of CD20* B cells within TLS regions Response 43,53
Melanoma CyTOF IMC Decreased distance between melanoma cells and their nearest Response 54
CTLs
mIHC Tumor cells interact with PD-1*CD8* T cells Response 55
mIHC Macrophages and T cells interact at the TSI via the PD-1/PD-L1 Non-response 56
axis
mIF Lower CTL-to-macrophage ratio and shorter intercellular Non-response 57
distances
DSP CD3 and CD8 are expressed within CD68* macrophage Response 58
compartments
HCC IMC CD8T cells are in close proximity to Arglhi+macrophages; Non-response 59
MCC and LCC show strong communication with tumor cell
communities
Physical contact is observed between MCC and LCC Response
ST Pericancerous macrophages interact with CD103 *CTLs Non-response 60
IMC Exhaustion of Kupfter cells enhances the activity of nearby T Response 61
cells
CD8* T cells are found close to macrophages Non-response
ST POSTN* CAFs colocalized with PLVAP*endothelial cells, Non-response 62-64
FOLR2* TAMs, and Tregs
mIHC POSTN* CAFs interact with CD8*T cells and with SPP1* Non-response 65
macrophages
mIHC SPP1*macrophages interact with CAFs to promote TIB Non-response 66
formation
HNC DSP CD8* memory T cells show high binding density with Tregs, Response 45
CD4*memory T cells, M2 macrophages, cancer cells, and
stromal cells
mlIF High spatial relationship Response 67
CD8T cells are found close to B cells Non-response
(Contd...)
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Table 1. (Continued)

Tumor Technology Cell community Therapy response References

MCC ST T cells are colocalized with B cells and dendritic cells. Response 68

ccRCC ST/mIF Mesenchymal ccRCC are located near myCAFs at normal Non-response 69-71
adjacent tissues

scC ST “Cold” immune regions are identified Non-response 72

Pan-cancer ST Endothelial cells are enriched near mCAFs; iCAFs are Non-response 73

colocalized with CD8* T cells and interact with immune cells

Abbreviations: BCa: Bladder cancer; CAF: Cancer-associated fibroblast; ccRCC: Clear cell renal cell carcinoma; CD: Cluster of differentiation;
CTL: Cytotoxic T lymphocyte; CyTOF: Cytometry by time of flight; DC: Dendritic cell; DSP: Digital spatial profiling; ESCC: Esophageal squamous
cell carcinoma; FOLR2: Folate receptor beta; FOXP3: Forkhead box P3; GZMB: Granzyme B; HCC: Hepatocellular carcinoma; HNC: Head

and neck cancer; iCAF: Inflammatory cancer-associated fibroblast; IMC: Imaging mass cytometry; Ki67: Antigen Kiel 67; LCAM: Lung cancer
activation module; LCC: Lymphocyte-enriched community; MCC: Macrophage-enriched community; mCAF: Myofibroblastic cancer-associated
fibroblast; mIHC: Multiplex immunohistochemistry; mIF: Multiplex immunofluorescence; MMP7: Matrix metallopeptidase 7; NSCLC: Non-small
cell lung cancer; PD-1: Programmed cell death protein 1; PD-L1: Programmed death-ligand 1; PLVAP: Plasmalemma vesicle-associated protein;
POSTN: Periostin; SCC: Squamous cell carcinoma; SPP1: Osteopontin; ST: Spatial transcriptomics; TAM: Tumor-associated macrophage;

TIB: Tumor-immune barrier; TLS: Tertiary lymphoid structure; TNBC: Triple-negative breast cancer; Treg: Regulatory T cell; WES: Whole exome

sequencing; TSI: Tumor-stroma interface.

melanoma microenvironment facilitated clustering and
repeated contact, enhancing tumor-killing efficiency.”*
The spatial proximity and continuous physical interaction
between tumor cells and CD8* T cells contribute to
the sustained activation of immune checkpoints and
maintenance of immune suppression. For instance, in the
pre-treatment melanoma microenvironment, interactions
between tumor cells and PD-1*CD8* T cells are strongly
associated with the superior efficacy of anti-PD-1 therapy
using pembrolizumab.>”*

Similarly, IMC analysis in TNBC revealed that baseline
interactions between CD8*Granzyme B (GZMB)* T cellsand
cancer cells were the most predictive feature for anti-PD-L1
therapy (atezolizumab) response.” In metastatic squamous
NSCLC, nearest neighbor analysis revealed that tumors
with higher densities of GZMB* cytotoxic T lymphocytes
(CTLs) in close proximity to malignant cells exhibited
better responses to nivolumab monotherapy or combination
therapy with nivolumab and ipilimumab.* These findings
reinforce the critical role of cell distribution, particularly
CTLs, in determining the efficacy of ICI, consistent with
results from other NSCLC studies.* Clustering analyses
further demonstrated that CTLs and malignant cells
aggregated more frequently in responders compared to
early progressors, suggesting the presence of a pre-formed
antitumor response that is amplified by ICI therapy.*

In addition, poor responses to immunotherapy have
been linked to the proximity of regulatory T (Treg) cells
to antigen Kiel 67-expressing tumor cells. The spatial
distribution of Treg cells within the TME and their
interactions with specific tumor phenotypes can modulate
Treg cell function, ultimately influencing patient outcomes
in response to immunotherapy.*

2.3.T cell-macrophage interactions

Macrophages are a predominant immune cell population
in the TME and play a significant role in modulating
the effectiveness of immunotherapy by regulating
immunosuppressive signals (Figure 2A and B). ST studies in
NSCLC have revealed that enrichment of tumor-associated
macrophages (TAMs) in the tumor compartment is
associated with resistance to immunotherapy, underscoring
the importance of their spatial distribution in modulating
responses to anti-PD-1/PD-L1 therapies. Notably, patients
whose tumor cells were farther from CD163* TAMs
exhibited improved treatment outcomes.*’

In primary melanoma, a spatially restricted
immunosuppressive niche was identified at the tumor-
stroma interface (TSI), where interactions between
macrophages and T cells are driven by the PD-1/PD-L1
axis.®? PD-L1 expression was elevated on both M1-like
and M2-like macrophages in the TSI among patients
who responded to ICIs. However, PD-L1 expression was
downregulated in the tumor region but increased again
in regions close to CTLs. In these areas, T cells exhibited
reduced activation marker expression in proximity to
PD-L1* macrophages, suggesting that T cell function
is regulated in a spatially dependent manner, thereby
influencing the efficacy of nivolumab or pembrolizumab.*
Additional studies have shown that a lower CTL/
macrophage ratio and closer proximity between CTLs and

macrophages are associated with poorer prognosis.”

InNSCLC, the interaction between CD68* macrophages
and PD1"FOXP3* Treg cells is preferentially enriched
in IClI-refractory tumors, regardless of cell frequency.*
In hepatocellular carcinoma (HCC), a neoadjuvant trial
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Figure 2. Spatial structures formed by CD8* T cells, TAMs, and CAFs influence immunotherapy response. (A) The density of CD8" T cells, their spatial
proximity to neighboring cells, and their intercellular interactions collectively modulate the response to immunotherapy; (B) the spatial arrangement of CD68*
M1 and CD163* M2 macrophages influences immunotherapeutic efficacy; and (C) the architectural organization and extracellular matrix barrier established
by cancer-associated fibroblasts impact immunotherapy outcomes. Created using Biorender.com. Shan, J. (2025) https://BioRender.com/p4cme7r.

Abbreviations: CAF: Cancer-associated fibroblast; ccRCC.mes: Mesenchymal clear cell renal cell carcinoma; CD: Cluster of differentiation; CN: Cellular
neighborhood; DC: Dendritic cell; FOLR2: Folate receptor beta; GZMB: Granzyme B; IgG: Immunoglobulin G; iCAF: Inflammatory cancer-associated
fibroblast; KC: Kupffer cell; LCAM: Local context attention module; mCAF: Myofibroblastic cancer-associated fibroblast; myCAF: Myofibroblastic cancer-
associated fibroblast; NAT: Normal adjacent tissue; PLVAP: Plasmalemma vesicle-associated protein; POSTN: Periostin; SPP1: Osteopontin; TAM: Tumor-
associated macrophage; TAN: Tumor-associated neutrophil; TIB: Tumor-infiltrating B cell; TRM: Tissue-resident memory T cell; Treg: Regulatory T cell.
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combining nivolumab and the tyrosine kinase inhibitor
cabozantinib demonstrated that non-responders exhibited
closer spatial proximity between CD8* T cells and
macrophages.®

Macrophages can further impair immunotherapy by
physically blocking T cell contact with tumor cells or by
inhibiting communication between T cells and tumor
cells. In HCC, IMC profiling identified close proximity
of CD8" T cells to macrophages with high arginase 1
expression, rather than to CD4* T cells, as a prominent
feature of non-responders to cabozantinib-nivolumab
combination therapy. In addition, macrophage-enriched
communities and lymphocyte-enriched communities in
non-responders showed intense communication with
tumor cell communities, whereas such interactions were
disrupted by contact between macrophage-enriched
communities and lymphocyte-enriched communities
in responders.” Similar mechanisms were reported in
lung squamous cell carcinoma, where M2 TAMs prevent
T cells from migrating into tumor islets, serving as a key
mechanism of resistance to anti-PD-1 immunotherapy.”
Moreover, cross-presenting peritumoral macrophages
failed to eradicate malignant cells and retained CD103*
tumor-reactive CTLs in the peritumoral region in HCC.®

However, higher CD3 and CD8 expression levels in the
CD68* compartment were associated with better responses
to neoadjuvant nivolumab or combination therapy with
nivolumab and ipilimumab in melanoma,*® suggesting
that macrophages can also contribute to enhanced
immunotherapy responses. In HCC, Kupffer cell depletion
in mouse livers significantly enhanced nearby T cell
responses, reduced tumor growth, and sensitized tumors
to anti-PD-1 therapy.®’ Overall, the interaction between
macrophages and T cells in the TME is complex and
context-dependent. The spatial distribution of these cells
is crucial in determining the success of immunotherapies.
Understanding these interactions offers important insights
into predicting and improving immunotherapy efficacy
across different cancer types.

2.4.TLS

TLS are increasingly recognized as critical immune
structures in the TME, influencing the response to
immunotherapy. TLS are organized aggregates of immune
cells that form in non-lymphoid tissues and resemble
the architecture of secondary lymphoid organs (SLOs).
First described by Aloisi and Pujol-Borrell and Drayton
et al. in 2006,%*% TLS typically feature an internal region
of CD20* B cells surrounded by CD3* T cells, similar to
lymphoid follicles in SLOs.*® While the composition of
TLS may vary across different tumor types, follicular

helper T cells are generally the dominant T cell subset in
the T cell compartment,” although CD8* cytotoxic T cells,
helper T cells, and Treg cells may also be present.* In
addition to B and T cells, TLS contain various dendritic
cell (DC) subsets, such as CD21* follicular DCs, which are
mesenchymal in origin and are critical for memory B cell
selection during the germinal center reaction in SLOs, or
CD83* mature DCs, predominantly located in the T cell
zone.’*? Furthermore, scattered CD68* macrophages
are present in the follicles to clear apoptotic cells, similar
to their function in SLOs.” A dense stromal network,
similar to the fibroblastic reticular cells in SLOs, anchors
TLS within chronically inflamed tissue sites.”* Specialized
vascular structures, such as peripheral node addressin-
positive high endothelial venules, mediate the recruitment
of lymphocytes.”

The formation of TLS is often associated with chronic
inflammation, autoimmune diseases, and cancer. In the
TME, TLS can facilitate the influx of immune cells into
tumor sites through the intratumoral immune cycle.”>*
The content of TLS varies across tumors, and the presence
of mature TLS, high B cell and plasma cell abundance,
along with tumor-associated antigen antibodies, generally
correlates with favorable clinical outcomes and improved
responses to immunotherapy.” Consequently, TLS
have emerged as a potential biomarkers for predicting
therapeutic efficacy.

Spatial analyses of TLS across various tumor types
highlight their crucial immune-regulatory role. For
example, Kang et al.”® used ST to systematically analyze
over 1,000 tumors from 30 cancer types. The study
demonstrated that the spatial relationships between TLS
components are linked to favorable immunotherapy
responses and pathologically defined TLS, suggesting
that TLS may serve as a predictive marker for therapeutic
efficacy.

The composition of TLS is highly correlated with
responses to ICI treatments (Figure 3). For instance,
IMC analysis provided a detailed regional evaluation
in esophageal squamous cell carcinoma, showing that
increases in CD8" T cells and B cells within TLS following
toripalimab treatment were predominantly observed
in patients with favorable responses.” In NSCLC, mIF
analysis demonstrated that patients with a greater number
of TLS and a higher proportion of CD20* B cells within
TLS exhibited better responses to anti-PD-1 blockade
therapies combined with anlotinib.***

In melanoma, TLS are considered critical components
of the immune microenvironment. DSP analysis revealed
that the coexistence of tumor-associated CD8* T cells
and CD20* B cells in TLS was associated with improved
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Figure 3. Tertiary lymphoid structure composition associated with immune checkpoint inhibitor response. The cellular composition of the tertiary
lymphoid structure is strongly associated with the response to immune checkpoint inhibitor therapy. Patients exhibiting favorable outcomes typically show
abundant TLS formation, characterized by increased infiltration of CD20" B cells and CD8" T cells within the TLS. The figure was created using Biorender.

com. Shan, J. (2025) https://BioRender.com/7z7qbwf.

Abbreviations: CD: Cluster of differentiation; DC: Dendritic cell; FDC: Follicular dendritic cell; FRC: Fibroblastic reticular cell; HEV: High endothelial

venule; TLS: Tertiary lymphoid structure.

responses to ipilimumab therapy and prolonged survival.”
Furthermore, ST-based B cell analysis demonstrated clonal
diversification, selection, and expansion within TLS, as
well as the presence of fully mature clonotypes at distant
sites in tumors containing TLS. Tumors with TLS exhibited
a high frequency of immunoglobulin G (IgG)-producing
plasma cells, along with IgG staining and apoptotic
malignant cells, suggesting a response to nivolumab and
ipilimumab.”

In colorectal cancer (CRC), studies showed that the
TLS gene signature was significantly associated with
immunotherapy response. mIF results confirmed that high
expression of the paired related homeobox 1 (PRRX1I) gene
and its transcript, PRRX1-mRNA, in TLS enhanced local
T cell and B cell activity, promoting immune responses in
the TME.'™ These findings highlight the important role
of TLS in the TME, promoting immune activation and
modulating immune suppression. Therapeutic strategies
to induce TLS formation should be explored to improve
responses to cancer immunotherapy.

2.5. Other immune spatial modules

T cells form complex networks of interaction with other
immune cells. One study identified a lung cancer activation
module in NSCLC, consisting of PDCDI1*CXCL13*

activated T cells, IgG* plasma cells, and osteopontin
(SPP1)* macrophages. Elevated baseline scores for
this activation module were associated with improved
responses to atezolizumab immunotherapy® In head
and neck cancer, DSP and spatial proteomics analyses
showed that the stromal compartment of immunotherapy-
responsive patients contained higher densities of CD8*
memory cells. In patients responding to pembrolizumab
or nivolumab, CD8* memory cells were found at greater
densities in spatial proximity to macrophages, Treg cells,
CD4* memory cells, M2 macrophages, cancer cells, and
stromal cells.”

Using ST technology, researchers observed frequent
colocalization of T cells, B cells, and DCs in Merkel cell
carcinoma tumors, where these immune subsets provided
chemokines and co-stimulatory signals. This spatial
arrangement significantly enhanced the clonal expansion
or recruitment of tissue-resident memory (TRM) T cells
and V31 ydT cells, leading to improved responses to
immunotherapy.® Similarly, research by Gil-Jimenez et
al.” reported that the spatial relationship between CD8* T
cells or macrophages and adjacent cancer cells—quantified
by approximating the first-nearest-neighbor distance
distribution using a Weibull distribution—was positively
associated with response to ipilimumab-nivolumab
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combination therapy. In contrast, closer proximity
between CD8* T cells to B cells was characteristic of non-
responders.

In addition, artificial intelligence-supported multiplex
immunohistochemistry (mIHC) analyses revealed that
specific infiltration patterns can predict responses to
ICI therapy in NSCLC. Patients with inflammatory
immune phenotypes demonstrated better responses to
pembrolizumab, nivolumab, and atezolizumab compared
to those with immune-exclusion or immune-desert
phenotypes.”! Furthermore, ST analyses in NSCLC revealed
that a higher degree of colocalization between CD14*APOE*
cellsand matrix metallopeptidase 7 (MMP7)* tumor cells was
observed in patients with poor responses to immunotherapy.
This spatial configuration was associated with reduced T cell
infiltration and impaired TLS formation.™

2.6. Cancer-associated fibroblasts and immune
exclusion

The distribution of cancer-associated fibroblasts (CAFs)
and their interactions with other cell types in the TME
directly affect immunotherapy outcomes (Figure 2C). In
multiple cancer types, CAFs regulate the ECM, altering
physical characteristics, such as tumor stiffness and
density, and forming an immune barrier that obstructs
therapeutic drugs and immune cells from penetrating
the tumor, thereby reducing therapeutic efficacy.!” A
pan-cancer study based on ST showed that, compared
to other cell types, inflammatory CAFs (iCAFs), matrix
CAFs (mCAFs), metabolic CAFs, and proliferative CAFs
display higher spatial proximity to one another. Notably,
endothelial cells were enriched near mCAFs, and their
intercellular communication promoted angiogenesis in
the TME. Furthermore, iCAFs were frequently colocalized
with CD8" T cells in several tumor types. The interactions
betweeniCAFsand immune cells, particularly macrophages
and CD8" T cells, contributed to the establishment of an
immunosuppressive microenvironment, resulting in poor
responses to pembrolizumab immunotherapy.”

In clear cell renal cell carcinoma (ccRCC), ST and
mlIF analyses revealed that myofibroblastic CAFs form
fibrotic structures visible at the tumor-normal adjacent
tissue interface, sometimes intruding into normal tissue.
Mesenchymal-like ccRCC cells preferentially localize in
these regions. Their spatial proximity at the tumor-normal
adjacent tissue interface, forming an immune-exclusion
barrier, is a key feature of microenvironments associated
with poor prognosis and resistance to ipilimumab or
nivolumab.*7!

Periostin (POSTN)* CAFs predominantly appear in
peripheral tumor regions and play a leading role in ECM

remodeling. This remodeling forms a physical barrier that
impedes the recruitment of immune cells, particularly T
cells, into tumor sites.'**!% In HCC, ST analyses confirmed
that POSTN* CAFs colocalize with immunosuppressive
plasmalemma vesicle-associated  protein = (PLVAP)*
endothelial cells, folate receptor beta (FOLR2)-positive
TAMs, and Treg cells to form an immunosuppressive
ecosystem. POSTN* CAFs were identified as the central
hub of interactions in the HCC onco-fetal niche.%*¢
Another study clarified the interactions between POSTN*
CAFs and CD8" T cells, as well as between POSTN* CAFs
and SPP1* macrophages, forming an immunosuppressive
microenvironment that limits the response to tocilizumab
immunotherapy.® Furthermore, SPP1* macrophages
have been shown to interact with CAFs, stimulating
ECM remodeling and promoting the formation of tumor
immune barrier structures, which restrict immune
infiltration into the TC. Blocking SPP1, or macrophage-
specific knockout of SPPI, significantly enhanced the
efficacy of anti-PD-1 therapy in mouse liver cancer.® The
critical role of CAFs in shaping the TME underscores the
need for in-depth research to develop therapies targeting
specific CAFs subtypes.

In addition, intratumoral heterogeneity has a profound
impact on directing the spatial organization and function
of tumor-infiltrating immune cells, resulting in the
formation of “cold” immune regions characterized by
insufficient T cell infiltration, thereby reducing the
efficacy of PD-1 inhibitors.”> These factors determine
immunotherapy response by altering the location, activity,
and function of immune cells. A deeper understanding of
these interactions can provide new ideas for optimizing
immunotherapy strategies and improving patient survival
rates.

3. Spatial architecture shaping
radiotherapy efficacy

Radiotherapy eliminates cancer cells by inducing lethal
DNA breaks through high-energy ionizing radiation.
Over 50% of cancer patients undergo radiotherapy
during treatment.'” However, dose escalation—often
necessary for effective tumor control—increases the risk
of damage on healthy tissues surrounding the irradiated
Therefore, advanced radiotherapy modalities,
such as intensity-modulated radiation therapy, helical
tomotherapy, and proton therapy have been developed to
address these challenges.'™ Although these technologies
can alleviate radiation-induced toxicity to some extent,
the benefit remains relatively limited.'* As such, achieving
safer and more precise radiotherapy delivery continues to
be a primary goal in radiation oncology.

area.
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3.1. Immune cell distribution

Recent research has increasingly focused on the spatial
structure of tumor boundaries in the TME, highlighting
their predictive role in radiotherapy response. The spatial
distribution of infiltrating immune and stromal cells
significantly affects tumor sensitivity to radiotherapy.
In locally advanced rectal cancer (LARC), IMC revealed
that the spatial distribution of tumor-infiltrating
CD8" T cells and TAMs is closely associated with the
response to neoadjuvant chemoradiotherapy (nCRT).
Responders exhibited higher densities of CD8* T cells,
whereas non-responders displayed elevated densities
of TAMs and Treg cells.!” Similarly, another study in
CRC revealed that a high density of M2 macrophages
strongly predicted poorer nCRT response.'” In LARC,
a combined DSP and mlF analysis revealed that
high expression of immune markers, such as human
leukocyte antigen-DR isotype/major histocompatibility
complex class II, and a high density of CD20* B cells
in the stroma, were associated with better response
to nCRT.' In brain tumors, highly multiplexed
immunofluorescence imaging demonstrated extensive
spatial reorganization of immune cell populations and
structures following radiotherapy.”

3.2. Stromal components

In addition to immune cell infiltration, the stromal
components of the TME significantly affect radiotherapy
response. Research shows that vimentin expression
and the tumor-stroma ratio (TSR) in tumor tissues are
important indicators for predicting nCRT efficacy. IMC
analysis in LARC patients revealed that reduced vimentin
expression and an elevated TSR were associated with better
responses to nCRT. Multivariate analyses further identified
the combination of vimentin and TSR as an independent
predictor of nCRT response.'’® Similarly, the tumor-
stroma contact ratio (TSC) is also a critical predictor
of radiochemotherapy response in locally advanced
oropharyngeal squamous cell carcinoma. Higher TSC has
been correlated with poorer radiotherapy response and
shorter survival.!!!

In summary, the distribution patterns of immune
and stromal cells have a crucial impact on radiotherapy
response. The infiltration level and activity of immune cells,
the spatial distribution of stromal cells, and the complex
interactions at the tumor margin collectively determine
radiotherapy eflicacy (Table 2). A deeper understanding
of these spatial dynamics and their relationship with
radiotherapy response provides critical insights for
developing optimized and personalized radiotherapy
strategies, ultimately improving patient outcomes.

Table 2. Cell communities affecting radiotherapy

Tumor Technology Cell Therapy References
community response
LARC IMC Higher density Response 107
of CD8* T cells
Higher density Non-response
of TAMs and
Tregs
mIF/DSP High density of Response 109
CD20"B cells in
the stroma
IMC Increased TSR~ Non-response 110
OPSCC mIF Higher TSC Non-response 111

Abbreviations: CD: Cluster ofdifferentiation; DSP: Digital spatial profiling;
IMC: Imaging mass cytometry; LARC: Locally advanced rectal cancer;
mIF: Multiplex immunofluorescence; OPSCC: Oropharyngeal squamous
cell carcinoma; TAM: Tumor-associated macrophage; Treg: Regulatory
T cell; TSC: Tumor-stroma contact ratio; TSR: Tumor-stroma ratio.

4, Spatial regulation of chemotherapy
outcomes

Conventional chemotherapy is the most common
treatment for solid tumors, with specific regimens varying
by tumor type and stage. However, the therapeutic benefits
of cytotoxic drugs vary significantly among patients.''?
A major challenge lies in understanding and predicting
which patients are unlikely to benefit from such regimens,
as this can affect treatment decisions and quality of life.'”?
Multiple studies indicate that interactions among immune
cells, fibroblasts, stromal components, and vasculature in
the TME directly influence chemotherapy efficacy and
patient prognosis (Table 3). Notably, the spatial distribution
and functional states of immune cells are critical regulators
of chemotherapy response.

4.1. Immune structures and chemosensitivity

In TNBC, DSP revealed that increased estrogen receptor-o.
expression and reduced 4-1BB and melanoma antigen
recognized by T cells 1 in the stromal compartment were
associated with responses to adjuvant chemotherapy with
5-fluorouracil, epirubicin, and cyclophosphamide, while
higher expression of granzyme A, stimulator of interferon
genes, and fibronectin, along with lower CD80 levels in the
tumor compartment, were linked to therapy response.'* In
a study on intrahepatic cholangiocarcinoma, patients with
rapid progress (RP; survival <6 months) or long survival
(LS; survival >23 months) were examined. Using mIF, it
was found that tumor-intrinsic processes, tumor-myeloid
interactions, and tumor-T cell interactions contributed to
RP/LS-associated platinum-combination chemotherapy
resistance.'”” The reduced sensitivity of RP-like cell lines

Volume 4 Issue 4 (2025)

43

doi: 10.36922/TD025250049


https://dx.doi.org/10.36922/TD025250049

TumOr Discovel'y Spatial cell communities and therapy response

Table 3. Cell communities affecting chemotherapy

Tumor Technology Cell community Therapy References
response
TNBC DSP Increased estrogen receptor-a. expression and reduced 4-1BB Response 114
and MART1 in the stromal compartment
Higher expression of GZMA, STING, and fibronectin, and Non-response
lower expression of CD80 in the tumor compartment
iCCA mlIF Tumor-myeloid interactions; tumor-T cell interactions Non-response 115
NSCLC mlIF Dens; InS; TrPS; CMV Response 116
mIF TRM cells showed increased density, infiltration scores, and Response 117

proximity to cancer cells

Gastric cancer mIF Higher Treg and CD163* M2-like macrophage density before Response 118,119
NAG; higher CD8*: CD4* ratios and CD86* M1: CD163+
M2-like macrophage ratios after NAC; notable colocalization
between tumors and CD163* M2-like macrophages

CRC mIHC CCIM Non-response 120
LARC IMC Increased TSR Non-response 110
OPSCC mlIF Higher TSC Non-response 111
PDAC ST/DSP myCAFs adjacent to cancer cells; iCAFs colocalized with Non-response 121,122
NRP and BSL/MES cancer cells; NRP cancer cells colocalized
with CD8+ T cells

Abbreviations: BSL: Basal-like; CCIM: Colorectal cancer immune module; CD: Cluster of differentiation; CMV: Cancer microvasculature; CRC: Colorectal
cancer; DSP: Digital spatial profiling; GZMA: Granzyme A; iCAF: Inflammatory cancer-associated fibroblast; iCCA: Intrahepatic cholangiocarcinoma;
IMC: Imaging mass cytometry; InS: Infiltration score; LARC: Locally advanced rectal cancer; MART1: Melanoma antigen recognized by T cells 1; MES:
Mesenchymal; mIHC: Multiplex immunohistochemistry; mIF: Multiplex immunofluorescence; myCAF: Myofibroblastic cancer-associated fibroblast;
NAC: Neoadjuvant chemotherapy; NRP: Neural-like progenitor; NSCLC: Non-small cell lung cancer; OPSCC: Oropharyngeal squamous cell carcinoma;
PDAC: Pancreatic ductal adenocarcinoma; ST: Spatial transcriptomics; STING: Stimulator of interferon genes; TAM: Tumor-associated macrophage;
TNBC: Triple-negative breast cancer; TRM: Tissue-resident memory T cell; TrPS: Tumor proximity score; Treg: Regulatory T cell; TSC: Tumor-stroma
contact ratio; TSR: Tumor-stroma ratio.

could result from metabolic reprogramming, such as Inlocally advanced gastric cancer, mIF analysis revealed
increased glycolysis, which has been shown to confer that pre-NAC Treg and CD163* M2-like macrophage
chemoresistance to cytotoxic drugs in multiple cancers.'*'** densities were significantly higher in responders than in

non-responders. Following NAC with the FLOT regimen
(docetaxel, oxaliplatin, fluorouracil, and leucovorin),
responders exhibited elevated CD8*/CD4* T cell ratios
and CD86" M1/CD163" M2-like macrophage ratios
compared to non-responders. Spatial assessments further
demonstrated enhanced colocalization of tumor cells
and CD163* M2-like macrophages in responders.'’*!** In
CRC, mIHC analysis identified a CRC immune module
comprising FOLR2* macrophages, Treg cells, exhausted
In neoadjuvant chemotherapy (NAC) studies of CD4* and CD8" T cells, and tolerant CD8" T cells, which
NSCLC, mlF analyses showed that Treg cell density, was predictive of lower chemotherapy sensitivity.'*°
infiltration score, and Treg-CD8" T cell proximity score
were significantly associated with better chemotherapy
response.'’® Another NSCLC study demonstrated that Stromal components in the TME also play a critical role in
TRM increased in density, infiltration, and proximity to chemotherapy response. Through IMC and mIF analyses, a

In immunosuppressive microenvironments,
macrophages can metabolically inactivate gemcitabine
before its uptake by cancer cells and shorten mitotic
arrest duration following DNA damage, limiting the
antitumor effects of chemotherapy. Furthermore, myeloid
cells co-present tumor antigens with immunosuppressive
molecules, promoting Treg expansion and tumor tolerance,
ultimately creating a stable, immune-inert state.

4.2, Stromal barriers and vascular remodeling

cancer cells following NAC. These changes were associated high stromal proportion was identified as a strong predictor
with improved response and prognosis under regimens, of poor chemotherapy response in LARC and locally
such as platinum combined with taxane, pemetrexed, or advanced oropharyngeal squamous cell carcinoma.''*!"
gemcitabine.'” Stromal cells can form a barrier through ECM remodeling,
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hindering chemotherapy drug penetration and resulting in
poor chemotherapy outcomes.

In pancreatic ductal adenocarcinoma samples that
responded poorly to neoadjuvant therapy, ST analysis
revealed that myofibroblastic CAFs tended to be
adjacent to cancer cells, while iCAFs were specifically
colocalized with neural-like progenitor (NRP) and
basal/mesenchymal cancer cells, and NRP cancer
cells colocalized with CD8* T cells. These interactions
contributed to resistance to multi-cycle FOLFIRINOX
(folinic acid, fluorouracil, irinotecan, and oxaliplatin)
treatment.'” These findings are consistent with the DSP-
identified “treatment-enriched community” in pancreatic
ductal adenocarcinoma, composed of NRP and
mesenchymal cancer cells, iCAFs, and CD8* T cells.'*

Vascular remodeling in the TME also plays a pivotal
role in modulating chemotherapy outcomes. In NSCLC,
Treg-CD8* and Treg-CD4* cell proximity scores were
negatively correlated with cancer microvasculature and
CAF density, indicating a complex interaction between
angiogenesis and immunosuppression that influences
response to chemotherapy agents, such as gemcitabine,
pemetrexed, and taxel.''® Moreover, after NAC with
CAPOX (capecitabine combined with oxaliplatin) or
FOLFOX (leucovorin calcium, fluorouracil, and oxaliplatin)
regimens, an increase in CD31" microvasculature density
showed a positive correlation with TRM and non-TRM T
cells.!®

Taken together, the cellular composition and spatial
organization in the TME exert important regulatory
functions in chemotherapy response across tumor types.
Immune structures, stromal components, and vascular

Table 4. Cell communities affecting targeted therapy

remodeling collectively influence treatment strategies and
outcomes.

5. Spatial regulation of targeted therapy
outcomes

Targeted therapy has revolutionized cancer treatment by
shifting from cytotoxic chemotherapy to precision therapy.
This shift was driven by the identification of malignant
“driver” mutations, which promote malignant phenotypes
and sustain cancer cell proliferation. Cancer cells often
exhibit dependence on these drivers, making their
inhibition an effective therapeutic strategy that frequently
induces cell death.'”'*¢ Targeted drugs are classified
into two main categories: large-molecule monoclonal
antibodies and small-molecule kinase inhibitors.

Although targeted therapy elicits effective responses
with lower toxicity, resistance frequently develops
in advanced diseases due to factors contributing to
intratumoral heterogeneity.'” Omics-based research
aimed at uncovering resistance mechanisms, identifying
synergistic drug combinations, and discovering predictive
biomarkers underscores the potential for personalized
therapy'IZSfISO

5.1. Immune cell composition and drug sensitivity

Research has shown that the quantity and spatial
distribution of TILs significantly influence the efficacy
of human epidermal growth factor receptor 2 (HER2)-
targeted therapy (Table 4). In HER2-positive breast and
gastric cancers, mIF analysis revealed that favorable
responses to lapatinib were significantly associated with
higher baseline infiltration of stromal CD4", intratumoral
CD4', and intratumoral CD20* TILs."*"*

Tumor Technology Cell community Therapy References
response

Breast cancer mIF Higher baseline stromal CD4", intratumoral CD4*, and Response 131,132
intratumoral CD20* TIL infiltration

Gastric cancer mIHC Higher interaction scores among NK cells and CD8* T cells, Response 133
B cells and M2 macrophages, and B cells and Tregs

RCC IMC TLS-like CN phenotypes CD8" T cell-B cell and Response 134
GZMB*CD8"T cell-B cell interactions

HCC ST Interactions between HCC cells and CAFs Non-response 135
Regions of high PD-L1 expression Response 59

0OSCC ST LE gene signatures Non-response 136
TC gene signatures Response

Abbreviations: CAF: Cancer-associated fibroblast; CD: Cluster of differentiation; CN: Cellular neighborhood; GZMB: Granzyme B;

HCC: Hepatocellular carcinoma; IMC: Imaging mass cytometry; LE: Leading edge; mIF: Multiplex immunofluorescence; mIHC: Multiplex
immunohistochemistry; NK cell: Natural killer cell; OSCC: Oral squamous cell carcinoma; PD-L1: Programmed death-ligand 1; RCC: Renal cell
carcinoma; ST: Spatial transcriptomics; TC: Tumor core; TIL: Tumor-infiltrating lymphocyte; TLS: Tertiary lymphoid structure; Treg: Regulatory T cell.
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In gastric cancer, mIHC further demonstrated that
post-treatment infiltration of natural killer cells, CD8* T
cells, and B cells was significantly increased in responders
to HER2-targeted therapy. Spatial analyses in these patients
revealed higher interaction scores between natural killer
cells and CD8" T cells, B cells, and M2 macrophages, and B
cells and Treg cells. These interactions effectively inhibited

the immunosuppressive activity of M2 macrophages and
Treg cells.'*

In addition, in metastatic melanoma, an integrated
analysis of digital pathology and transcriptomics indicated
that activated CD8* T cells located in less densely populated
regions were closely associated with reduced tumor cell
proliferation and improved efficacy of BRAF inhibitors,
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Figure 4. Spatial structures predicting therapeutic response or resistance to immunotherapy, chemotherapy, radiotherapy, or targeted therapy. Different
cellular states and types, their spatial proximity or separation within different tumor regions, and their interactions form spatial structures—such as TLS,
CN, TIB, LCAM, and the CRC immune module. In addition, TSR, TSC, and the spatial heterogeneity of therapeutic target expression can collectively
predict patient response to immunotherapy, chemotherapy, radiotherapy, or targeted therapy. The figure was created using Biorender.com. Shan, J. (2025)
https://BioRender.com/x16c605.

Abbreviations: APOE: Apolipoprotein E; Argl: Arginase 1; CAF: Cancer-associated fibroblast; CCIM: Colorectal cancer immune module; CD: Cluster
of differentiation; CMV: Cancer microvasculature; CN: Cellular neighborhood; CRC: Colorectal cancer; CTL: Cytotoxic T lymphocyte; DC: Dendritic
cell; DKK3: Dickkopf WNT signaling pathway inhibitor 3; FDC: Follicular dendritic cell; FOLR2: Folate receptor beta; FRC: Fibroblastic reticular cell;
HEV: High endothelial venule; HER2: Human epidermal growth factor receptor 2; iCAF: Inflammatory cancer-associated fibroblast; IgG: Immunoglobulin
G; KC: Kupffer cell; LCAM: Lung cancer activation module; LE: Leading edge; MES: Mesenchymal; mCAF: Matrix cancer-associated fibroblast;
mYCAF: Myofibroblastic cancer-associated fibroblast; MMP7: Matrix metalloproteinase 7; NAT: Normal adjacent tissue; NK: Natural killer;
PD-1: Programmed cell death protein 1; PD-L1: Programmed death-ligand 1; PDCD1: Programmed cell death 1; POSTN: Periostin; SPP1: Osteopontin;
TIB: Tumor-infiltrating B cell; TAM: Tumor-associated macrophage; TAN: Tumor-associated neutrophil; TC: Tumor core; Treg: Regulatory T cell;
TLS: Tertiary lymphoid structure; TMIGD2: Transmembrane and immunoglobulin domain containing 2; TSC: Tumor-stroma contact ratio; TSR: Tumor-
stroma ratio.
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such as vemurafenib, dabrafenib, dabrafenib-trametinib,
and encorafenib-binimetinib.!?’

In ccRCC, IMC-based cell neighborhood analysis
subdivided TME phenotypes and identified TLS-like
phenotypes with abundant CD8* T cell-B cell and
GZMB*CD8* T cell-B cell interactions, which were
correlated with improved outcomes and responses to
sunitinib treatment.'**

Stromal components in the TME also influence
targeted therapy. In HCC, ST analysis demonstrated that
interactions between HCC cells and CAFs remodel the
ECM, creating a physical barrier that limits the penetration
and efficacy of targeted drugs, such as cabozantinib.'*

5.2. Spatial heterogeneity of target expression

The spatial heterogeneity of therapeutic target expression
also affects the efficacy of targeted therapy (Table 4). Studies
have revealed that HER2 expression exhibits intralesional
spatial heterogeneity (within a single tumor lesion),
interlesional spatial heterogeneity (among different tumor
sites), and temporal heterogeneity (during treatment).
Spatial and temporal heterogeneity may influence both the
response to and resistance against HER2-targeted agents,
and their prevalence and predictive roles vary across HER2-
overexpressing solid tumors.!**'* Areas with high HER2
expression often respond better to HER2-targeted therapies—
including lapatinib, tucatinib, neratinib, or pyrotinib—while
areas with low HER2 expression may escape treatment."*
Such spatial heterogeneity not only affects initial treatment
responses but also contributes to drug resistance.

Research on oral squamous cell carcinoma further
revealed a connection between regional gene expression
and response to targeted therapy. Using ST, researchers
identified structural heterogeneity between the TC and
margin. The margin-associated gene expression profile
was conserved across multiple cancers and correlated with
poorer clinical outcomes. In contrast, the TC signature was
tissue-specific and associated with favorable therapeutic
responses in multiple cancer types.'*

In HCC, spatial heterogeneity of PD-L1 expression also
influences response to immunotherapy combined with
targeted therapy. IMCanalyses revealed that PD-L1 levelson
tumor cells were significantly higher at the immune-tumor
boundary than in more distant regions in non-responders.
Regions with high PD-L1 expression demonstrated better
responses to ICIs, such as cabozantinib, whereas areas with
low PD-L1 expression were more likely to evade immune
surveillance.® These findings highlight the critical
influence of spatially heterogeneous target expression on
treatment outcomes and underscore the importance of
spatial profiling in optimizing therapeutic strategies.

6. Conclusion

The spatial heterogeneity of the TME has emerged as
a critical determinant of therapeutic outcomes across
diverse cancer types. While traditional methods have
focused on cellular composition and gene expression,
recent advances in spatial omics technologies now enable
high-resolution mapping of the TME, revealing how the
location, interaction, and structural organization of cellular
communities influence treatment responses. Importantly,
spatial omics technologies have demonstrated that it is not
merely cellular composition, but the relative positioning,
interaction density, and compartmental organization of
these cells that determine therapeutic responses (Figure 4).
Future advancements in spatial omics will further drive
TME research by constructing comprehensive ecosystem
maps and elucidating the mechanisms underlying
specific structural modules. The discovery of such
spatial architectures will provide new insights into the
development of personalized tumor treatment strategies,
ultimately advancing precision therapy for individual
patients. To achieve these goals, several key scientific
questions require further investigation.

Despite its promise, this field remains in its early
stages, and many critical questions must still be addressed,
including:

(i) Are there other conserved cellular communities, such
as TLS, that play essential roles across different tumor
types?

(ii) Do cellular communities with distinct compositions
undergo dynamic transitions during treatment?

(iii) How do these transitions influence therapeutic
outcomes?

These questions necessitate further investigation
using spatial omics in combination with lineage-tracing
techniques. Moreover, the molecular characteristics of
therapy-resistant regions remain incompletely understood.
Future research integrating spatial multi-omics analysis
may enable a more detailed characterization of the
molecular networks within these niches, facilitating the
identification of more precise therapeutic targets. Finally,
as cell communities represent structured and spatially
organized entities, determining how to experimentally
validate their function and dynamics in situ remains a
major challenge.

In conclusion, future research on the structural
heterogeneity of the TME must focus not only on
refining spatial omics technologies—by enhancing
resolution, optimizing analytical workflows, and
integrating methodologies—but also on combining these
advancements with functional experiments, clinical trials,
and multicenter validation. These efforts will be essential
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for promoting the broad clinical application of spatial
omics in precision oncology.
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