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A tri-component organoid model reveals
field-cancerized fibroblasts as key drivers
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Lung adenocarcinoma (LUAD) is a leading cause of cancer-
related mortality, driven by extensive tumor heterogeneity
and therapy resistance. Conventional models fail to capture
the dynamic interactions between cancer cells and the tumor
microenvironment (TME), limiting therapeutic advance-
ments. Here, we present a tricomponent organoid platform
integrating patient-derived lung cancer tumoroids (LCTs),
normal lung organoids (LOs), and field-cancerized fibro-
blasts to dissect LUAD heterogeneity and treatment resis-
tance mechanisms. This platform uniquely enables the
simultaneous investigation of tumor-specific vulnerabilities,
stromal contributions to drug resistance, and normal tissue
toxicity. Spatial and bulk transcriptomic analyses reveal
LUAD-specific gene signatures and highlight cancer-associ-
ated fibroblasts (CAFs) as key drivers of a pro-tumorigenic
TME, reinforcing tumor survival and recurrence. Functional
drug screening demonstrates that LCTs exhibit selective
sensitivity to pemetrexed while fibroblasts remain univer-
sally resistant, underscoring stromal barriers to therapy.
The inclusion of LOs allows direct assessment of drug toxicity
on healthy lung tissue, bridging a critical gap in preclinical
modeling. By capturing the tumor-stroma interplay with
patient specificity, this organoid platform advances preci-
sion oncology, paving the way for more effective therapeutic
strategies targeting both LUAD cells and the supportive
microenvironment.

INTRODUCTION

Lung cancer remains the most frequently diagnosed malignancy
worldwide, accounting for approximately 12.4% of all newly diag-
nosed cancers and projected to reach 3.8 million new cases annually
by 2070.'® Despite substantial advances in clinical research and
therapeutic development, lung cancer continues to be the leading
cause of cancer-related mortality, with an estimated 2 million deaths

reported in 2022 alone."”>” This burden is driven predominantly by
non-small cell lung cancer (NSCLC), which comprises >80% of all
lung cancer diagnoses and is associated with a 5-year overall survival
rate of <15%.

NSCLC encompasses two major histological subtypes: lung adeno-
carcinoma (LUAD) and lung squamous cell carcinoma (LUSC).
LUAD is distinguished by pronounced phenotypic and genomic
heterogeneity, resulting in extensive inter- and intratumoral vari-
ability.” Such heterogeneity complicates therapeutic decision-
making, as tumor cells within and across patients can differ
markedly in growth kinetics, invasion behavior, and molecular
drivers. Clinically, this diversity translates into high relapse rates,
up to 30%-50% of patients with early-stage LUAD develop meta-
static recurrence following surgery resection, and nearly half ulti-
mately relapse.”®

Received 24 April 2025; accepted 26 May 2026;
https://doi.org/10.1016/j.omton.2026.201251.

"These authors contributed equally

Correspondence: Nguan Soon Tan, Lee Kong Chian School of Medicine, Nanyang
Technological University Singapore, 11 Mandalay Road, Singapore 308232,
Singapore.

E-mail: nstan@ntu.edu.sg

Correspondence: Shumin Liao, Department of Pharmacology, Joint Laboratory of
Guangdong-Hong Kong Universities for Vascular Homeostasis and Diseases,
School of Medicine, Southern University of Science and Technology, Shenzhen
518055, China.

E-mail: liaosm2022@sustech.edu.cn

Correspondence: Liang Li, Department of Pharmacology, Joint Laboratory of
Guangdong-Hong Kong Universities for Vascular Homeostasis and Diseases,
School of Medicine, Southern University of Science and Technology, Shenzhen
518055, China.

E-mail: lil@sustech.edu.cn

Correspondence: Guangjian Zhang, Department of Thoracic Surgery, the First
Affiliated Hospital, Xi’an Jiaotong University, Yan Ta West Road No.277, Xi’an,
Shaanxi Province 710061, China.

E-mail: michael8039@xjtu.edu.cn

R Molecular Therapy: Oncology Vol. 34 September 2026 © 2026 The Author(s). 1
et Published by Elsevier Inc. on behalf of The American Society of Gene and Cell Therapy.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.omton.2026.201251
mailto:nstan@ntu.edu.sg
mailto:liaosm2022@sustech.edu.cn
mailto:lil@sustech.edu.cn
mailto:michael8039@xjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omton.2026.201251&domain=pdf

A major contributor to these persistently high relapse rates is field
cancerization, a process in which histologically normal-appearing
tissues adjacent to tumors harbor premalignant molecular and func-
tional alterations.”® In NSCLC, accumulating evidence indicates
that this phenomenon is actively shaped by cancer-associated fibro-
blasts (CAFs), which propagate oxidative stress and pro-tumorigenic
signaling beyond the tumor core.”'*'" Such stromal conditioning es-
tablishes a permissive microenvironment that supports tumor pro-
gression, promotes therapy resistance, and predisposes to disease
recurrence.” In this study, we define field-cancerized fibroblasts
(FCFs) as para-tumor fibroblasts that exhibit transcriptomic and
pathway signatures characteristic of CAFs, consistent with the
broader concept of field cancerization whereby tumor-adjacent cells
acquire pro-tumorigenic features through chronic exposure to carci-
nogenic and paracrine cues.

Large-scale transcriptomic analyses provide further support for the
existence and biological relevance of field cancerization in NSCLC.
Studies of airway epithelium have shown that tissues appearing his-
tologically normal can display molecular signatures closely resem-
bling those of tumors, with some genes exhibiting spatial gradients
that intensify with proximity to the tumor margin.® Importantly,
these field effects are not uniform across NSCLC subtypes: central
airways tend to show more extensive damage in LUSC, whereas pe-
ripheral airways are preferentially affected in LUAD.” Together,
these findings underscore that field cancerization is spatially struc-
tured, subtype-dependent, and likely to have distinct functional con-
sequences in LUAD.

Despite strong evidence implicating cancerized stromal fibroblasts in
therapy resistance, their molecular states and the mechanisms by
which they promote LUAD relapse remain insufficiently defined.
In particular, how fibroblasts within ostensibly non-malignant
para-tumor tissue remodel the extracellular matrix (ECM), engage
in ligand-receptor signaling, and release soluble factors to sustain tu-
mor survival is poorly understood. Resolving these mechanisms is
critical for designing therapeutic strategies that disrupt stromal sup-
port or reverse its tumor-promoting effects.

Current clinical management of early-stage LUAD typically involves
surgical resection, with neoadjuvant chemotherapy or combined
chemoradiation reserved for higher-risk or more advanced disease,
guided by histological and molecular assessments.'>'> However,
the intrinsic heterogeneity of NSCLC, coupled with incomplete un-
derstanding of stromal contributions to recurrence and drug resis-
tance, frequently undermines treatment durability.'*"
tions highlight the need for experimental systems that can faithfully
capture not only tumor-intrinsic complexity but also interactions be-
tween malignant cells and a cancerized stromal compartment.

These limita-

Conventional in vitro and in vivo models, including two-dimensional
cancer cell lines, primary cultures, and patient-derived xenografts
(PDX), remain widely used,'® yet each has inherent limitations.
Two-dimensional cultures fail to recapitulate tumor architecture
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and biomechanical properties of the tumor microenvironment
(TME), which are known to influence cancer cell aggressiveness
and chemoresistance.'®'” PDX models better preserve tumor hetero-
geneity, but their reliance on immunodeficient hosts and non-ortho-
topic engraftment precludes accurate modeling of immune and stro-
mal interactions in the native lung context and requires prolonged,
resource-intensive establishment.'™'” They also require lengthy,
costly development. In contrast, patient-derived lung cancer tumor-
oids (LCTs) retain the genetic, epigenetic, and molecular hallmarks
of the parent tumors and provide a more rapid and scalable platform
for therapeutic interrogation.”’ >

Here, we integrate patient-derived LCTs, matched normal lung orga-
noids (LOs), and para-tumor FCFs within a unified experimental
framework, together with bulk and spatial transcriptomic analyses,
to interrogate mechanisms of therapy resistance in LUAD. By
directly comparing drug responses of tumor cells and cancerized
stromal fibroblasts, and by resolving their molecular and signaling
interactions, we aim to uncover underexplored drivers of relapse
and chemoresistance. This tri-component platform addresses a crit-
ical gap in LUAD modeling by enabling simultaneous assessment of
tumor vulnerability, stromal protection, and normal tissue tolerance,
thereby providing a foundation for more precise strategies to over-
come stromal-mediated therapeutic failure and disease progression.

RESULTS

Comprehensive analysis reveals LUAD heterogeneity and tumor
microenvironment complexity

LUAD and LUSC are commonly grouped under the umbrella of
NSCLC and often managed using similar therapeutic strategies.
However, integrated transcriptomic analyses reveal that these sub-
types represent biologically distinct diseases with divergent molecu-
lar architectures, underscoring the need for subtype-specific thera-
peutic approaches. Analysis of The Cancer Genome Atlas (TCGA)
bulk sequencing (RNA-seq) data demonstrated substantial diver-
gence between LUAD and LUSC: although 3,970 genes were shared,
LUSC exhibited 4,533 subtype-specific genes, whereas LUAD dis-
played 2,232 unique genes (Figure 1A). These differences highlight
the necessity of precision medicine strategies tailored to the
LUAD-specific genomic landscape.

Further interrogation of LUAD-specific transcriptional signatures
across TCGA and in-house datasets uncovered pronounced inter-
patient heterogeneity, consistent with the diverse histological pat-
terns observed clinically (Figure 1B). This variability was partly
attributable to differential infiltration by stromal and immune pop-
ulations, reflecting the complexity of the LUAD TME. Despite this
heterogeneity, LUAD samples consistently maintained a distinct
molecular identity when compared with normal lung tissue
(Figure 1C). Gene ontology analyses revealed coordinated upregula-
tion of immune-related and ECM remodeling pathways, including
collagen degradation and TGFf1 signaling, alongside downregula-
tion of epithelial proliferation and angiogenesis pathways
(Figures 1D and 1E). Collectively, these data indicate a significant
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remodeling of lung architecture in LUAD. Together, these transcrip-
tional programs indicate extensive remodeling of lung tissue archi-
tecture in LUAD.

Histopathological examination corroborated these molecular find-
ings, revealing marked alterations in tissue organization, including
glandular and papillary structures, invasive growth patterns, and nu-
clear atypia (Figures 1F and 1G). Collectively, these features reflect a
tumor ecosystem characterized by both malignant epithelial trans-
formation and substantial stromal reprogramming.

Single-cell RNA sequencing (scRNA-seq) further resolved the
cellular composition of the LUAD TME, identifying eight major
populations: epithelial cells, endothelial cells, fibroblasts, myeloid
cells, granulocytes, B cells, T cells, and CD45" immune cells
(Figure 1H). Compared with normal lung tissue, LUAD exhibited
a reduced epithelial fraction accompanied by enrichment of stromal
and immune compartments, with CAFs emerging as a particularly
prominent population (Figure 1I). This cellular composition aligns
with histological observations, in which CAFs were abundant and
exhibited spindle-shaped, disorganized morphologies throughout
LUAD specimens. Given their established roles in ECM remodeling,
these CAFs likely contribute directly to tumor invasion and progres-
sion, positioning them as major drivers of LUAD heterogeneity.

Taken together, these integrated bulk transcriptomic, histological,
and single-cell analyses underscore the multifaceted nature of
LUAD and identify CAFs as central components of a remodeled,
resilient TME. These findings suggest that stromal fibroblasts are
not passive bystanders but active determinants of tumor plasticity,
therapeutic resistance, and disease recurrence.

CAFs as key mediators of tumor-stroma interplay in LUAD

To define how distinct cellular compartments coordinate to sustain
LUAD growth and resilience, we next applied spatial transcriptomics
at single-cell resolution. Seven major tumor-associated cell clusters
were identified, including adenocarcinoma cells, B cells, endothelial
cells, fibroblasts, macrophages, mast cells, and T cells (Figure S1A).
Notably, the patient-derived dataset displayed a unique TME
composition, with adenocarcinoma cells accounting for 8.37% of
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cells, fibroblasts for 17.7%, and endothelial cells for 10.7%. In
contrast, B cells were markedly enriched (37.8%), while T cells
were comparatively underrepresented (6.49%), diverging from pat-
terns observed in the independent GSE253013 cohort and high-
lighting substantial inter-patient heterogeneity (Figures 2A and 2B).

Cell-cell communication analysis using CellChat revealed a highly
interconnected signaling network within the LUAD TME. Endothe-
lial cells emerged as dominant signal senders, followed closely by fi-
broblasts and macrophages, whereas adenocarcinoma cells were the
principal signal recipients (Figure 2C). Among stromal populations,
fibroblasts exerted a particularly strong influence on adenocarci-
noma cells, surpassing even endothelial cells in their predicted
signaling impact (Figures 2B and 2C). Spatial mapping further
demonstrated that fibroblasts were preferentially co-localized with
adenocarcinoma cells, exhibiting a higher fibroblast-to-tumor cell
ratio (2.11) compared with endothelial cells (1.28) (Figures 2D-2F).

Importantly, spatial and signaling analyses revealed evidence of
ERBB2-associated amplification of CAF activity, suggesting that
oncogenic ERBB2 signaling may potentiate tumor-stroma crosstalk.
This observation reinforces the concept that CAFs function as a cen-
tral signaling nexus within the LUAD microenvironment, inte-
grating oncogenic cues to reinforce tumor survival and progression.

Collectively, these data position CAFs as key orchestrators of tumor-
stroma communication in LUAD, driving ligand-receptor interac-
tions that expand and stabilize a tumor-supportive niche. Targeting
CAF-mediated signaling pathways therefore represents a promising
strategy to disrupt stromal support, overcome therapy resistance,
and mitigate disease recurrence in this heterogeneous malignancy.

Patient-specific tumoroid-CAF platform reveals stromal drug
resistance in LUAD

Building on our observations that LUAD heterogeneity is strongly
shaped by CAFs and adjacent field-cancerized tissues, we developed
a three-dimensional (3D) culture platform designed to recapitulate
these stromal interactions in a patient-specific manner. This tri-
component system integrates (1) patient-derived LCTs, (2) normal

Figure 1. Integrated transcriptomic, histological, and single-cell analysis reveals LUAD-specific heterogeneity and stromal enrichment

(A) Venn diagram showing differentially expressed genes (DEGs) identified from tumor versus normal comparisons in lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma (LUSC). Shared lung cancer gene signatures and subtype-specific DEGs unique to LUAD or LUSC are indicated. (B and C) Heatmaps of LUAD-specific gene
signatures comparing tumor and normal lung tissue. (B) Integrated analysis of TCGA and in-house datasets demonstrates consistent LUAD-associated expression patterns
across cohorts. (C) An independent in-house patient dataset confirms these LUAD-specific transcriptional signatures. Gene expression is shown as z-scores, with red
indicating upregulation and blue indicating downregulation. (D and E) Gene Ontology (GO) enrichment analysis of LUAD tumor DEGs. (D) Upregulated pathways are enriched
for immune responses and extracellular matrix (ECM) remodeling processes, including collagen metabolism and TGF- signaling. (E) Downregulated pathways include
epithelial cell proliferation, canonical Wnt signaling, and angiogenesis-related processes. Dot size reflects the number of genes per pathway, and color indicates statistical
significance (g value). (F and G) Representative H&E-stained sections of (F) normal lung tissue and (G) LUAD tissue. Tumor sections show marked architectural disruption and
stromal expansion. Red arrows indicate cancerous regions, while blue arrows highlight cancer-associated fibroblasts (CAFs). Scale bars, 50 pm. (H) Stacked bar plot
showing relative proportions of major cell types derived from the single-cell RNA-seq dataset GSE253013, comparing normal lung and LUAD tissues. Cell types include
epithelial, endothelial, fibroblast, myeloid, granulocyte, B cell, T cell, and CD45" immune populations. () Boxplots summarizing relative abundances (%) of individual cell
populations in normal versus LUAD tissues from GSE253013, highlighting depletion of epithelial cells and enrichment of stromal and immune compartments, including
fibroblasts/CAFs, in LUAD.
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Figure 2. Spatial transcriptomic analysis identifies fibroblasts as dominant mediators of tumor-stroma interactions in LUAD

(A) Stacked bar plot showing the relative proportions of major cell types identified by spatial transcriptomics in LUAD tumor tissue, including adenocarcinoma cells, fibro-
blasts, endothelial cells, and immune populations. (B) Two-dimensional embedding of spatial transcriptomic single cells colored by annotated cell type, illustrating the spatial
organization and intermixing of tumor and stromal compartments within the LUAD tissue section. (C) Heatmap of spatial proximity-based cell-cell interaction frequencies,
showing enrichment or depletion of interactions between sender (rows) and receiver (columns) cell types. Interaction enrichment was calculated by comparing observed
spatial adjacency to expected frequencies derived from 2,000 randomized spatial network simulations. Fibroblasts and endothelial cells emerge as prominent signal-sending
populations toward adenocarcinoma cells. (D and E) Spatial maps showing the distribution of adenocarcinoma cells in relation to (D) fibroblasts and (E) endothelial cells,
highlighting preferential co-localization of fibroblasts with tumor cells compared with endothelial cells. (F) Quantification of stromal cell enrichment relative to adenocarcinoma
cells, expressed as ratios of fibroblasts and endothelial cells to tumor cells. Fibroblasts display a higher relative abundance (ratio = 2.11) than endothelial cells (ratio = 1.28),

consistent with their dominant spatial association with tumor regions.

LOs, and (3) fibroblasts isolated from para-tumor field-cancerized
tissues.

We established a clinically relevant workflow that enables the parallel
generation of LCTs and LOs from surgical specimens within a two-
week window between tumor resection and initiation of consolida-
tion chemotherapy (Figure 3A). In culture, LCTs formed dense sphe-
roidal structures with diameters of 50-150 pm, closely resembling
the compact architecture of primary LUAD tumors, whereas LOs
formed larger, vesicular structures up to 200 um in diameter that re-
tained morphological

features of normal lung epithelium

(Figure 3B). This configuration allowed direct, compartment-

resolved assessment of drug responses across tumor, stromal, and
normal tissue components within a single experimental framework.

Using this platform, we evaluated the effects of pemetrexed, cisplatin,
and toripalimab on LCTs, cancerized fibroblasts, and LOs. LCT's ex-
hibited marked sensitivity to pemetrexed, with viability reduced to
approximately 20% at 1.0 ng/mL and below 5% at 5.0 ng/mL. In
contrast, cisplatin and toripalimab produced minimal effects on
LCT viability, which remained above 80% across tested concentra-
tions (Figure 3C). Strikingly, fibroblasts isolated from para-tumor
tissues were uniformly resistant to all three agents, maintaining
nearly 100% viability under all treatment conditions (Figure 3D).

Molecular Therapy: Oncology Vol. 34 September 2026 5
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Figure 3. Stromal fibroblasts are intrinsically drug resistant and functionally confer pemetrexed resistance to LUAD tumoroids

(A) Schematic workflow for generating patient-derived lung cancer tumoroids (LCTs) from surgical specimens. Steps include (1) collection of fresh lung cancer tissue, (2)
mechanical dissociation into small fragments, (3) enzymatic digestion under controlled conditions, (4) filtration and cell suspension collection, (5) centrifugation to isolate
viable cells, (6) resuspension in Matrigel, and (7) 3D culture maintenance under optimized growth conditions. This process preserves the characteristics of the original tumor
tissue. (B) Representative phase-contrast images of LCTs and matched normal lung organoids (LOs). LCTs form dense, multicellular spheroids, whereas LOs adopt vesicular
morphologies characteristic of normal lung epithelium. Patient-derived fibroblasts exhibit elongated, spindle-shaped morphology. Scale bars, 200 pm. (C-E) Drug sensitivity
profiles of (C) LCTs, (D) cancerized fibroblasts, and (E) LOs following treatment with pemetrexed (1.0 and 5.0 ng/mL), cisplatin (1.0 and 5.0 ng/mL), or toripalimab (1.0 and
10.0 ng/mL). LCTs show pronounced sensitivity to pemetrexed (**p < 0.001), while cisplatin and toripalimab have minimal effects. Cancerized fibroblasts are uniformly
resistant to all tested agents, whereas LOs display modest baseline viability with no significant additional drug-induced cytotoxicity. Cell viability is expressed as a percentage
of untreated controls (mean + SD; n = 3 independent experiments). (F) Co-culture assays demonstrating stromal-mediated chemoresistance. LCTs from two independent

(legend continued on next page)
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Normal LOs displayed modest baseline viability (60%-70%) but were
similarly unaffected by drug exposure (Figure 3E).

To determine whether fibroblast drug resistance translated into
functional protection of tumor cells, we performed co-culture ex-
periments in which LCTs were cultured with either FCFs or
CAFs and treated with pemetrexed. In both donor 1 and donor 2,
pemetrexed treatment alone reduced LCT viability to approxi-
mately 30%. However, co-culture with FCFs increased LCT
viability to ~75% and ~70%, respectively, while CAF co-culture
further enhanced viability to >80% in donor 1 and ~80% in donor
2 (Figure 3F). These findings indicate that fibroblasts from both tu-
mor and para-tumor regions are associated with increased tumor
cell survival under chemotherapy.

Collectively, these results confirm pemetrexed efficacy against LUAD
tumor cells while revealing a critical therapeutic gap: stromal fibro-
blasts that are intrinsically drug resistant and capable of shielding tu-
mor cells from chemotherapy. Without strategies to overcome this
stromal barrier, tumor-directed therapies alone may be insufficient
to achieve durable remission.

Field cancerization in para-tumor tissue is associated with a
transformed CAF-like fibroblast phenotype

Motivated by the pronounced drug resistance of fibroblasts derived
from tumor-adjacent tissues, we next examined whether these cells
exhibit molecular features consistent with field cancerization. In cul-
ture, para-tumor fibroblasts displayed the spindle-shaped
morphology typical of CAFs (Figure 4A). Immunofluorescence
staining for vimentin and F-actin (phalloidin) confirmed their fibro-
blast identity (Figure 4B); however, these canonical markers did not
distinguish them from fibroblasts derived from non-malignant tis-
sue, necessitating deeper molecular characterization.

Bulk RNA-seq revealed a marked shift in the transcriptomic profiles
of para-tumor fibroblasts
(Figure 4C). Gene enrichment analyses demonstrated significant up-
regulation of pathways involved in collagen metabolism and ECM
remodeling, hallmark features of CAF function (Figure 4D). These
data indicate that fibroblasts within histologically normal adjacent
tissue can undergo functional reprogramming into a tumor-support-
ive state that is not apparent at the level of standard fibroblast
markers.

toward a cancer-associated state

In parallel, gene set enrichment analysis (GSEA) confirmed that pa-
tient-derived LCT's recapitulated core LUAD molecular programs,
including enhanced cell-cycle activity (NES = 1.85), elevated reactive
oxygen species (ROS) response pathways (NES = 2.30), and altered

organellar functions such as ciliogenesis (NES = 1.86) (adjusted
p < 0.05 for all; Figure 4E).

To define how cancerized fibroblasts communicate with tumor cells,
we performed ligand-receptor interaction analysis using the
CellChat R package. This analysis revealed predominantly fibro-
blast-driven signaling toward adenocarcinoma cells. Specifically,
fibroblast-derived ligands including COL1A1 and FN1 engaged tu-
mor-cell receptors ITGA3-ITGB1 and CD44 (Figure 4F), whereas
endothelial cells primarily communicated with tumor cells through
APP-CD74 interactions (Figure S1B). These results identify fibro-
major signaling contributors within the LUAD
microenvironment.

blasts as

To investigate the functional relevance of candidate receptor path-
ways, we performed siRNA-mediated knockdown of CD44 or
ITGA3/ITGBI in LCT-CAF co-cultures. In donor 1, CD44 knock-
down significantly reduced LCT viability under pemetrexed from
~86.8% to ~47.3%, while ITGA3/ITGB1 knockdown resulted in a
more modest but significant reduction to ~67.2%.

In donor 2, CAF co-culture elevated LCT viability from 29.3% to
only 54.6% under pemetrexed—a markedly attenuated protective ef-
fect relative to donor 1, indicating that tumor-intrinsic resistance
mechanisms beyond the CAF-tumor axis may contribute to the over-
all chemoresistance landscape in this donor. Nevertheless, CD44
knockdown produced a significant reduction in viability to
~43.8%, confirming a consistent, albeit donor scaled, contribution
of CD44 to stromal chemoprotection. In contrast, ITGA3/ITGB1
knockdown had no appreciable effect in donor 2 (Figure 4G), sug-
gesting that integrin-mediated pathways are not uniformly engaged
across patients. Taken together, these findings implicate CD44 as a
reproducible mediator of CAF-conferred resistance while high-
lighting the patient-specific nature of integrin involvement, consis-
tent with heterogeneous and personalized TME chemoresistance
programs. siRNA treatment alone did not affect baseline LCT
viability in either donor, confirming that observed effects were
contingent on pharmacological and cytotoxic challenge.

Taken together, these results support a previously underappreciated
FCF state in para-tumor lung tissue and a model in which stromal
fibroblasts contribute to a chemoprotective niche that attenuates pe-
metrexed efficacy in LUAD. While the magnitude and mechanistic
drivers of this effect vary between donors, the overall phenomenon
remains consistent, underscoring the robustness of stromal-medi-
ated protection. Importantly, the observed inter-donor variability
highlights that these interactions are not governed by a single univer-
sal pathway but instead reflect patient-specific dependencies. This

LUAD donors were cultured alone or co-cultured with matched field-cancerized fibroblasts (FCFs) or cancer-associated fibroblasts (CAFs) and treated with vehicle or
pemetrexed. Co-culture with either FCFs or CAFs significantly attenuated pemetrexed-induced cytotoxicity in LCTs, restoring tumor cell viability relative to LCT-only cultures.
Data are shown as mean + SEM (n = 3-5 biological replicates); dots represent individual replicates. p values reported in respective comparisons were calculated using

unpaired two-tailed t tests.
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reinforces the need for comprehensive tumor and microenviron-
mental profiling to accurately resolve the dominant resistance mech-
anisms in each context. In this light, our findings not only validate
the functional importance of stromal-tumor interactions but also
emphasize that effective therapeutic strategies will likely require
stratified, precision-based approaches rather than uniform targeting
of a single pathway. By enabling integrated analysis of tumor, stro-
mal, and normal compartments, the tri-component organoid plat-
form provides a foundation for mechanistic dissection of stromal-
mediated resistance and the development of personalized strategies
to disrupt the tumor-stroma niche.

DISCUSSION

In this study, we established a tri-component organoid system that
integrates patient-derived LCTs, matched normal LOs, and fibro-
blasts isolated from peri-tumoral tissue. Unlike conventional tu-
mor-centric models, this platform preserves reciprocal interactions
among malignant epithelial cells, stromal fibroblasts, and healthy
lung tissue within a unified experimental framework. By anchoring
the model to deep phenotyping and spatial transcriptomic analyses
of the originating patient tumors, we capture both intra- and inter-
tumoral heterogeneity that is frequently obscured in reductionist
systems and that likely underlies the limited durability of standard-
ized therapies. As such, the tri-component platform provides a phys-
iologically relevant context for dissecting tumor-stroma interactions
and for evaluating patient-specific therapeutic vulnerabilities.

A central finding of this work is that fibroblasts derived from histo-
logically normal para-tumoral tissue exhibit pervasive drug resis-
tance and exert a dominant influence on tumor cell survival under
chemotherapy stress. Although these cells express canonical stromal
markers such as vimentin and F-actin, transcriptional profiling re-
veals a reprogrammed molecular state consistent with field cancer-
ization. This observation supports a model in which carcinogen
exposure and chronic paracrine signaling extend beyond the tumor
core to establish a pre-conditioned stromal niche that actively sus-

tains tumor persistence and recurrence. The close proximity of these
CAFs to cancer cells suggests they not only promote tumor survival
but also maintain therapeutic resistance by establishing a protective
niche. This observation aligns with growing evidence that pre-
cancerous lesions and primary tumors often share transcriptomic
profiles, positioning CAFs as central mediators of LUAD heteroge-
neity and recurrence. Importantly, this stromal drug resistance was
conserved across all tested therapies, whereas normal LOs displayed
limited sensitivity to pemetrexed, underscoring both the selectivity
of tumor-directed effects and the relative safety of this agent in
non-malignant tissue. Together with the observed association be-
tween cisplatin resistance and absent ERCC1 expression,”* and the
modest response to toripalimab in line with known limitations of
PD-1 blockade in EGFR/ALK-altered NSCLC,” these findings
emphasize that therapeutic failure in LUAD cannot be fully ex-
plained by tumor-intrinsic mechanisms alone.

Conceptually, our data reinforce the view that FCFs function as
active regulators of the TME rather than passive bystanders. Similar
to malignant epithelial cells, these fibroblasts appear to undergo
stable molecular reprogramming, acquiring pro-survival and ma-
trix-remodeling capabilities that reinforce tumor plasticity and ther-
apeutic resistance. The inability of standard fibroblast markers to
distinguish these cancerized fibroblasts from ostensibly normal
counterparts highlights a critical diagnostic blind spot and under-
scores the need for molecularly informed stratification of stromal
states. By enabling simultaneous interrogation of malignant, stromal,
and healthy compartments, the tri-component organoid model
directly addresses this gap and allows functional dissection of stro-
mal contributions to drug response.

Mechanistically, the identification of CD44 and ITGA3-ITGBI as
tumor-cell receptors mediating CAF-driven protection provides a
tractable entry point for therapeutic intervention. The ability to
partially restore chemosensitivity through genetic perturbation of
these signaling axes demonstrates that stromal-mediated resistance

Figure 4. Field-cancerized fibroblasts exhibit CAF-like molecular programs and mediate tumor chemoresistance through defined ligand-receptor signaling
axes

(A) Representative H&E-stained sections of LUAD tumor tissue, adjacent field tissue, and phase-contrast images of cultured cancerized fibroblasts. Tumor tissue displays
disrupted alveolar architecture with expanded stromal regions (red arrows indicate tumor areas; blue arrows indicate cancer-associated fibroblasts). Adjacent field tissue
lacks normal alveolar organization. Cultured fibroblasts show elongated spindle-shaped morphology. Scale bars, 50 pm. (B) Immunofluorescence staining of field-cancerized
fibroblasts for vimentin (red), F-actin cytoskeleton (phalloidin; green), and nuclei (DAPI; blue), confirming mesenchymal fibroblast identity. Scale bars, 50 pm. (C) Heatmap of
LUAD-specific gene signatures across normal lung tissue, LUAD tumor tissue, and cultured patient-derived fibroblasts. Expression values are shown as z-scores. Field-
cancerized fibroblasts cluster more closely with tumor tissue than with normal lung tissue, indicating acquisition of tumor-associated transcriptional programs. (D) Gene set
enrichment analysis (GSEA) comparing LUAD tumor tissue and cancerized fibroblasts, revealing significant enrichment of pathways related to collagen metabolism and
extracellular matrix (ECM) reorganization in fibroblasts. (E) GSEA of LUAD tumor tissue and patient-derived lung cancer tumoroids, demonstrating enrichment of tumor-
associated pathways including cellular division, reactive oxygen species (ROS) response, and ciliatory processes. (F) Ligand-receptor interaction analysis (CellChat) depicting
dominant fibroblast-to-adenocarcinoma signaling. Dot size represents statistical significance (o value), and color denotes communication probability. Prominent interactions
include ECM-derived ligands (e.g., COL1A1, COL1A2, FN1) engaging tumor-cell receptors ITGA3-ITGB1 and CD44. Endothelial-derived interactions are shown for
comparison. (G) Functional validation of stromal-mediated chemoresistance. Lung cancer tumoroids (LCTs) from two independent donors were co-cultured with CAFs and
transfected with control siRNA (si-scramble), siRNA targeting tumor-cell CD44, or combined ITGAS/ITGB1, followed by vehicle or pemetrexed treatment. Knockdown of
tumor-cell receptors partially restored pemetrexed sensitivity in CAF-protected LCTs, with donor-specific differences in receptor dependence. Cell viability is normalized to
untreated LCT-only controls (blue dashed line); red dashed line indicates LCT + pemetrexed baseline. Bars represent mean + SEM (n = 3-5 biological replicates); dots denote
individual replicates. p values were calculated using unpaired two-tailed ¢ tests.
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is not immutable and can be disrupted at defined molecular nodes.
Notably, the relative contribution of individual receptors differed be-
tween patients, underscoring the personalized nature of tumor-stroma
dependencies and reinforcing the need for patient-specific modeling
approaches when considering stromal co-targeting strategies.

Several limitations of this study warrant consideration. First,
although the 3D co-culture system recapitulates key aspects of the
TME more faithfully than monolayer cultures, in vivo validation
will be necessary to define how FCFs influence tumor progression,
immune interactions, and metastatic dissemination in an intact or-
ganism. Second, while we demonstrate reproducible stromal drug
resistance across two independent stage IIIA LUAD donors and an-
chor our findings to large transcriptomic cohorts, broader validation
across additional patients, molecular subtypes, and disease stages will
be required to fully assess generalizability. Third, ethical and practical
constraints preclude routine acquisition of healthy lung fibroblasts
for direct comparison, however, benchmarking against population-
scale single-cell datasets provides complementary evidence that the
fibroblast states described here align with CAF-like programs
observed across LUAD cohorts. Fourth, the present analyses are
confined to a single clinical stage and extending this framework to
earlier and later disease stages will be essential to determine whether
stromal drug resistance is conserved or evolves during disease pro-
gression. Finally, the limited donor cohort (n = 2) constrains broad
causal generalization, and conclusions regarding CD44 and integ-
rin-associated pathways in pemetrexed resistance should be inter-
preted within the proof-of-concept scope of this study. The donor-
specific differences in drug sensitivity and perturbation response
are nonetheless mechanistically informative: they indicate that these
pathways operate in a context-dependent manner and are not com-
ponents of a uniform resistance mechanism but rather reflect pa-
tient-specific configurations of stromal-tumor signaling. This hetero-
geneity is consistent with emerging evidence that resistance programs
are patient-specific in their architecture and supports the utility of our
experimental platform as a system for resolving such variation at
pathway resolution. A further technical consideration is that
siRNA-mediated knockdown achieving 40%-50% transcript reduc-
tion may not produce equivalent protein depletion, particularly for
membrane-associated targets with high baseline abundance or turn-
over. This represents a conservative perturbation, and the functional
signals identified in donor 1 under these conditions likely underesti-
mate the full contribution of these pathways. The absence of a detect-
able phenotype in donor 2 following integrin knockdown may reflect
a combination of incomplete protein depletion and genuine inter-
donor biological divergence and should not be interpreted as a nega-
tive result. Future studies incorporating larger donor cohorts and
orthogonal perturbation strategies will be required to establish causal
generalizability and to define the conditions under which CD44 and
integrin-associated pathways constitute tractable therapeutic vulner-
abilities in stromal-mediated chemoresistance.

Despite these limitations, our findings prompt a re-evaluation of
current therapeutic paradigms in LUAD. Effective treatment stra-
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tegies must move beyond tumor-centric approaches to address
the reciprocal tumor-stroma crosstalk that stabilizes drug resis-
tance and fuels recurrence. By explicitly incorporating FCFs into
patient-derived models, the tri-component organoid system pro-
vides a practical and scalable platform for testing combination or
sequential strategies that simultaneously target malignant cells
and their supportive stromal niche.

Conclusions

In summary, this study demonstrates that LUAD-associated trans-
formation extends beyond malignant epithelial cells into adjacent
stromal fibroblasts, generating field-cancerized populations that
are intrinsically drug resistant and capable of protecting tumor cells
from chemotherapy. The failure of conventional fibroblast markers
to capture this altered state highlights a fundamental limitation in
current diagnostic and modeling approaches. By integrating pa-
tient-derived tumor cells, normal LOs, and FCFs, we establish a
high-fidelity in vitro platform that preserves the functional
complexity of the LUAD microenvironment. This system not only
clarifies the role of cancerized stroma in therapeutic failure but
also enables mechanistic interrogation and patient-specific targeting
of stromal pathways. Targeting these FCFs and their signaling inter-
faces with tumor cells represents a promising avenue for improving
treatment durability and reducing recurrence in LUAD.

MATERIALS AND METHODS

Patient samples

Patients with advanced stage III LUAD were recruited for this study
prior to surgical resection at Shenzhen Third People’s Hospital
(n = 2). None of the patients had a history of lung infection or other
active infectious diseases at the time of surgery. Resected lung tissues
were categorized based on pathological assessment into tumor tissue
(malignant regions) and para-tumor tissue (adjacent, histologically
non-malignant regions). All samples used in this study were surplus
to routine clinical diagnostic procedures, including pathological
evaluation, and would otherwise have been discarded. The study
was conducted in accordance with the Declaration of Helsinki and
was approved by the Institutional Review Board of Shenzhen Third
People’s Hospital (approval no. 2021-030-08). Written informed
consent was obtained from all participants prior to sample collection.

Spatial transcriptomics

Formalin-fixed paraffin-embedded (FFPE) blocks were sectioned at
5 pm thickness and incubated at 60°C overnight to melt the paraffin.
Spatial transcriptomics was performed by YuceBio, Inc. (Shenzhen,
China). The procedure involved target retrieval and protease diges-
tion before the application of fiducials. Post-fixing of tissue was per-
formed, followed by blocking and overnight hybridization. Nuclear
staining was applied before incubation with the segmentation mix.
The flow cell assembly tool was used to load flow cells, reagents,
and sample cells. Samples were then sequenced using the CosMx
Spatial Molecular Imager (NanoString Technologies, Inc., USA).
Bioinformatics analysis using Seurat R package is used to identify
cell clusters interrogate

and annotate their identities and
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transcriptomic profiles of the tissue compartments.*® Subsequently,
colocalization and ligand-receptor analyses were performed using
CellChat R package.”’

Single-cell dissociation of patient samples

Surgically resected tissue samples (~1 cm?) were transported on ice
to the laboratory within 1 h of removal, in cold DMEM medium. The
samples were washed three times with cold Dulbecco’s phosphate-
buffered saline (DPBS). Tissue was incubated with 0.001% DNase
(Sigma-Aldrich, St. Louis, MO, USA), 1 mg/mL collagenase/dispase
(Roche, Basel, Switzerland), and 100 U/mL penicillin-streptomycin
in DMEM/F12 medium at 37°C for 20 min with intermittent agita-
tion. Following enzymatic digestion, the cell suspensions were resus-
pended by pipetting. Cells were centrifuged at 350 x g for 5 min, and
the pellet was resuspended in Matrigel (Corning, NY). After a
20-min incubation at 37°C, pre-warmed organoid medium
(DMEM/F12 supplemented with noggin, R-spondin, B27 (Invitro-
gen), nicotinamide, N-acetylcysteine, FGF7, FGF10, A83-1,
$B202190, Y27632, HEPES, and GlutaMAX) was added. The me-
dium was refreshed every 3 days. Fibroblasts were cultured from
approximately 5 mm? lung tissue in DMEM with 10% FBS.

Culture and passaging of LCTs, LOs, and fibroblasts

For passaging, a solidified Matrigel drop containing organoids was
harvested using cold DPBS and centrifuged at 350xg for 5 min at
4°C. Organoids were resuspended in 1 mL of Tryple Express (Gibco)
and incubated at 37°C for 5 min to dissociate. Following this, 10 mL
of DMEM/F12 was added, and the samples were centrifuged at
350 x g for 5 min. The pellets were washed with DPBS and centri-
fuged again at 350 x g for 5 min. The pellets were then resuspended
in Matrigel and reseeded at a 1:3-1:4 ratio to allow new organoid for-
mation. For fibroblasts, cells were passaged by digestion with 0.25%
trypsin for 3 min, followed by neutralization with DMEM containing
10% FBS. Fibroblasts were cultured in DMEM with 10% FBS.

RNA-seq

RNA-seq was conducted by Chi Biotech (Shenzhen, China). RNA
was extracted and subjected to quality control before library con-
struction. Quantification was performed using a Qubit 2.0 Fluorom-
eter, and library insert size was assessed with an Agilent 4200
TapeStation. Sequencing was carried out on the NovaSeq 6000
platform with a PEI150 strategy. Sequence alignment was per-
formed using STAR software against HUMAN GENCODE 34
GRCh37 (11.2019). Quantitative analysis was carried out with
FeatureCounts, and gene expression was quantified as TPM (tran-
scripts per kilobase of exon model per million mapped reads). Differ-
entially expressed genes (DEGs) were identified using criteria of
[log2FC| > 1 and p < 0.05. DEGs were further analyzed for functional
annotation and gene set enrichments.”®

Drug screening trials

Patient-derived LCTs were cultured for approximately 14 days until
reaching a diameter of ~200 pm, after which they were transferred
to 384-well plates and allowed to acclimatize for 3 days prior to

treatment. Fibroblasts were seeded into 384-well plates upon reach-
ing ~80% confluency in T25 flasks.

Drug screening was performed using standard NSCLC therapeutics,
including pemetrexed, cisplatin, and toripalimab. All compounds
were purchased from MedChemExpress (MCE; New Jersey, USA)
and administered at five concentrations for a treatment duration
of 3 days. Cell viability of tumoroids was quantified using the
CellTiter-Glo 3D Luminescence Cell Viability Assay (Promega,
USA) according to the manufacturer’s protocol. Briefly, CellTiter-
Glo 3D reagent was added to cultures at a 1:1 (v/v) ratio, plates
were shaken at room temperature for 5 min, followed by incubation
at room temperature for an additional 25 min before luminescence
measurement.

For receptor knockdown experiments, siRNAs targeting CD44,
ITGA3, or ITGB1 (TsingKe) were transfected into LCTs using Lip-
ofectamine 3000 (Invitrogen; cat. #L3000015) at a final siRNA con-
centration of 500 nM. Transfection was performed for 24 h prior
to treatment with pemetrexed (50 ng/mL). Knockdown efficiency
for each target exceeded 50%, as validated by RT-PCR analysis
(Figure S2).

Statistical analysis

Drug response curves were plotted and IC50 values calculated using
GraphPad Prism 9.5 (GraphPad Software, La Jolla, CA, USA). Statis-
tical significance was defined as p < 0.05.

DATA AND CODE AVAILABILITY

High-throughput sequencing raw and processed data can be found in the GEO databases
(GSE287471 and GSE287472). The programmatic scripts used for bioinformatic analysis
are available at Github (https://github.com/chua-damien/LUAD-tumoroids/).
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