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1. Single-cell analysis identifies transitional CXCL14* myofibroblastic cancer-
associated fibroblasts (myCAFs) predominantly exist in the advanced-stage
lung adenocarcinoma (LUAD).

2. Transitional CXCL14" myCAFs fuel metastasis by promoting epithelial-
mesenchymal transition (EMT) and angiogenesis on the spatial level.

3. CXCL14 is a potential diagnostic marker for LUAD patients and predict the
occurrence of metastasis.

4. Transitional CXCL14* myCAFs induce the resistance to epidermal growth
factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) and JAK1 inhibitor,

filgotinib could reverse the effect.
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Background: The heterogeneity of cancer-associated fibroblasts (CAFs) has
become a crucial focus in understanding cancer biology and treatment response,
revealing distinct subpopulations with specific roles in tumor pathobiology.
CAFs have also been shown to promote resistance in lung cancer cells to
epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs). How-
ever, the specific CAF subsets responsible for driving tumor advancement
and resistance to EGFR-TKIs in lung adenocarcinoma (LUAD) remain poorly
understood.

Methods: We integrate multiple scRNA-seq datasets to identify cell subclus-
ters most relevant to tumor stage, patient survival, and EGFR-TKIs response.
Additionally, in vitro and in vivo experiments, clinical tissue sample immuno-
histochemistry and patient plasma ELISA experiments are performed to validate
key findings in independent LUAD cohorts.

Results: By analyzing multiple sScRNA-seq and spatial transcriptomic datasets,
we identified a unique subset of CXCL14+ myofibroblastic CAFs (myCAFs),
emerging during the early differentiation phase of pan-cancer invasiveness-
associated THBS2t POSTN*t COL11A1* myCAFs. Notably, plasma levels of
CXCL14 in LUAD patients correlate significantly with tumor stage. Mech-
anistically, this subset enhances tumor aggressiveness through epithelial-to-
mesenchymal transition and angiogenesis. Among standard treatment regimens,

Weijiao Xu and Haitang Yang contributed equally to this study.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2025 The Author(s). Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics.

Clin. Transl. Med. 2025;15:e70281.
https://doi.org/10.1002/ctm2.70281

wileyonlinelibrary.com/journal/ctm2 10f23


https://orcid.org/0000-0002-9635-9581
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.70281

20f23 CLINICAL AND TRANSLATIONAL MEDICINE
N ‘OpenAccess.

3

Correspondence

Haitang Yang, Xufeng Pan and Feng Yao,
Department of Thoracic Surgery,
Shanghai Chest Hospital, Shanghai Jiao
Tong University; West Huai 241,
Shanghai, 200030, China.

Email: haitang.yang@shsmu.edu.cn,
panxfshch@163.com and
yaofeng@shsmu.edu.cn

Yajuan Zhang, Shanghai Institute of
Thoracic Oncology, Shanghai Chest
Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai, 200030,
China.

Email: zhangyajuan2013@sibcb.ac.cn

XU ET AL.

transitional CXCL14+ myCAFs specifically confer resistance to EGFR-TKIS,
while showing no significant impact on chemotherapy or immunotherapy out-
comes. Through a pharmacological screen of FDA-approved drugs, we identified
Filgotinib as an effective agent to counteract the EGFR-TKIs resistance conferred
by this CAF subset.

Conclusions: In summary, our study highlights the role of the differentiated
stage from transitional CXCL14+ myCAFs to invasiveness-associated myCAFs
in driving tumor progression and therapy resistance in LUAD, positioning Fil-
gotinib as a promising targeted therapy for this process. These insights may
enhance patient stratification and inform precision treatment strategies in
LUAD.
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+ Single-cell analysis identifies transitional CXCL14" myofibroblastic cancer-
associated fibroblasts (myCAFs) predominantly exist in the advanced-stage
lung adenocarcinoma (LUAD).

¢ Transitional CXCL14* myCAFs fuel metastasis by promoting epithelial-

mesenchymal transition (EMT) and angiogenesis on the spatial level.

CXCL14 is a potential diagnostic marker for LUAD patients and predict the

occurrence of metastasis.

24X010301595 ¢ Transitional CXCL14T myCAFs induce the resistance to epidermal growth

1 | INTRODUCTION

Lung adenocarcinoma (LUAD) as the most common histo-
logical subtype of lung cancer induces more than one mil-
lion deaths per years.! Unfortunately, almost 70% LUAD
patients present with advanced-stage disease with lym-
phatic or haematogenous metastasis at the first diagnosis.?
Metastasis is a dynamic, multistep process influenced by
the tumour microenvironment (TME), wherein normal
cells undergo transformation into cancerous cells. These
oncogenic cells exhibit uncontrolled proliferation, evade
detection by the immune system, resist apoptosis, promote
the formation of new blood vessels, develop invasive char-
acteristics, survive circulation within the bloodstream and
form malignant tumours in distant organs.>* Understand-
ing the key drivers of this process is essential for developing
effective therapies. Cancer-associated fibroblasts (CAFs)
are prevailing stromal cells in the TME of LUAD. Recent
research has demonstrated that CAFs exhibit substantial

factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) and JAKI inhibitor,
filgotinib could reverse the effect.

molecular heterogeneity, with various subsets fulfilling
distinct roles in tumour development.>® For instance, in
pancreatic and breast cancers, there are notable examples
of different CAF subsets. Myofibroblastic CAFs (myCAFs),
characterised by high levels of aSMA and associated with
extracellular matrix (ECM) signatures, are typically found
adjacent to cancer cells. In contrast, inflammatory CAFs
(iCAFs) show low levels of aSMA but express elevated
amounts of cytokines and chemokines, and they are gen-
erally located further away from the tumour cells. Addi-
tionally, antigen-presenting CAFs (apCAFs) are defined
by their high expression of major histocompatibility com-
plex (MHC) class IT and CD74, playing a significant role in
shaping tumour immunity.”~*

Mechanistically, CAFs can release a variety of sol-
uble proteins, including growth factors, cytokines and
components of the ECM. These secreted molecules con-
tribute to promoting tumour cell growth, enhancing
tumour aggressiveness and facilitating the formation of
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pre-metastatic niches.! Moreover, CAFs have also been

shown to promote resistance in lung cancer cells to clinical
standard therapies, such as chemotherapy,'”!! epidermal
growth factor receptor-tyrosine kinase inhibitors (EGFR-
TKIs)"*" or immunotherapy.'"'® However, there is cur-
rently a lack of systematic investigation into how these
CAF subsets drive resistance to these therapies. Advance-
ments in single-cell RNA sequencing (scRNA-seq) and
spatial transcriptomics (ST) have enabled researchers to
investigate transcriptional programs and cellular inter-
actions within distinct TMEs. These technologies offer
valuable tools for examining the heterogeneity of CAFs
over time and in various spatial contexts.

In this study, we utilised multiple sScRNA-seq datasets
and ST profiles to comprehensively decipher the specific
CAF subsets in different clinical stages of LUAD. Notably,
we identified a transitional myCAFs subset characterised
by high expression of CXCLI14 that predominantly existed
in the advanced LUAD tissue and promotes tumour
invasion and metastasis through enhancing epithelial-
mesenchymal transition (EMT) and angiogenesis. Besides,
we confirmed that CXCL14 in peripheral blood plasma
as the biomarkers demonstrated excellent diagnostic effi-
cacy for tumour progression. Strikingly, among the clinical
standard therapies, transitional CXCL14t myCAFs specif-
ically conferred resistance to EGFR-TKIs therapy, rather
than chemotherapy or immunotherapy. Furthermore,
screening a library of US Food and Drug Administration
(FDA)-approved small molecular compounds revealed
that filgotinib synergises with EGFR-TKIs to selectively
inhibit LUAD models that exhibit resistance enabled by
transitional CXCL141 myCAFs.

2 | RESULTS
2.1 | Identification of a transitional

CXCL14*" myCAFs subset associated with
advanced-stage LUAD

To identify the specific CAF subsets in different clinical
stages of LUAD, we obtained four independent scRNA-
seq datasets of LUAD, including the study by Kim et al."”
(n = 15), the study by Xing et al.?’ (n = 31), the study by
Laughney et al.”! (n = 17) and the study by Wu et al.*
(n =18; Figure 1A). Following this, we used the Kim et al.’s
dataset as a discovery cohort and the other datasets as the
validating datasets. To accurately identify characteristics of
CAFs in primary tumour lesions, we firstly included pri-
mary LUAD samples (n = 15) from the Kim et al.’s dataset
and excluded those from metastatic sites. We conducted
dimensionality reduction and clustering and identified 19
clusters. The identified clusters were annotated into T
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cells, NK cells, B cells, myeloid cells, mast cells, fibrob-
lasts, endothelial cells and epithelial cells according to
the expression of specific marker genes and the signature
genes within each cluster with established cell population
markers found in the literature (Figure S1C and Table S1).

Next, we specifically investigated cellular heterogeneity
within the CAF subpopulations (n = 1813). Using the ‘Clus-
tree’ algorithm?? to determine the optimal cluster number,
we identified 16 subclusters of CAFs through unsupervised
graph-based clustering, visualised via Uniform Manifold
Approximation and Projection (UMAP) algorithm (Figure
S1D). Based on the gene signature derived from these
CAFs subsets (Table S2), our analysis revealed that four
clusters (0, 1, 3 and 11) consistently exhibited high expres-
sion levels in LUAD tumours when compared to normal
lung tissue in several LUAD cohorts.?* In contrast,
the other 12 clusters showed substantial downregulation,
despite some variations (Figure SIE-K). Subsequently, we
identified nine major functional subpopulations includ-
ing ACTA2" myCAFs (C4, C12), matrix CAFs (CO, Cl,
C2), THBS2* myCAFs (C3), CXCL14" myCAFs (Cl1),
iCAFs (C5, C6, C10, C13), adipose stromal cells (ASCs;
C7), apCAFs (C8, C14), pericytes (C9) and mesothelial cells
(C15) based on marker genes (Figure 1B). We investigated
which CAFs subclusters in LUAD were most associated
with the tumour pathological stage, a commonly used sur-
rogate marker for tumour progression. Intriguingly, our
previous study has identified THBS2" myCAFs (C3) as a
key orchestrator promoting aggressiveness in early-stage
LUAD, which is mostly manifested in stage I-III LUAD
patients. Of note, we noticed that CXCL14t myCAFs
(CAF-C11), another subset of myCAFs, mainly existed
in the advanced-stage LUAD tumours (Figure 1B). Hall-
marks gene set variation analysis (GSVA) demonstrated
significant enrichment of EMT and angiogenesis signa-
tures for the CAF-C11 subset (Figure S1L). Furthermore,
the association between the enrichment levels of these two
pathways (EMT and angiogenesis; Table S3) and patho-
logical stage was also evident in The Cancer Genome
Atlas (TCGA) LUAD database’* (Figure SIM). Notably,
the differentially expressed genes (DEGs) and functional
enrichment revealed that Cl1 (e.g., CXCLI4, TWIST2,
TSPANS8 and APOD) harbouring the activation of cytokine-
cytokine receptor interaction and chemokine signalling
pathway, and C3 (e.g., FN1, FXYD5 and GPC6) harbour-
ing the activation of pathogenic Escherichia coli infection
and ECM receptor interaction (Figure SIN). Trajectory
inference analysis using Monocle2 further indicated a tran-
sition from C11 to C3, during which Cll-associated genes
(e.g., CXCL14, TWIST2, WNT5A and APOD) exhibited a
progressive decline in expression, while THBS2-associated
genes (e.g., THBS2, COLI1A1, FAP, POSTN and MMPII)
gradually increased (Figure S10). Besides, Zhu et al.’!
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FIGURE 1 Single-cell analysis uncovers distinct cancer-associated fibroblast (CAF) cell populations within human lung

adenocarcinoma (LUAD). (A) Study design. We integrated five single-cell RNA sequencing (scRNA-seq) including Kim et al. cohort (n = 15),
Xing et al. cohort (n = 31), Laughney et al. cohort (n = 17), Wu et al. cohort (n = 18) and Maynard et al. cohort (n = 43), bulk RNA-seq data
obtained from 511 LUAD samples, which include information on overall survival (OS), sourced from The Cancer Genome Atlas (TCGA)
database; 393 LUAD samples from GSE72094, peripheral blood samples (n = 39) measured by enzyme-linked immunosorbent assay (ELISA)
and spatial transcriptomics data from our centre (n = 1) and GSE189487 (n = 6), we focused on CXCL14+ myCAFs associated with tumour
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also demonstrated such co-expression occurred at the
intermediate stage of the differentiation of the APOD™*
progenitor cells into the COL11A1" THBS2* CAFs. These
findings suggest that CXCL14* myCAFs within C11 rep-
resent a transitional state in the early-stage differenti-
ation towards invasiveness-associated THBS2" POSTN*
COLI11A1" myCAFs.

To further demonstrate the presence of molecular
and functional features resembling transitional CXCL14%
myCAFs (CAF-Cl1) in the advanced-stage LUAD, we
employed 18 stage 3/4 LUAD samples from the study by
Wu et al.”> and performed clustering of 488 CAFs using
the Clustree algorithm, which revealed the presence of
4 CAF subpopulations (Figure 1C). We then utilised the
top 20 markers specific to transitional CXCL14™ myCAFs
(CAF-C11) compared to other CAFs subtypes as the gene
signature (Table S2), leading to identifying that new Clus-
ter 3 have the highest transitional CXCL14" myCAFs score
(Figure 1C).

In addition, the results from CellChat indicated that
Cluster 3 predominantly interacted with epithelial cells
and endothelial cells, further supporting its pivotal role in
interaction with cancer cells and angiogenesis (endothelial
cells; Figure 1C). Besides, we analysed two more single-cell
datasets spanning different stages of tumour progression.
Clustering identified nine CAF clusters and five CAF clus-
ters, respectively (Figure 1D) and featureplot obtained that
new Clusterl in these two datasets had the highest signa-
ture score of transitional CXCL141 myCAFs (Figure 1D).
Also, new Cluster 1 was more abundant in samples from
patients in the late stages (Figure 1D). These data pro-
vided evidence for the presence of transitional CXCL14*
myCAFs in advanced-stage LUAD.

2.2 | Transitional CXCL14" myCAFs are
associated with unfavourable prognosis
and tumour metastasis in LUAD patients

We then investigated the clinical significance of transi-
tional CXCL14" myCAFs in multiple LUAD cohorts. The

3

survival analysis based on the gene signature of transi-
tional CXCL141t myCAFs (Table S2) showed that a higher
score was associated with shorter OS in TCGA-LUAD*
(n = 511) and GSE72094* (n = 393; Figure 2A,C). Multi-
variable Cox regression analyses demonstrated the inde-
pendent prognostic significance of transitional CXCL14*
myCAFs infiltration in OS of patients with LUAD
(Figure 2B,D).

Risk stratification is crucial for identifying high-risk
patients in the early clinical stages. Based on the cor-
relation of transitional CXCL14" myCAFs with tumour
staging, we prospectively collected plasma samples from
stage I (n = 12), stage II and III (n = 13) and stage IV
(n = 14) LUAD patients (patients information shown in
Table S5) to measure the cytokine CXCL14. The plasma
expression levels of CXCL14 showed significant correla-
tion with the tumour’s pathological stages, the degree
of lymph node involvement (N staging) and the pres-
ence of metastasis (M staging; Figure 2E-H). Notably,
CXCL14 demonstrated superior predictive performance
compared to commonly used clinical tumour markers by
ROC curves (Figure 2I-K), highlighting its substantial pre-
dictive importance. Collectively, our analysis demonstrates
that transitional CXCL14% myCAFs facilities invasion and
angiogenesis, which synergistically contribute to tumour
progression.

2.3 | Spatial transcriptomics reveals an
interaction between transitional CXCL14"
myCAFs and tumour EMT and
angiogenesis in advanced-stage LUAD

To investigate whether transitional CXCL14t myCAFs
interact with EMT tumour cells and endothelial cells on
the spatial level, we performed ST in an advanced-stage
LUAD section (A35, stage IIIB, pT3N2bMO; patients
information shown in Table S6) from our centre. In
addition, we integrated this section with six ST sections
of early-stage LUAD patients (including two cases of
adenocarcinoma in situ [AIS], two cases of minimally

progression, treatment response and prognosis. Following this, in vitro and in vivo experimental assays were conducted. Through a wide array
of supporting evidence, we elucidated the intricate molecular interactions and physiological roles associated with the identified myCAFs. (B)

(1) Uniform Manifold Approximation and Projection (UMAP) plots of fibroblast cells show sample stages. (2) UMAP plots categorise

fibroblast cells into clusters. (3) Violin plot illustrates marker gene expression among various CAF subclusters. (C) (1) UMAP plots represent

fibroblast cells, with clusters colour-coded as instructed. (2) Featureplot colour-coded for CAF-C11 signature scores. (3) Violin plots display

normalised expression levels of signature scores for CAF-C11, across each fibroblast subcluster. (4) Numbers and weights of significant
ligand-receptor pairs between Cluster3 and other cell types. (D) For Xing et al. cohort: (1) UMAP plots illustrate fibroblast cells with
colour-coded clusters. (2) Featureplot colour-coded for CAF-CI1 signature scores. (3, 4) Violin plot showing expression of CAF-C11 signature

scores for specific subgroups. For Laughney et al. cohort: (1) UMAP plots illustrate fibroblast cells with colour-coded clusters. (2) Featureplot

colour-coded for CAF-C11 signature scores. (3) Violin plot showing expression of CAF-C11 signature scores for stage subgroups. (4) Cellular

composition of all fibroblast clusters in different stages.
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FIGURE 2 Cancer-associated fibroblast (CAF)-C11 (transitional CXCL14" myofibroblastic CAFs [myCAFs]) correlates with poor patient

prognosis. (A-D) Kaplan-Meier survival curves for lung adenocarcinoma (LUAD) patients were generated based on CAF-C11 signatures,
dividing them into groups as indicated, across two LUAD cohorts, including TCGA-LUAD (n = 511) and GSE72094 (A, C). Multivariate Cox
analysis of clinicopathologic and signature score characteristics showed shown in B and D. p-values, hazard ratios and 95% confidence
intervals represented. (E-H) Enzyme-linked immunosorbent assay (ELISA) was used to detect the expression levels of CXCL14 in the plasma
of patients at different pathological stages. An unpaired t-test was used for statistical analysis. **p < .01 and *p < .05. (I-K) Comparison of the
difference between the receiver operating characteristic (ROC) curves of five predictive models (CXCL14, CEA, CTFRA21-1, SCC and CA125).
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invasive adenocarcinoma [MIA], and two cases of invasive
adenocarcinoma [IAC]) from the GSE189487 dataset.®®
After batch correction and the UMAP clustering, we
found that the scores of transitional CXCL14" myCAFs,
EMT and angiogenesis which were highly enriched in
advanced-stage LUAD section compared with early-stage
LUAD (Figure 3A). Then, the A35 section was identified
into seven cell types including epithelial cells, transitional
CXCL14" myCAFs, myofibroblasts, endothelial cells,
macrophages, B cells and red blood cells (Figure 3B). The
subcluster of transitional CXCL14t myCAFs specially
expressed typical marker genes of myCAFs (POSTN,
CTHRC1 and COLIOAI) and CXCL14 (Figure 3C,D).
Reactome analysis revealed that pathways of ECM organ-
isation, collagen degradation, NCAMI1 interactions and
so forth activated in the transitional CXCL14" myCAFs
(Figure 3E). In patient A35, the CellChat analysis con-
firmed robust cell-cell interactions by demonstrating
that transitional CXCL14" myCAFs exhibited the highest
levels of activity as both receiver (receptor) and sender
(ligand; Figure 3F). The score plots in each cluster with
gene signatures from scRNA-seq data revealed that tran-
sitional CXCL14t myCAFs co-located with angiogenesis
and EMT in the same cluster (Figure 3G). In addition, we
found a more significantly positive correlation between
the signature score of transitional CXCL14t myCAFs and
the pathways of angiogenesis and EMT in advanced-stage
LUAD section (Figure 3H). The direct contact and close
interaction between transitional CXCL14* myCAFs and
promoting metastasis factors, such as EMT tumour cells
and angiogenesis, were revealed by the spatial data.

2.4 | Elevated Cxcl14 in fibroblasts
induced proliferation and metastasis of
LUAD

Next, we conducted functional assays to explore the inter-
play between transitional CXCL14" myCAFs and the
pathways of angiogenesis and EMT. Overexpression (OE)
of Cxcll4 in two mouse fibroblast cells (NIH/3T3 and
NCTC clone 929, abbreviated as 3T3 and 1929 respectively
thereafter) confirmed by RNA-sequencing and enzyme-
linked immunosorbent assay (ELISA) data, quantitative
reverse-transcriptase polymerase chain reaction (qRT-
PCR) data revealed that Cxcll4-OE was accompanied
by increased Postn, Apod and decreased Myhll expres-
sion (Figure 4A-C). In detail, 3T3 and L929 Cxcli4-
overexpressed (Cxcl14-OE) cells grew faster than control
cells (Figure S2A). Functionally, the Cxcli4-OE in lung
fibroblasts notably enhanced their migration capacities
(Figure S2B). Based on the RNA-sequencing data, we
observed that Cxcl14-OE 3T3 cells were characterised by

CLINICAL AND TRANSLATIONAL MEDICINE

enrichment for collagen catabolic process, ECM organisa-
tion and regulation of cell migration (Figure 4D). In the
co-culture assay, conditioned medium (CM) derived from
Cxcl14-OE cells of 3T3 or L929 exhibited greater potency
in promoting growth (Figures 4E and S2C) and migra-
tion (Figure 4F and S2D) of mouse LUAD cells (Lewis
lung carcinoma [LLC] and KP cells (KRASC?P/TP53~/7))
compared to that from control cells. Besides, flow cytom-
etry analysis revealed that Cxcl14-OE cells promoted the
higher proportions of tumour cells in the S phase (Figure
S2E) while could not significantly affect the apoptosis
process (Figure S2F). In conjunction with this, signifi-
cant enhancements in EMT markers were observed in
LLC and KP cells co-cultured with Cxcl14-OE fibroblasts-
derived CM (Figure 4G). In addition, experimental evi-
dence on angiogenesis demonstrates that human umbilical
vein endothelial cells (HUVECSs) co-cultured with CM
from 3T3 Cxcl14-OE exhibit enhanced tube-forming ability
(Figure 4H).

Next, we performed the co-injection of 3T3 Cxcll4-
OE cells with mouse LLC cells, either subcutaneously
or orthotopically, into immune-competent C57BL/6 mice
led to a substantial enhancement in tumour growth com-
pared to the control group (Figures 41-K and S2G,H). The
immunohistochemistry (IHC) staining showed significant
enhancements of PCNA+ cells, CD44+ cells and CD31+
cells in the group of 3T3 Cxcll4-OE cells with mouse
LLC cells in the orthotopical model (Figure 4L). Further-
more, using a mouse metastasis model induced by tail
vein injection of cancer cells described before (Figure 4M),
CM derived from Cxcl14-OE fibroblasts promoted LUAD
tumour metastasis (Figure 4N), with decreased survival
(Figure 40). In parallel, intravenous co-injection of a mix-
ture of cancer cells and fibroblasts failed to recapitulate this
effect (Figure S2I). This discrepancy could be attributed to
the disruption of interactions or communications between
fibroblasts and cancer cells within the circulatory sys-
tem immediately following co-injection. Overall, these
findings indicated that transitional CXCL14* myCAFs
could enhance the EMT in tumour cells and promote the
angiogenesis of vascular endothelial cells.

2.5 | Transitional CXCL14* myCAFs are
associated with EGFR-TKIs resistance in
LUAD patients

Chemotherapy, =~ EGFR-TKIs-targeted therapy and
immunotherapy are common systemic treatments for
LUAD. To explore whether transitional CXCL14" myCAFs
are associated with clinical therapies, we analysed dif-
ferent datasets covering these three common therapies.
Through the analysis of multiple chemotherapy and
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Spatial transcriptomics (ST) confirms transitional CXCL14*™ myofibroblastic CAFs (myCAFs) induce

epithelial-mesenchymal transition (EMT) and angiogenesis in advanced-stage lung adenocarcinoma (LUAD). (A) Violin plots display the
gene signatures of transitional CXCL14" myCAFs, EMT and angiogenesis in different stages of LUAD. (B) Haematoxylin and eosin (H&E)
staining of tumour tissue of A35 patient (stage IIIB). (C) Unbiased clustering of ST spots and definition of cell types in A35 patient. (D) Violin
plots display the expression level of marker genes in each cell type. (E) Bar plot showing the pathway enrichment in transitional CXCL14*
myCAFs. (F) Activities of cells acting as sender cells (x axis) or receiver cells (y axis) in A35 patient based on CellChat. (G) Spatial feature
plots of signature score of transitional CXCL14™ myCAFs, EMT and angiogenesis in GSM5702478 (AIS), GSM5702475 (MIA), GSM5702473
(stage IA2) and A35 (stage I1IB). (H) The Pearson correlation of signature score of transitional CXCL14" myCAFs with EMT and angiogenesis
in GSM5702478 (AIS), GSM5702475 (MIA), GSM5702473 (stage IA2) and A35 (stage IIIB).
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FIGURE 4 Cancer-associated fibroblast (CAF)-C11 (transitional CXCL14* myofibroblastic CAFs [myCAFs]) emerges as a key player in
facilitating tumour metastasis by stimulating angiogenesis and promoting epithelial-mesenchymal transition (EMT). (A) Volcano plot
illustrates the genes that are differentially expressed between 3T3/L929 control and Cxcl14-OE cells. (B) Quantitative reverse-transcriptase
polymerase chain reaction (QRT-PCR) was performed to assess the mRNA levels of Cxcli4, Postn, Apod and MyhIl genes in 3T3/L929 control
and Cxcl14-OE cells. (C) Enzyme-linked immunosorbent assay (ELISA) was used to detect the expression levels of Cxcl14 in the conditioned
medium (CM) of 3T3/L929 control and Cxcl14-OE cells. (D) Gene set enrichment analysis (GSEA) was conducted on RNA-seq data obtained
from 3T3 control and 3T3 Cxcl14-OE cells, revealing notable enrichment in pathways related to collagen catabolic process, regulation of cell

migration and extracellular matrix organisation. (E) The growth of Lewis lung carcinoma (LLC) and KP cells in CM collected from fibroblasts
control or Cxcl14-OE cells. Results are presented as a fold of control. (F) In vitro transwell assays were performed on LLC/KP cells exposed to
CM obtained from 3T3/1929 control or Cxcl14-OE cells. (G) QRT-PCR analysis was conducted on LLC and KP cells following co-culture with
CM from either 3T3 control or Cxcl14-OE cells. The analysis included an assessment of transcript levels for genes encoding epithelial markers
(Cdh1, Krt18 and Krt8), mesenchymal markers (Vim, Acta2, Mmp2, Fnl, Fap and Mmp9) and EMT transcription factors (Snail2 and Twistl;

n = 3). (H) Primary umbilical vein endothelial cells (HUVECs) tube formation over time after co-cultured with CM from 3T3 control and
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immunotherapy cohorts, we found that CAF-11 signature
(listed in Table S2) cannot predict the efficacy of these
two treatment modalities (Figure S3A-F). Additionally,
we analysed a scRNA-seq dataset,>* spanning across
three different EGFR-TKIs treatment stages: prior to the
commencement of systemic targeted therapy (TKI naive
[TN]), during the residual disease (RD) state and upon
developing acquired drug resistance (progression disease
[PD]). Of note, the RD state represents a residual lesion
that cannot be eradicated after EGFR-TKIs treatment, and
the PD state indicates a de novo resistance of a tumour.
After clustering and annotation of the CAFs (n = 2493;
Figure 5A,B), we observed that within this new dataset,
Cluster 1 and Cluster 5 cells comprised a major frac-
tion of all CAFs in the samples with PD compared to
those with TN or RD (Figure 5C). Notably, based on the
gene signatures, which comprised the top 20 markers
derived from each CAF subcluster of this dataset (Table
S7), we observed that CAFs from PD samples displayed
significantly elevated scores of C1 and C5 (Figure 5D),
suggesting that C1- and C5-represented CAFs were asso-
ciated with de novo therapy resistance to EGFR-TKIs.
Remarkably, through UCell, we observed that signature
scores originating from C1 and C5 within this dataset were
predominantly associated with the transitional CXCL14*
myCAFs (CAF-C11; Figure 5E), indicating that this specific
subset of myCAFs represents a resistance phenotype to
EGFR-TKIs. Indeed, culturing EGFR-mutant LUAD cells
(PC9, HCC827 and H1975 cells) using the CM derived
from Cxcl14-OE fibroblasts resulted in ECM and resistance
to different generations of EGFR-TKIs (including gefi-
tinib, afatinib and osimertinib; Figures 5F-H and S3G,H).
Further, we retrospectively selected tissue samples from
LUAD patients receiving neoadjuvant EGFR-TKIs ther-
apy to assay the expression level of CXCL14. The THC
results revealed that stable disease (SD) patients had
the higher H-scores of CXCL14 than partial response
(PR) patients (Figure 5I, patients information shown in
Table S5). Besides, we collected plasma samples from
LUAD patients receiving adjuvant EGFR-TKIs therapy.
Analogously, PD and SD patients had higher concentra-
tions of CXCL14 in plasma than PR patients (Figure 5J,

patients information shown in Table S5). Similarly, CM
obtained from Cxcll4-OE fibroblasts also facilitated the
resistance of LLC (KRAS®?C) and KP (KRAS®?P) to
KRASC?C (clinically approved MRTX849 and AMG510)
and KRAS inhibitors (MRTX1133), respectively (Figure
S3I). Besides. the co-injection of 3T3 Cxcl14-OE cells with
human EGFR-mutant LUAD cells exhibited tumour pro-
liferation (Figures 5K, 6E and S3J) and drug resistance
of gefitinib and osimertinib in vivo (Figures 5K and 6E).
Together, transitional CXCL14* myCAFs could induce the
drug resistance to EGFR-TKIs.

2.6 | Screening of FDA-approved
inhibitors based on the small-molecule
library

To find a small-molecule inhibitor that has a synergistic
effect with EGFR-TKIs to overcome resistance, through
a pharmacological screen encompassing FDA-approved
drugs (n = 92) in phase III clinical trials or clinical
approval using the Cp,,, concentration (if Cp,,, exceeds
10 uM, use 10 uM as the initial screening concentration.),
we identified that 3 clinically approved inhibitors (fil-
gotinib, a JAK1 inhibitor; tazemetostat hydrobromide, a
selective EZH2 inhibitor and sodium 4-phenylbutyrate, an
histone deacetylase [HDAC] inhibitor) that were sensi-
tive to EGFR-mutant LUAD cell lines co-cultured with
CM derived from 3T3-Cxcll4 cells (Figure 6A-C), sug-
gesting these inhibitors have the potential to overcome
Cxcl14-induced EGFR-TKIs resistance.

Subsequently, we tested whether these three drugshad a
synergistic effect with osimertinib to overcome resistance,
we finally identified a JAK1 inhibitor, filgotinib could
drastically overcome the CXCL14-induced osimertinib-
resistant LUAD cells (Figures 6D and S4A). Filgotinib,
an agent that selectively inhibits JAK]I, is presently being
studied in clinical trials for various ailments such as
rheumatoid arthritis and inflammatory bowel disease.*
To date, it has demonstrated significant anti-inflammatory
effects, notably reducing levels of cytokines like IL-6.3°
Findings from research suggest that filgotinib may play

Cxcl14-OE cells. Representative images and quantified data using indicators such as branch points and tube length were presented. (I)

C57BL/6 mice received injections of LLC-luc cells alongside Cxcl14-OE or control 3T3 cells for subcutaneous and orthotopic xenograft
experiments. (J) In vivo bioluminescence images capturing the orthotopic xenografts of LLC-luc cells (n = 5). (K) Visuals showcased
representative haematoxylin and eosin (H&E)-stained lung tissues treated with either the control or overexpression groups. (L)

Representative immunohistochemistry (IHC) staining of PCNA, CD44 and CD31. Bar, 50 pm. (M) LLC-luc cells were primed for 72 h in CM
obtained from either 3T3 control or Cxcl14-OE cells prior to injection into the tail vein of BALB/c nude mice (n = 16-17). Daily intraperitoneal
injections of 300ul CM from 3T3 control and Cxcl14-OE cells were administered to mice for 6 weeks. (N) Two groups of tumour metastasis
were monitored by luciferase signal intensities on the 6th, 17th, 24th and 31st days. (O) Mice were assessed for survival (n = 16-17). The data
are presented as the means + SD (B, C, E-H). p-values were derived from unpaired two-sided Student’s t-test (B, C, F, G) and two-way analysis
of variance (ANOVA) test (E, H). ****p < .0001; ***p < .001; **p < .01; and *p < .05.



XU ET AL.

CLINICAL AND TRANSLATIONAL MEDICINE

Maynard A et al. scRNA-seq (n=43)

11 of 23

Open Access

(A)

Cluster

(8)

Celltype

UMAP1
Cluster5
6.7¢-056
el
p<2.22e-16
1.0 <2.22e-16
=
K
&
Q
(73
$05
=%
X
i
0.0

G

UMAP1

©

Ratio

(F)

C1 ucell

Cluster

HCC827

P
OECM CTRLCM OECM CTRLCM

(H)

HCC827

PC9
OECM CTRLCM OECM CTRLCM OECM CTRLCM

H1975

FIGURE 5

(124 04

U

(K)

(D)

Wie 8 5 s i -
o i B iy
.i‘\ ,-":"".n" : °

CTRLCM  3T3Cxcl14 OE CM

LUAD patients (Neoadjuvant EGFR-TKIs therapy)
—

*°

5 R IO0KI
D L EeRem

3004
°
>
E °
..5)200— ]
2 . -
g
1004 R
e ==
0 T T T h
<
& 6\‘25' X(g?“\ &
WS
&

1.00 Cluster 1.00
Ho
0.75 B o075 1.0
. 2 Response H :
M 2 Wro
0.50 . 4 & 0.50 [ RD g
Hs BN $05
0.25 e 025 3
M-
0.00 B o00 0.0
PD RD TN 02 4 6 8
Migration Invasion
k sﬂ’#‘ A 4 =
H1975é§2 H1975
A
PC9

& S
CTRLCM

Cluster1

087
—L87
<2.22¢-16
p<2.22¢-16

o 0
el
3T3 Cxcl14 OE CM (2

)

150 €2 *
] * <
Q © .
15
% 100 . £
e ol <
< 2 10
& . =
C)' 50 » <
3 i R H
2 g
0 T T 6 0 T T
PR SD PR PD/SD
3007 o OE
= CTRL
= + OE+Gefitinib
‘é + CTRL+Gefitinib
Ezoo- -
=3
o
-
3 1001
£ -
2
0 : :
0 6 9
Time (days)
24% [ i I
o — = j|ns
= :
S08—*
220

« OE

12 T

= CTRL
164 -« OE+Gefitinib
+ CTRL+Gefitinib

6 9
Time (days)

Cancer-associated fibroblast (CAF)-C11 (transitional CXCL14* myofibroblastic CAFs [myCAFs]) is linked with resistance to

targeted therapy. (A, B) Uniform Manifold Approximation and Projection (UMAP) plots depict fibroblast cells, with colour coding indicating
clusters and cell subsets. (C) The distribution of CAF subsets from tissues at three different stages of epidermal growth factor
receptor-tyrosine kinase inhibitors (EGFR-TKIs) treatment is presented: before initiating systemic targeted therapy (TKI naive [TN]), at the
residual disease (RD) state, and upon acquired drug resistance (progression disease [PD]). TN, n = 14 samples; RD, n = 10 samples; PD, n =19
samples. (D) Violin box plots of signature scores for Cluster 1 and 5 in PD, RD and TN patients. Unpaired two-sided Student’s ¢-test was used.
(E) Violin plots showing Cluster 1 and Cluster 5 signature scores by UCell across different myCAF subclusters. (F) In vitro transwell assays
were performed on H1975, PC9 and HCC827 cells exposed to conditioned medium (CM) obtained from 3T3 control or Cxcl14-OE cells.

**¥p < .0001 by unpaired Student’s t-test. (G, H) HCC827, PC9 and NCI-H1975 cell lines underwent treatment with the indicated doses of
EGFR-TKI osimertinib and gefitinib, followed by colony formation survival assays. (I) Representative images of immunohistochemical
staining for CXCL14 in neoadjuvant EGFR-TKIs biopsies (left). Scale bars, 100 pm. CXCL14 H-scores of neoadjuvant EGFR-TKISs biopsies

(n =11) with different EGFR-TKISs responses. Data expressed as mean + SD, *p < .05 by unpaired Student’s ¢-test. (J) The expression level of
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a role in overcoming resistance to targeted treatment
options, including therapies aimed at mitogen-activated
protein kinase (MEK), EGFR tyrosine kinase and anaplas-
tic lymphoma kinase (ALK).*

To determine if filgotinib can effectively counteract
secondary resistance when combined with osimertinib,
we created one pair of parental and osimertinib-resistant
H1975 cell line. Parental cells showed an IC50 of 10.4 nM
in response to osimertinib, while the resistant vari-
ants displayed IC50 values more than 500-fold greater
(Figure S4B). Proliferation of H1975-OR cells was sig-
nificantly increased compared to parental cells (Figure
S4C). We evaluated the potential of JAK1 inhibition to
sensitise a resistant cell line to osimertinib treatment
by measuring drug synergy through Combenefit assays.
Importantly, osimertinib and filgotinib had significant
synergy in H1975-OR cells (Figures 6D and S4D). We could
not observe a striking synergy between osimertinib and
tazemetostat hydrobromide (a selective EZH2 inhibitor) or
sodium 4-phenylbutyrate (an HDAC inhibitor; Figures 6D
and S4D).

Subsequently, we explored the possibility of in vivo syn-
ergy between JAKI1 inhibitors and osimertinib, utilising
H1975 tumour cells integrated with either 3T3-Cxcl14 vec-
tor or overexpression fibroblasts. Tumour-bearing mice
with tumour volumes of approximately 70 mm? were ran-
domly treated with vehicle, osimertinib (10 mg/kg, p.o.),
filgotinib (5 mg/kg, p.o.) or the combination of osimertinib
and filgotinib for 12 days (n = 6). While treatment with
either drug alone led to only a slight reduction in tumour
growth, the simultaneous use of osimertinib and filgotinib
resulted in a significant reduction in tumour progression
in vivo (Figure 6E). Additionally, Cxcl14 was found to pro-
mote tumour growth and contribute to resistance against
osimertinib as described before (Figure 6E). Importantly,
there were no notable changes in average body weight
across the groups, suggesting the safety of the drug dosages
used in the study (Figure 6E). Taken together, these results
demonstrated that filgotinib combined with osimertinib
could reduce the drug resistance induced by transitional
CXCL14" myCAFs.

3 | DISCUSSION

CAFs have been extensively researched and are known
to be crucial in tumour initiation, progression, metas-

tasis and therapeutic resistance.**** In this study, we
integrated scRNA-seq, bulk RNA sequencing datasets,
ST and functional experiments, we proposed one CAFs
subset (transitional CXCL14" myCAFs) associated with
metastasis, poor prognosis and EGFR-TKIs resistance in
LUAD patients, which might be instrumental for clini-
cal patient stratification and optimisation of the therapy
strategies. Assessment of the cellular makeup of CAF clus-
ters using a discovery scRNA-seq dataset with different
clinical stages and genetic background led to the iden-
tification of transitional CXCL14* myCAFs. To highlight
biological heterogeneity, potential technical variation of
scRNA-seq analyses was minimised using multiple val-
idated scRNA-seq datasets and subsequent in vitro and
in vitro experiments. Analysing a prospective cohort of
blood samples from lung cancer patients across different
stages, we uncovered that CXCL14 in plasma predicted
the occurrence of metastasis and demonstrated similar
diagnostic efficacy to typical tumour markers (e.g., CEA,
Cyfra21-1, SCC, etc.). Besides, we found that osimertinib
combined with a JAK1 inhibitor, filgotinib could synergis-
tically reverse the drug resistance induced by transitional
CXCL14" myCAFs using small-molecule drug library
screening. In summary, our approach provides additional
insights into advanced-stage LUAD complexity, potentially
informing future therapeutic strategies.

Previous studies have suggested that CAFs can secrete
a range of cytokines and metabolites, which promote
tumour growth and EMT, ultimately contributing to can-
cer development.** CXCLI14, also referred to as BRAK
(breast and kidney-expressed chemokine), is a member
of the CXC chemokine family.** Recent studies have
indicated that CXCL14 derived from CAFs has a cancer-
promoting effect, but epithelial-derived CXCL14 mainly
inhibits tumour progression.* For instance, a previ-
ous study demonstrated that the fibroblast-derived fac-
tor CXCL14 promoted the proliferation and migration
of prostate cancer cells in vitro, as well as angiogene-
sis in vivo.** Mechanically, this effect was attributed to
the activation of actomyosin contractility and improved
matrix remodelling capabilities and further promoted
osteosarcoma lung metastasis in fibroblasts, initiated by
the binding of CXCL14 to integrin «l1181.*” Additionally,
CXCL14 facilitates EMT and subsequent cell migration in
lung cancer by transactivating the ACKR2/PLC/PKC/c-
Src signalling pathway.*® In our research, we identified
a subgroup known as transitional CXCL14" myCAFs,

CXCL14 in the plasma of patients with different EGFR-TKIs responses was detected by enzyme-linked immunosorbent assay (ELISA; n = 13).

Mean + SD, *p < .05 by unpaired Student’s t-test. (K) Representative tumour images, tumour volumes, tumour weight and mouse weight

were shown (n = 6). The data are presented as the means + SEM. ***p < .0001; ***p < .001 by two-way analysis of variance (ANOVA) test

(tumour volume and mouse weight), unpaired two-sided Student’s ¢-test (tumour weight).
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which are exclusively present in advanced-stage LUAD
in multiple scRNA-seq datasets. Based on the functional
enrichment, clinical plasma samples and spatial features,
we speculated their roles in tumour progression and
metastasis through mechanisms such as angiogenesis and
EMT. Specifically, CXCL14 is one of the key markers of
a particular progenitor population present in naturally
occurring ASCs, also found as fibro-adipogenic progeni-
tors (FAPs), which has recently been referred to as the
‘ASC/FAP population*”, and is characterised by a gene
signature with prominent presence of gene APOD. Impor-
tantly, it undergoes differentiation into another particular
population of CAFs, which gradually expresses POSTN
and eventually expresses collagen COL11A1.>! We found
a similar differentiation direction in LUAD, and pseudo-
sequential analysis showed that C11 (transitional CXCL14*
myCAFs) and C3 (THBS2" myCAFs) had continuous dif-
ferentiation characteristics including decreased level of
CXCL14, TWIST2, WNT5A and APOD and increased level
of THBS2, POSTN, COLI1A1, FAP and MMPII. Support-
ably, we observed overexpressing Cxcll4 in fibroblasts led
to a higher expression level of Postn. Multiple studies
emphasised that POSTN* COL11A1T INHBA* THBS2*t
myCAFs population participated in metastasis-associated
mechanism in lung cancer,’” pancreatic cancer’! and ovar-
ian cancer.’” These observations indicated that CXCL14
may represent an earlier status in the differentiation pro-
cess of POSTNt COLI11A1T INHBA*™ THBS2* myCAFs,
which provided us with a better therapeutic target. Finally,
we demonstrated that elevate Cxcll4 in fibroblasts could
mimic CXCL14" myCAFs, which promoted the formation
of EMT tumour cells, tube-forming of vascular endothe-
lial cells using functional assay. The advanced-stage LUAD
patients exhibited higher concentration of CXCLI14, espe-
cially reflecting to the late N and M stage. Convincingly,
intraperitoneal injection of CM from Cxcl14-overexpressed
fibroblasts promoted metastasis and poor prognosis even-
tually in nude mice.

Acquired resistance to EGFR-TKISs can arise from mech-
anisms such as modifications in target genes, activa-
tion of alternative pathways and histological or phe-
notypic transformations.”> CAFs contribute to cancer
cell resistance against EGFR-TKIs through various pro-
cesses, including ECM remodelling, the secretion of sol-
uble molecules, exosomal vesicle delivery and metabolic
interactions.'® For example, CAFs can over-secret ANXA2,
which triggers EMT in lung cancer cells; this pro-EMT
phenotype is dependent on the secretion of hepatocyte
growth factor (HGF) and insulin-like growth factor 1
(IGF1) by CAFs, thus facilitating the cancer cells’ evasion
of EGFR targeting.”* Using the scRNA-seq dataset and
similarity measurement of transcriptional features, tran-
sitional CXCL14*t myCAFs also exhibited enrichment in

the PD patients. By demonstrating potential contribution
to targeted therapy resistance, we proposed that the com-
bined regimen of JAKI inhibitor is a promising approach
to overcome EGFR-TKIs resistance using small molec-
ular drug screening. The JAK-STAT signalling pathway
plays a significant role in the development of different
cancers, such as non-small-cell lung cancer (NSCLC),
and impacts how effective EGFR-TKIs are, as well as
the mechanisms by which resistance to these therapies
arises.”> %" A clinical study investigated the combination of
EGFR-TKIs, such as osimertinib, with agents designed to
block JAK activation. For patients possessing the T790 M
mutation, the approach involved administering osimer-
tinib in conjunction with JAK 1 inhibitors to interfere
with the JAK/STAT signalling pathway within the frame-
work of a second-line therapeutic strategy. Additionally,
a study conducted by Kim and colleagues revealed that
the JAK1 inhibitor CJ14939 successfully reversed resis-
tance to erlotinib, significantly enhancing the drug’s ability
to induce cell death in NSCLC cells that had developed
resistance.’!

However, the interferon signalling (JAK-STAT) path-
way is context dependent and has negative as well as
positive roles in tumour control. In our study, we found
that combining a JAK1 inhibitor with EGFR-TKIs treat-
ment enhances tumour control. This may be attributed
to the compensatory activation of JAKI signalling fol-
lowing EGFR-TKIs treatment,®%> which likely arises as
an adaptive response to EGFR signalling blockade and
TME remodelling. It is unclear how JAK1 inhibitors affect
the TME, especially the function of immune cells. Zak
J et al. used high-throughput screening to find that JAK
inhibitors can reverse myeloid cells from immunosup-
pression to immunostimulation, thereby effectively rescu-
ing exhausted T cell function, and performed well in a
Phase I clinical study for patients with refractory/relapsed
Hodgkin lymphoma treated with immunotherapy.®® Also,
Mathew et al. found that JAK1 inhibitors improved T
cell differentiation and function by blocking persistent
type I interferon (IFN-I) signals, and in a Phase II
clinical study, the therapeutic effect of combined PD-
1 inhibitors for first-line treatment of advanced NSCLC
was two to three times that of existing first-line immune
treatments.®* The potential combination of JAKI and
PD1 inhibitors provides a potential therapeutic target for
EGFR resistance. Clinically, persistent EGFR-TKIs treat-
ment could induce drug resistance and immune escape
via activation of PD-1 signalling. This characteristic of
EGFR-TKIs resistance exposed therapeutic vulnerabil-
ity to immune-related therapy. Multiple clinical trials
including ALTER-L308 (benmelstobart plus anlotinib),
NCT02574078/CheckMate 370 (erlotinib and nivolumab)®°
and NCT02039674/KEYNOTE-021 (erlotinib /gefitinib and
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pembrolizumab),®’ indicated that therapeutic potential of
sequential immunotherapy after EGFR-TKISs resistance.

In summary, our study of CAFs reveals their diverse
roles in tumour progression, metastasis and targeted
therapy, underscoring the importance of understand-
ing CAF heterogeneity in stratifying LUAD patients.
These findings offer valuable insights that could guide
the development of more precise and effective can-
cer therapies in the future. However, further research
and clinical validation are necessary to fully harness
the therapeutic potential of targeting CAFs in LUAD
treatment.

3.1 | Data and code availability

This manuscript did not involve the creation of any new
algorithms. One sample of self-tested raw ST sequencing
data and all code crafted for analysis can be obtained from
the authors if requested.

3.2 | Study declaration

The application of lung cancer tissue was sanctioned by
the Institutional Review Board of the Shanghai Lung
Tumor Clinical Medical Center, Shanghai Chest Hospital
(Approval No.: KS(Y)23072), conforming to all pertinent
ethical norms, such as the Helsinki Declaration as revised
in 2013. Ahead of their participation in the research,
comprehensive consent was secured from all the subjects
involved. All procedures involving animals were executed
in accordance with the Guide for the Care and Use of Lab-
oratory Animals as published by the National Institutes of
Health and received the approval from the Institutional
Animal Care and Use Committee of Shanghai Jiao Tong
University.

4 | MATERIALS AND METHODS

4.1 | Human sample acquisition

The clinical characteristics of the collected tumour sam-
ples used in ST sequencing are detailed in Table S6. The
clinical information of the patients with plasma samples
used for detecting CXCL14 is shown in Table S5.

4.2 | Antibodies, primers and compounds

Table S9 contains detailed information on the antibodies,
primers and compounds utilised in this study.

3

4.3 | Celllines and cell culture

The mouse LUAD cell line LLC (Lewis LLC cells) and
LLC expressing firefly luciferase (LLC-luc), as well as the
human LUAD cell line HCC827, NCI-H1975 and PC9, were
preserved by our laboratory.®® The mouse fibroblast cell
lines NIH 3T3 and NCTC clone 929 (abbreviated as 3T3
and L1929, respectively) and HEK-293T cells were provided
by Prof. Hua Zhong at Shanghai Jiao Tong University.
Primary umbilical vein endothelial cells (HUVECs) were
provided by Wentao Fang at Shanghai Jiao Tong Uni-
versity. The GEMM-derived mouse LUAD cell line KP
(Kras—/— p53—/—) was provided by Yuezhen Deng at
Shanghai Jiao Tong University. The cells were cultured
in either Dulbecco’s modified Eagle medium (DMEM) or
RPMI-1640 medium, both of which were supplemented
with 10% foetal bovine serum (FBS), along with penicillin
and streptomycin.

4.4 | Construction of lentiviral vectors
and viral transduction

Incorporation of Cxcl14 cDNAs into the Ubi-MCS-3FLAG-
CBh-gcGFP-IRES-puromycin lentiviral vector was carried
out. Lentiviral particles were then generated in HEK-293T
cells using two packaging plasmids (psPAX2 and pMD2G).
Following this, 3T3 and 1929 cells underwent transfection
with Cxcl14 viruses, alongside respective control viruses, in
the presence of polybrene. After transfection, cells express-
ing the desired constructs were selected using 2 mg/mL
puromycin over a period of 1 week.

4.5 | Fibroblast-conditioned medium
Fibroblasts overexpressing Cxcll4, along with control
fibroblasts, were cultured in 10 cm plates to a density of
7 x 10° cells. After 72 h of incubation at 37°C, the CM
was collected and sequentially centrifuged at speeds and
durations of 300 X g for 10 min, 2000 X g for 10 min and
finally 15 000 x g for 30 min. The CM was then sterile-
filtered using a. 44 um Millipore Express PES Membrane
Filter Unit and stored at —80°C.

4.6 | Co-culture assay

In six-well plates, KP and LLC cells were cultured in a
mixture of 1 mL DMEM medium with a 20% FBS concen-
tration and 1 mL CM obtained from 3T3 or 1929 control and
Cxcl14-OE cells. Every 24 h, the medium was replaced with
a mixture comprising a 1:1 ratio of 2 mL 20% FBS medium
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and CM. After 48 h, cells were collected for qRT-PCR to
detect genes encoding EMT-regulated markers.

4.7 | Invitro growth assays

To analyse the impact of Cxcl14-OE on fibroblast prolif-
eration, 2 X 103 Cxcl14-OE and control fibroblasts were
seeded in 96-well plates. Cell viability was measured at
24 h, 48 h, 72 h and 96 h using Cell Titer Glo reagent.
To conduct colony formation assays, fibroblast cells were
seeded at a density of 5 x 10° cells per well in a 12-well plate,
with medium changes performed daily. After 3 and 6 days,
the cells were fixed using 4% paraformaldehyde (PFA) and
subsequently stained with. 5% crystal violet.

To investigate the effect of fibroblast-secreted Cxcli4
on tumour cell proliferation, 2 X 10® tumour cells were
seeded in 96-well plates and cultured for 24 h before
switching to 100 uL Cxcl14-OE or control fibroblasts-CM
and 100 pL 20% FBS medium. Cell viability was mea-
sured at various time points using Cell Titer Glo reagent
with a 200 uL volume, and luminescence was recorded
using Bio Tek Synergy™ HI. The data were represented as
Foldchange compared to the control group. For colony for-
mation assays, 4 X 10° tumour cells were seeded per well
into a 12-well plate. After 24 h, the medium was replaced
with 2 mL per well (CM: 20% FBS DMEM = 1:1), and
changed every 2 days. Every 2 days, the cells were stained
with. 5% crystal violet after being fixed with 4% PFA.

4.8 |
assays

In vitro migration and invasion

To study the cell migration of Cxcll4-OE and control
3T3/L929 cells, a transwell migration assay was employed.
Cells were subjected to an overnight fast in a medium
containing only 1% FBS. Subsequently, 2 X 10> 3T3/1929
control and Cxcl14-OE (resuspended in 200 pL of FBS-
free medium) were seeded into transwell chambers with
an 8.0-um pore-size membrane, placed in a 24-well plate
filled with 30% FBS-containing media (600 uL). For inva-
sion assays, the upper chamber was coated with 70 uL of
matrix gel diluted at a ratio of 1:3 and incubated at 37°C
for 30 min. Discard the supernatant, and then 200 pL of
medium containing 2 x 10* fibroblasts were seeded into
the upper chamber.

For the examination of tumour cell migration induced
by Cxcl14 fibroblasts, 2 X 10° tumour cells were recon-
stituted in the top compartment (filled with 200 uL of
complete medium), while 600 uL of Cxcll4-OE or con-
trol fibroblasts CM was added to the bottom chamber. For
invasion assays, 200 uL of medium containing 2 X 104

tumour cells were seeded into the upper chamber. After
incubating for 6 h for migration assays and 48 h for inva-
sion assays, cotton swabs were utilised to clean the interior
of the insert. The cells were subsequently fixed in 4%
PFA for 30 min, followed by three rinses with phosphate-
buffered saline (PBS) and staining with.5% crystal violet for
10 min. Images of cells were captured using a Zeiss micro-
scope. Cellular migration was quantified by enumerating
the nuclei of migrated cells.

4.9 |
qPCR

RNA isolation, cDNA synthesis and

Cells were subjected to total RNA extraction using the
UNIQ-10 Column Trizol Total RNA Isolation Kit, followed
by reverse transcription utilising the HiScript II Q RT
SurperMix. The resulting cDNAs were utilised for qPCR
on an ABI viia7 System, employing the ChamQ Univer-
sal SYBR qPCR Master Mix. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as the normalisa-
tion control for the obtained results. Table S8 provides a
summary of the primers utilised for qRT-PCR.

4.10 |
assay

Enzyme-linked immunosorbent

Fresh blood samples from patients were collected at Shang-
hai Chest Hospital, then centrifuged for 10 min at 1600 X
g. The supernatant was collected as plasma, aliquoted and
stored at —80°C to prevent repeated freeze-thaw cycles.
Prior to testing, the samples were thawed and centrifuged
again to eliminate any precipitate. Next, 100 uL of both
standard and test plasma were added to each well and
incubated at 37°C for 2 h. Following this, the liquid was dis-
carded, and each well received 100 pL of a biotin-labelled
antibody working solution, which was then incubated at
37°C for another hour. After washing the plate three times,
100 pL of a horseradish peroxidase-labelled avidin working
solution was added to each well and incubated at 37°C for
an additional hour. The plate was then washed five times
before adding 90 pL of substrate to each well sequentially,
followed by a 20-min incubation at 37°C to allow for colour
development. Finally, the reaction was halted by adding
50 uL of stop solution, and the optical density (OD value)
of each well was measured at a wavelength of 450 nm.

411 | Angiogenesis tube formation

In a 96-well plate, 50 puL of Matrigel at a concentration of
at least 10 mg/mL is added to each well and incubated
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at 37°C for 30 min to allow gelation. HUVEC cells pre-
cultured with CM for 48 h were resuspended in complete
medium, and 100 uL of cell suspension containing 7 x 10*
cells was added to each well. The plate is then incubated
for tube formation in the culture incubator, and images
are captured at 2-, 4- and 6-h time points for observation.
Quantitative analysis is performed using the Angiogenesis
Analyzer plugin in Image J software.

4.12 | Invitro cell viability assays

For cell viability assays, LLC and KP cells co-cultured with
CM obtained from 3T3 control or Cxcl14-OE cells for 96 h
were cultured overnight in a 96-well plate at concentra-
tions of 3 x 10° and 1 x 10° cells per well, respectively,
to allow for adequate attachment.®®’° After 24 h, 100 L
of medium derived from CM obtained from 3T3 control
or Cxcll4-OE cells containing various concentrations of
inhibitors (MRTX849, AMG510 and MRTX1133) was added
to each well. After 72 or 96 h, Cell Titer Glo reagent was
utilised to measure cell viability at multiple time points
with a 200 uL volume, and the recorded luminescence was
analysed using Bio Tek Synergy™ HI1. The drug concen-
tration that impedes cell viability by 50%, termed IC50,
was determined through the application of a varying scale
logistic curve fitting.

For compound screening system, 1 X 10> human ade-
nocarcinoma cells (HCC827, PC9 and NCI-H1975) co-
cultured with CM obtained from 3T3 control or Cxcl14-OE
cells for 96 h suspended in 40 pL 1640 medium were
seeded to 384-well plates. After 24 h, 92 types of drugs were
prepared at their C,,,, concentrations and added to the cor-
responding wells in 10 uL of medium. After 72 h, Cell Titer
Glo reagent was utilised to measure cell viability at mul-
tiple time points with a 50 pL volume, and the recorded
luminescence was analysed using Bio Tek Synergy™ HI1.
For synergic effect assays, cells seeded to 96-well plates and
treated with drugs (filgotinib, tazemetostat hydrobromide,
sodium 4-phenylbutyrate and osimertinib) in correspond-
ing CM for 72 h and viability was measured using cell
counting Kit-8 (CCK-8). The absorbance at 450 nm was
measured using a microplate reader after an incubation
period of 2-3 h, and the viability rate was calculated fol-
lowing the manufacturer’s instructions. The Bliss synergy
score was evaluated and visualised using Synergyfinder R
package (v4.2.2).”!

For colony formation survival assays, 4 X 103 cells,
specifically HCC827, PC9 and NCI-H1975 cells co-cultured
with CM obtained from 3T3 control or Cxcll4-OE cells
for 96 h, were plated onto 12-well plates and subjected
to treatment with the specified drugs (afatinib, gefitinib,
osimertinib and filgotinib) in corresponding CM mixed
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with 1640 medium (1:1). The cells were stained with. 5%
crystal violet after being fixed with 4% PFA following a
10-day period.

4.13 | Animal experiments

Six-week-old male C57BL/6 mice and male nude mice
(5 weeks old; BALB/c nu-nu) were obtained from Jiangsu
Huachuang Sino Pharma Tech Co., Ltd.”” for all animal
experiments. The mice were housed in pathogen-free facil-
ities, with each sex housed separately in cages maintained
at a temperature of 23 + 3°C and humidity ranging from
40% to 70%. The lighting schedule followed a 12-/12-h
daylight/darkness cycle, starting at 07:00.

For subcutaneous tumour models, mice were subcu-
taneously injected with 1 x 10°® LLC cells and 5 x 10°
Cxcl14-OE or control fibroblasts, 5 x 10° HCC827 cells and
2.5 X 10% Cxcl14-OE or control fibroblasts. 5 x 10° PC9
cells and 2.5 x 10° Cxcl14-OE or control fibroblasts were
co-injected. When the tumour volume reaches 70 mm?,
we divide mice into the following four groups: (1) the
control fibroblast group, no treatment; (2) the Cxcll4-OE
fibroblast group, no treatment; (3) the control fibroblast
group treated with gefitinib at 20 mg/kg, administered
by gavage for 12 days; (4) the Cxcl14-OE fibroblast group
treated with gefitinib at 20 mg/kg, administered by gav-
age for 12 days. Similarly, 5 x 10° H1975 cells and 2.5 x 10°
Cxcl14-OE or control fibroblasts were suspended in PBS
and injected subcutaneously into each mouse. When the
tumour volume reaches 70 mm?, mice bearing tumours
were randomly assigned to six groups (each group with six
mice). (1) the control fibroblast group, no treatment; (2)
the Cxcl14-OE fibroblast group, no treatment; (3) the con-
trol fibroblast group treated with osimertinib at 10 mg/kg,
administered by gavage for 12 days; (4) the Cxcll4-OE
fibroblast group treated with osimertinib at 10 mg/kg,
administered by gavage for 12 days; (5) the control fibrob-
last group treated with filgotinib at 5 mg/kg, administered
by gavage for 12 days; (6) the Cxcl14-OE fibroblast group
treated with osimertinib at 10 mg/kg, administered by
gavage for 12 days combined with filgotinib at 5 mg/kg.
Tumour size (length and width in millimetres) was mea-
sured with callipers, and tumour volume was calculated
using the formula (A x B?)/2, where ‘A’ and ‘B’ represent
the long and short measurements, respectively. Finally,
the mice were euthanised, and the subcutaneous tumours
were assessed. Tumour samples were collected for photog-
raphy and staining. No tumours exceeded the maximum
size of 2 cm during the study, in accordance with current
animal welfare guidelines.

For orthotopic xenografts, LLC cells (1 x 10°) with
Cxcl14-OE or control fibroblasts (5 x 10°) were suspended
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in PBS containing Matrigel (Corning) at a 1:1 ratio to pre-
vent leakage from the lung parenchyma. The suspension
was then injected into the lung parenchyma.

For metastasis models, male BALB/c nude mice
(6 weeks old) received suspensions of LLC cells (5 X 10°)
co-cultured with CM from Cxcl14-OE or control 3T3 cells
for 72 h via tail vein injection. Mice were administered
300 pL of CM intraperitoneally daily for nearly 60 days.
Bioluminescent imaging (BLI) was conducted weekly,
where mice were administered a dose of 3 mg/kg D-
luciferin and subjected to bioluminescence imaging using
the PerkinElmer IVIS Spectrum instrument.

4.14 | Immunohistochemistry

The process began with fixing tissues in formalin, fol-
lowed by dehydration with ethanol, embedding in paraffin
and sectioning into slices that were 3 um thick.”® After-
wards, the sections were stained with haematoxylin and
eosin, then deparaffinised using xylene and ethanol, and
rehydrated in water. For antigen retrieval, the slides were
microwaved for 20 min in a sodium citrate buffer (pH
6.0). Following this step, the slides were treated with 3%
hydrogen peroxide to inhibit endogenous peroxidase activ-
ity, and then washed with PBS buffer (pH 7.4). After
blocking the slides with 3% BSA, primary antibodies were
applied and incubated overnight at 4°C, with three sub-
sequent washes in PBS (pH 7.4). Secondary antibodies
labelled with horseradish peroxidase (HRP), correspond-
ing to the species of the primary antibodies, were then
added and incubated at room temperature for 50 min,
followed by three additional rinses with PBS (pH 7.4).
3,3’-Diaminobenzidine (DAB) staining was performed,
and positive results appeared as brownish-yellow. Haema-
toxylin was used to counterstain the cell nuclei. The
tissue slices were dehydrated by sequential immersion
in 75% alcohol for 5 min, followed by 85% alcohol for 5
min, two 5-min immersions in anhydrous ethanol, and a
5-min immersion in butanol. Finally, the slices were dehy-
drated and made transparent with a 5-min bath in xylene,
removed from xylene to dry slightly, and sealed with glue.
The following primary antibodies were used:CD44 (1:300),
PCNA (1:2000), CD31 (1:300). IHC sections were visualised
using Grundium Ocus(®) microscope scanners and further
processed using CaseViewer (3DHISTECH Ltd, Budapest,
Hungary).

4.15 | Data acquisition

scRNA-seq data from four distinct lung cancer datasets
were obtained from GEO (GSE131907,° GSE148071%2

and GSE123904°"). Another scRNA-seq data®* for late-
stage NSCLC under TKI-targeted therapy were sourced
from NCBI BioProject (accession code: PRINA591860).
A ST dataset from six LUAD sections obtained from
GSE189487.% We acquired survival data from lung bulk
RNA-seq datasets available on the TCGA through the GDC
portal and GEO databases: TCGA-LUAD,’* GSE10072,%
GSE30219,%° GSE31210,” GSE32863,” GSE63459,”
GSE68571,°° GSE72094.%

To validate the prediction of immunotherapy efficacy,
four cohorts undergoing immunotherapeutic treatments
were employed: GSE126044 were NSCLC patients who
underwent therapy with anti-PD-1.”* Advanced NSCLC
patients, pertaining to the study GSE135222, received treat-
ment utilising anti-PD-1/PD-L1.”> Anti-PD-1 immunother-
apy patients with NSCLC in GSE136961.7° For research
GSE93157, patients suffering from melanoma, lung can-
cer and head and neck received anti-PD1 treatment.”’The
breast cancer chemotherapy cohort is derived from
GSE14814,” while the NSCLC chemotherapy cohort is
derived from GSE25055.7

4.16 | Sample acquisition and processing
We collected samples of pathologically diagnosed LUAD
from Shanghai Chest Hospital, Shanghai Jiao Tong Univer-
sity School of Medicine. One sample (LUNG_A35T) from
one patient was resected and immediately transferred for
ST sequencing. The clinical information for this sample is
provided in Table Sé.

4.17 |
analysis

Spatial transcriptomics data

Freshly collected lung tumour tissues from Shanghai Chest
Hospital were segmented into appropriately sized tissue
blocks. Surface residue was removed using lint-free paper,
followed by embedding in optimal cutting temperature
(OCT) and freezing on dry ice. The embedded samples
were preserved at —80°C. ST sequencing was conducted
using the 10x Genomics Visium Spatial Transcriptomics
platform, which is based on polyA capture mRNA. The
raw sequencing reads of Visium ST sequencing data and
brightfield microscopy images were processed using Space
Ranger (v2.0.1). This software was utilised to detect tissue
capture areas on the chip and perform alignment analysis
against the reference genomes (Human: GRCh38).

The Seurat” package (v4.3.0) was employed for addi-
tional data processing and quality control subsequent
to the initial quality check results obtained from Space
Ranger. The A35 section was integrated with six other
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sections from GSE189487.% The sctransform function®’
was applied for data normalisation, high variance fea-
tures were identified, and consequently, the data were
accommodated in an “SCT” matrix. We identified the top
3000 highly variable genes (HVGs) using the FindVari-
ableGenes function from the Seurat package, and their
expression profiles were subsequently analysed using prin-
cipal component analysis (PCA) with the first 30 PCs. The
results were visualised in a two-dimensional plot using
a non-linear dimensionality reduction technique called
UMAP. To perform signature scoring based on scRNA-
seq signatures, the AddModuleScore function in Seurat
was applied. The SpatialFeaturePlot function in Seurat was
utilised to create plots for spatial feature expression.

4.18 | Single-cell data preprocessing

Fastq format sequences from high-throughput sequencing
were processed using Cell Ranger (v7.0.1) for quality
assessment and alignment to the reference genome
(Human: GRCh38). The analysis of the data was carried
out using the Seurat R package (version 4.3.0).”” In a
quality control step, cells were flagged as low-quality and
excluded if they exhibited fewer than 300 or more than
7000 detected genes, unique molecular identifier (UMI)
counts exceeding 100 000, mitochondrial gene fractions
surpassing 10% or erythrocyte gene fractions exceeding
3%. Mitochondrial fractions were computed using Seurat’s
Percentage FeatureSet function with pattern = ‘AMT-.
The same preprocessing pipeline was applied to all
publicly available scRNA-seq datasets used in our
study.

4.19 | Dimension reduction, clustering
and annotation analysis

The gene expression matrix was normalised using the
‘NormalizeData’ function, and 3000 HVGs were identified
with the ‘FindVariableFeatures’ function. To address batch
effects, we employed the ‘Harmony’ function. Dimension-
ality reduction was achieved through PCA, and the top
15 principal components were selected using the ‘Elbow-
Plot’ function. Cell clustering was carried out with the
‘FindNeighbors’ and ‘FindClusters’ functions, with reso-
lution determined by the ‘Clustree’ algorithm.?® Clusters
were visualised in a two-dimensional space utilising the
‘RunUMAP’ function. Characteristic genes for each cell
subgroup were identified with the ‘FindAllMarkers’ func-
tion within Seurat, and cell types were assigned based on

3

marker genes using the SingleR package (version 2.0.0)
along with literature references. This analytical pipeline
was also applied to all publicly available scRNA-seq
datasets incorporated in our study.

4.20 | Cell-cell communication inference
Cell-cell interactions among different cell types were
inferred using CellChat (v1.5.0).®! The expression matrix
of cells was utilised to generate the CellChat subject.
Ligand-receptor pairs from the CellChat database, includ-
ing ‘Secreted Signalling’, ‘ECM-Receptor’ and ‘Cell-Cell
Contact’, were selected. Cellular communication networks
were inferred through functions such as ‘computeCom-
munProb’, ‘computeCommunProbPathway’ and ‘aggre-
gateNet’. To visualise the interplay between cell types, the
‘netVisual_circle’ and ‘netVisual bubble’ functions were
employed.

4.21 | Gene set scoring

For scoring gene sets in scRNA-seq data, we employed the
UCell package (v2.3.1).%? Similarly, for bulk RNA-seq data,
we utilised single-sample gene set enrichment analysis
(ssGSEA) from the GSVA package (v1.46.0)* to compute
signature scores for each sample. Supporting information
tables contain all gene sets used for signature scoring.

4.22 | Differential-expression analysis

To identify genes that are differentially expressed across
clusters, we used the ‘FindAllMarkers’ function from
Seurat (version 4.3.0) with the parameters set to
logfc.threshold = .25 and only.pos = TRUE. We per-
formed comparisons using the non-parametric Wilcoxon
rank-sum test to calculate p-values, which were then
adjusted for multiple testing with Bonferroni correction
across all genes. We selected the top 20 markers as sig-
nature gene sets for CAF clusters in GSE131907" and
PRINAS591860,** detailed in Tables S2 and S7.

4.23 | Gene ontology enrichment analysis
We conducted gene ontology (GO) enrichment analysis
using the clusterProfiler package (v4.6.0).5* Subsequently,
representative pathways were visualised using the ggplot2
package (v3.4.1).
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4.24 | Gene set enrichment analysis

We downloaded Hallmark, GO and kyoto encyclope-
dia of genes and genomes (KEGG) gene sets from
The Molecular Signatures Database® (MSigDB, http://
software.broadinstitute.org/gsea/msigdb/). Subsequently,
we conducted gene set enrichment analysis (GSEA) for
DEGs using the clusterProfiler package (v4.6.0) and the
GSEABase toolkit (v1.60.0) in R, employing default set-
tings. Significantly enriched pathways were identified
based on criteria including p-value <.05, p.adjust <.25 and
NES > 1.

4.25 | Trajectory analysis

To investigate the differences in cellular differentiation
between CAF-C3 and CAF-Cl11, we utilised the Monocle
2 algorithm. We began by applying the reduceDimen-
sion function with the DDRtree method, limiting the
analysis to two components for effective dimensionality
reduction. Next, we employed the differentialGeneTest
function to pinpoint genes that show significant differen-
tial expression in relation to pseudotime values. To further
explore gene expression patterns associated with branch
fate, we implemented branch expression analysis mod-
elling (BEAM). For visualising the expression dynamics of
genes specific to each branch along the differentiation tra-
jectories, we used the plot_genes_branched_pseudotime
function. This produced curves that illustrated the Loess-
smoothed expression profiles of these genes as they varied
along each trajectory.

4.26 | Survival analysis

‘We conducted survival analyses to assess the clinical signif-
icance of various signatures including CAF-C11 (see Table
S2). Bulk RNA samples were processed as follows: gene
expression values were converted to Fragments Per Kilo-
base Million (FPKM) and subjected to log-transformation.
Z-scores were subsequently computed for each gene across
all samples. We utilised ssGSEA from the GSVA package
(v1.46.0)* to compute signature scores for each sample.
Subsequently, based on the cutoff values of the signature
scores determined using the survminer package (v0.4.9),
samples were divided into two groups. We employed
the Kaplan-Meier method in survival package (v3.3-1)
to estimate survival curves for both patient groups and
assessed statistical significance using the log-rank test.
We employed the multivariable Cox proportional hazard
model to assess the primary factors influencing survival

duration, including the relationship between signature
scores and clinical characteristics (Pathological Stage:
stage i = 1, stage ii = 2, stage iii = 3, stage iv = 4; Sex:
‘male’ = 1, female’ = 0; Age at diagnosis: >65 = 1,
‘<65 = 0).

4.27 | RNA sequencing

To evaluate the differences between Cxcl14-OE and control
3T3/L929 cells in the transcriptome, using Trizol reagent
(Invitrogen) for total RNA extraction, we carried out
RNA sequencing (RNA-seq) and sequenced the resulting
libraries on an Illumina NovaSeq 6000 platform. Align-
ment of RNA-seq reads to the mouse reference genome
was performed using HISAT2.%° We employed the R pack-
age DESeq2 (v.1.34.0) to analyse the differential expression
genes.”’

4.28 | Statistical analyses

Statistical analyses and sample sizes (n) for each figure
are detailed in their respective legends. The data distri-
bution was assumed to be normal, although it was not
subjected to formal testing. All experiments were con-
sistent and reproducible. Kaplan-Meier curves illustrated
survival functions for both mice and humans. Statistical
evaluations were undertaken with GraphPad Prism 9.0
software and R software (v4.2.0). Results are presented
as mean =+ standard deviation (SD), unless stated other-
wise. Statistical significance was assessed using either an
unpaired two-sided Student’s t-test or a two-way analy-
sis of variance (ANOVA), with a p-value of less than. 05
considered statistically significant. Significance levels are
indicated with the following notation: *p < .05, **p < .01,
#¥p <001, ¥**p < .0001.
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