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BACKGROUND: Cancer-associated fibroblasts (CAFs) are a dominant cell type in the stroma of non-small cell lung cancer (NSCLC).
Fibroblast heterogeneity reflects subpopulations of CAFs, which can influence prognosis and treatment efficacy. We describe the
subtypes of CAFs in NSCLC.
METHODS: Primary human NSCLC resections were assessed by flow cytometry and multiplex immunofluorescence for markers of
fibroblast activation which allowed identification of CAF subsets. Survival data were analysed for our NSCLC cohort consisting of
163 patients to understand prognostic significance of CAF subsets.
RESULTS: We identified five CAF populations, termed CAF S1-S5. CAF-S5 represents a previously undescribed population, and
express FAP and PDPN but lack the myofibroblast marker αSMA, whereas CAF-S1 populations express all three. CAF-S5 are spatially
further from tumour regions then CAF-S1 and scRNA data demonstrate an inflammatory phenotype. The presence of CAF-S1 or
CAF-S5 is correlated to worse survival outcome in NSCLC, despite curative resection, highlighting the prognostic importance of CAF
subtypes in NSCLC. TCGA data suggest the predominance of CAF-S5 has a poor prognosis across several cancer types.
CONCLUSION: This study describes the fibroblast heterogeneity in NSCLC and the prognostic importance of the novel CAF-S5
subset where its presence correlates to worse survival outcome.

British Journal of Cancer (2024) 130:1758–1769; https://doi.org/10.1038/s41416-024-02671-1

BACKGROUND
Lung cancer is the leading cause of cancer death globally [1] and
non-small cell lung cancer (NSCLC) accounts for ~85% of cases [2].
Current NSCLC therapies are often unsuccessful, with drug
resistance leading to treatment failure and disease progression
[3]. The tumour stroma plays a role in this resistance to therapy
and has emerged as an important target for therapies to combat
cancers such as NSCLC [4–7].
One of the most common cell types of the tumour stroma is the

cancer-associated fibroblast (CAF) [8]. In health, fibroblasts are a
quiescent structural component of the extracellular matrix (ECM),
which become activated in response to wound signalling. In their
activated state they produce ECM components, and engage in
crosstalk with immune cells to promote wound healing [9]. CAFs
are irreversibly activated, have an enhanced migratory phenotype
over normal activated fibroblasts, a greater proliferative ability and
an enhanced secretome [10]. CAFs also have roles in immune
evasion, metastasis, invasion, angiogenesis and resistance to drug
treatment [6, 11–15].

Several studies have shown that CAFs represent a hetero-
geneous population composed of functionally distinct subtypes
[6, 16–21]. The phenotype of these subtypes has been char-
acterised in some solid organ malignancies, including breast,
ovarian, pancreatic and lung cancers [17, 19–23]. Markers
frequently used to distinguish these subtypes include α-smooth
muscle actin (αSMA), fibroblast activation protein (FAP), podopla-
nin (PDPN), integrin β1 (CD29) and fibroblast-specific protein-1
(FSP-1). Two key subtypes of note, commonly termed CAF-S1 and
CAF-S4, have been identified in several studies, CAF-S1 display a
FAP-hi phenotype associated with adhesion, wound healing and
immunosuppression while CAF-S4 which are FAP-low/negative
and express higher levels of αSMA are more contractile and
associated with invasion and metastasis [7, 17, 20, 24–27]. Spa-
tially, CAF-S1 have been found in closer proximity to cancer cells.
The presence of these subtypes can also indicate prognosis, with
CAF-S1 and CAF-S4 being found to promote metastases, and CAF-
S1 being an indicator of distant relapse in luminal breast cancer
[20].
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Here, we investigate CAF subtypes present in NSCLC, identifying
five subtypes using commonly used CAF markers. We focus on the
novel CAF-S5 subtype, identified primarily by the expression of
FAP and PDPN but lacking expression of αSMA. We compare the
spatial location of CAF-S5 to the previously defined CAF-S1
subtype and investigate the correlation of these subtypes to
survival outcome.

METHODS
NSCLC patient sample processing
Fresh excised tumour and adjacent non-cancerous lung (NCL) tissues were
collected following surgical resection, where NCL tissues were taken from
the most distal point in the same lobe as the tumour. Samples were stored
in DMEM (Gibco) containing 100 U/L penicillin-streptomycin (Gibco) and
processed within 16 h. Tissue samples were minced with forceps and
incubated in a water bath at 37 °C for an hour in prewarmed RPMI media
(Gibco) containing collagenase I [1 mg/ml] (Gibco) and DNase [0.1 mg/ml]
(Sigma), with samples removed for vortexing every 10min within that
incubation. Samples were then centrifuged at 300 × g for 5 min and
supernatant removed, then 5ml TrypLE express (Gibco) was added.
Samples were incubated for a further 5 min at 37 °C, before being
centrifuged at 300 × g for 5 min and supernatant removed. Samples were
then resuspended in media and passed through a 70 μm cell strainer and
red blood cells were lysed from samples using RBC lysis buffer (Roche) in
5ml for 10min at room temperature. Cells were washed in plain RPMI
media and then counted in preparation for staining.

Flow cytometry sample preparation
Following tissue digest, cells were resuspended in DPBS (Gibco) for
staining by flow cytometry, with 1 million cells per condition. For all
conditions other than the unstained control, cells were stained with a live/
dead marker Zombie UV (1:1000, Biolegend) for 30min at room
temperature in DPBS (Gibco). Cells were then washed (centrifuged at
300 × g for 5 min) in DPBS supplemented with 2% FBS (FACs buffer) and
incubated with FC blocker (Biolegend) for 10min and then stained with
surface marker antibodies (EpCAM, CD45, CD31, FAP, CD29, Podoplanin
and PDGFRβ, see Supplementary Table S1 for details) or the corresponding
isotype control antibodies for 20min at 4 °C in FACs buffer. After washing
cells were fixed with Cytofix fixation buffer (BD Biosciences) for 20min at
4 °C. Cells were then washed in Perm/Wash buffer (BD Biosciences) and
centrifuged at 300 × g for 5 min. Intracellular antibodies (αSMA and FSP-1)
or the corresponding isotype controls were diluted in Perm/Wash buffer
then added to cells and incubated in the dark for 30min at 4 °C. After
washing, cells were stored in DPBS with 2% FBS overnight at 4 °C before
data acquisition on a LSR6Fortessa analyser (BD Biosciences). Compensa-
tion was carried out using single stain control UltraComp eBeads
(Invitrogen).

Flow cytometry data analysis
Flow cytometry data were analysed using FlowJo version 10.7.1. Cells
were gated to fibroblast populations defined as CD45−, EpCAM− and
CD31− cells (full gating strategy shown in Fig. S1). To reduce file sizes for
analysis, fibroblast populations were downsampled to 300 events using
the Downsample plugin. Samples containing less than 300 fibroblasts
were excluded from analysis. All sample files were then concatenated
and from this file UMaps could be generated from the data [28].
FlowSOM analysis could then be carried out to determine clusters and
was run without defining the number of clusters expected to be
unbiased [29]. MFIs calculated were the geometric fluorescence
intensity.

TMA generation
A TMA was constructed as previously described [30, 31] from tumour
resections from patients undergoing surgery for treatment of NSCLC with
curative intent. Here a total of 163 cancer cores were available for staining.

Multiplex immunofluorescence staining
Slides were deparaffinised in Xylene and rehydrated in a series of ethanol
dilutions. Using the Leica Bond automated staining robot, samples
underwent heat-induced antigen retrieval (HIER) of 30min at 100 °C. Then

tissue slides were exposed to multiple staining cycles each including a
30min incubation with a protein block (Akoya), 1 h incubation with the
respective primary antibody, 30 min incubation with the secondary
antibody (Akoya), 10 min incubation with the respective OPAL (Akoya)
followed by 20min incubation with AR6 buffer (Akoya) at 85 °C prior to the
next staining cycles and finally stained with fluorescent DAPI (Akoya) for
10min. In between each step, slides were washed with bond wash
for 5 min.
Primary antibody concentrations and OPAL pairings are shown in

Supplementary Table S2. Antibody-OPAL pairings were assigned based on
expected biomarker abundance and expected co-expression. Dilution of
antibodies was assessed by single stains.

Multiplex immunofluorescence imaging
Slides were imaged using a Vectra Polaris. The appropriate exposure time
for image acquisition was set for each fluorophore by auto exposing on
multiple (5–10) tissue areas per batch. Following fluorescence whole slide
scans, regions of interest were selected for multispectral imaging (MSI) at
×20 magnification.

Multiplex immunofluorescence image analysis
MSI images were unmixed in InForm software using representative
snapshots of spectral library slides imaged at the same magnification.
This also allowed for the isolation of auto fluorescence. Unmixed images
were exported and analysed in Qupath [32]. Cell detection was performed
using StarDist based on a watershed deep-learning algorithm and
fluorescent threshold of DAPI nuclear staining [33]. Following this,
phenotyping was performed in a non-hierarchical manner by creating a
composite classifier of single channel classifiers for each stain based on a
fluorescent threshold that applied across the whole tumour collection.
Ultimately, a machine learning algorithm was trained on multiple images
to detect tumour and stroma areas. For each image the counts of the
number of cells classified by each combination of markers was calculated
and exported for analysis using R. Using the definitions established by flow
cytometry to characterise a profile for each subset as having markers on or
off we defined subsets as: CAF-S1: FAPON αSMAON FSP1OFF CD90ON

PDPNON, CAF-S4: FAPOFF αSMAON FSP1OFF CD90ON PDPNOFF, CAF-S5: FAPON

αSMAOFF FSP1OFF CD90OFF PDPNON. This binary classification allowed for
classification of individual cells as each subtype.

Single cell RNA sequencing analysis
Open source data from Lambrechts et al. [22] and Wu et al. [34] were
analysed using R. Lambrechts et al. data (referred to as early NSCLC due to
patients being those classed as untreated, primary, non-metastatic cases
who were undergoing surgery with curative intent) were downloaded from
https://scope.aertslab.org/#/Bernard_Thienpont/Bernard_Thienpont%
2FThienpont_Fibroblast_v4_R_fixed.loom/gene and Wu et al. data (late
NSCLC) from the gene expression omnibus under GSE148071. The
fibroblast data sets were filtered for fibroblasts that could be defined as
CAF-S1 or CAF-S5 using the definitions of the subtypes established by flow
cytometry. Fibroblasts were filtered by including those with expression of
CD29, PDGFRβ, PDPN and FAP and excluding any that expressed FSP1. The
remaining fibroblasts were then determined to be CAF-S1 if they
expressed αSMA and CAF-S5 if they did not express αSMA. Differential
expression analysis was then performed in R using the DESeq2 package
[35]. The top 50 differentially expressed genes were plotted in a heat map
and volcano plots of all genes were generated to assess key differentially
regulated genes between the two subtypes.

Analysis of survival data
Survival data was collected for the 163 NSCLC patients whose samples
were included in the TMA analysed by multiplex immunofluorescence,
where overall survival was defined as the number of days from diagnosis
to death and recurrence free survival defined as the number of days from
diagnosis to death or recurrence. Kaplan–Meier curves were plotted for
patients who had fibroblasts of phenotype CAF-S1 or CAF-S5 present
(determined in QuPath as described above) above and below the median
number of CAFs present in that subtype. Log-rank tests were used to
determine significance. Plots were also generated for the markers FAP,
PDPN and αSMA, showing survival when these markers are present above
or below median expression levels. Analysis was carried out using the
survival and survminer packages in R.
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Analysis of TCGA data
Data for liver hepatocellular carcinoma (TCGA-LIHC), pancreatic adenocar-
cinoma (TCGA-PAAD), invasive breast carcinoma (TCGA-BRCA) and renal
clear cell carcinoma (TCGA-KIRC) were downloaded from https://tcga-
data.nci.nih.gov. The surv_cutpoint function in R was used to determine
the most significant cut off for expression level correlated to survival for
each cancer for the markers FAP, PDPN and αSMA. Using these cut-offs
generated patients could be defined as low or high for each marker.
Patients were defined to have an overall CAF-S5 phenotype if they were
FAP and PDPN high and αSMA low. The survival of these patients was then
compared all other patients by plotting Kaplan–Meier curves as
described above.

Statistical analysis
All scatter, violin and boxplots were plotted and statistical testing
performed using GraphPad Prism version 9. Error bars represent the
standard deviation. For the flow cytometry data significance was
determined using unpaired t-tests. For the multiplex immunofluorescence
analysis Tukey’s multiple comparisons tests were performed. Significance

was considered significant when the p value was <0.05 (*p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001). All n numbers are shown in the
figure legends.

RESULTS
CAFs in NSCLC express high levels of fibroblast activation
markers
To understand the heterogeneity of CAFs in human NSCLC we first
looked at the expression levels of seven markers used to
characterise CAFs using flow cytometry (Fig. 1a(i)). Fibroblasts
were identified as being negative for EpCAM, CD45 and CD31 to
exclude epithelial, hematopoietic and endothelial cells respec-
tively (Fig. 1a(ii)). Fibroblast activation markers FAP, CD29, αSMA,
PDPN, CD90, FSP1 and PDGFRβ expression levels were determined
and compared for tumour and non-cancerous adjacent lung tissue
from NSCLC patients by looking at the percentage positivity for
each marker (Fig. 1b). αSMA expression was significantly
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upregulated in CAF. There was significant heterogeneity in marker
expression between patient samples (Fig. 1c). Detailed analysis
revealed differences in the levels of marker expression between
fibroblasts from tumour and non-cancerous lung (NCL) tissues
(Fig. 1d, e, representative plots shown for all individual markers in
Fig. S2). Assessing the percentage of fibroblasts highly expressing
each marker revealed significant differences between fibroblasts
isolated from NCL and tumour. FAP, CD29, αSMA, PDPN and CD90
were all upregulated in tumour fibroblasts, while FSP1 was more
highly expressed in NCL fibroblasts.

Five subsets of CAFs were identified in NSCLC
To describe CAF heterogeneity within the tumour fibroblasts
FlowSOM [29] was used to determine phenotypic clusters of CAFs
in an unbiased manner. This identified five subsets of CAFs across
the samples (Fig. 2a), named CAF-S1 (pink), CAF-S2 (red), CAF-S3
(green), CAF-S4 (blue) following conventions set by previous
studies in breast and ovarian cancers [20, 21, 36] as well as a
previously unreported CAF-S5 (orange). CAF subtypes were
defined by multiple markers (Fig. 2b). Mapping the distribution
of CAF subsets across tumour samples (Fig. 2c), we see that the
subsets are not patient specific, rather that CAF heterogeneity
exists within patients. This is not driven by NSCLC subtype or
stage, as the subset distribution shows no patterns evident of this
when comparing to patient sample information (Fig. 2d, full
patient information shown in Supplementary Table S3).
The relative expression of each marker was visualised, across

subsets (Fig. 2e) and within patients (Fig. 2f). These (along with the
expression profiles in Fig. S3) were used to classify the subsets as
having the following expression levels:
CAF-S1: FAPHigh CD29Med-High αSMAHigh PDPNHigh CD90Med-High

FSP1Low PDGFRβMed,
CAF-S2: FAPNeg CD29Neg-Low αSMANeg PDPNNeg CD90Neg

FSP1Neg PDGFRβNeg,
CAF-S3: FAPLow CD29Med αSMANeg-Low PDPNLow CD90Low

FSP1High PDGFRβLow,
CAF-S4: FAPNeg-Low CD29High αSMAMed PDPNNeg CD90Med-High

FSP1Neg PDGFRβMed-High and
CAF-S5: FAPMed CD29Med αSMANeg-Low PDPNMed CD90Low

FSP1Low PDGFRβMed .
Dimensionality reduction by uniform manifold approximation

and projection (UMAP), showed that while there is some overlap
between CAFs and NCL fibroblasts, there was a distinct distribu-
tion of subpopulations (Fig. 2g). CAF-S3 was significantly more
prevalent in NCL samples and CAF-S2 was found in both NCL and
tumour (Fig. 2h). In contrast CAF-S1, CAF-S4 and CAF-S5 were
significantly enriched in tumour samples (Fig. 2h).
To determine the relevance of these three subsets we

investigated the spatial location and distribution of CAF subsets
in NSCLC by multiplex immunofluorescent (MIF) staining of a
microarray of 163 tumours using a tissue microarray (TMA) and
spectral imaging (Fig. 3a). Tumour cores were stained with PanCK
to identify tumour regions and the fibroblast markers FAP, PDPN,
αSMA, FSP1 and CD90 were used to identify the key CAF subsets
predominant in tumour tissue: CAF-S1, CAF-S4 and CAF-S5.
The MIF results showed clear staining of the fibroblasts markers

in only the stromal regions, with the tumour regions stained by
PanCK (Fig. 3b). As this was a diverse cohort, containing samples
from multiple NSCLC subtypes (demographics of cohort shown in
Fig. 3c), trends in marker expression were compared between
subtypes (Fig. 3d, f) following segmentation and classification of
cells (Fig. 3e). This revealed the level of heterogeneity between
patients across subtypes, with the greatest range in expression
levels shown in FAP and PDPN expression. PDPN expression also
showed significant difference in expression levels between
adenocarcinoma and squamous cell carcinoma, showing higher
percentage positivity of PDPN in squamous cell carcinoma
patients (Fig. 3f). CD90 staining was low, with very few cells

classed as CD90+ across different classes of NSCLC. Consequently,
CD90 was not be used to classify the CAF subsets in the MIF
analysis. CAF-S1, CAF-S4 and CAF-S5 could still be identified
independently of CD90 expression levels. The final definitions
used for the MIF analysis were therefore: CAF-S1: FAPON αSMAON

FSP1OFF PDPNON, CAF-S4: FAPOFF αSMAON FSP1OFF PDPNOFF, CAF-
S5: FAPON αSMAOFF FSP1OFF PDPNON.
CAFs were categorised into subsets depending on the markers they

expressed (Fig. 4a) where the key markers used to distinguish each
subset were FAP, αSMA and PDPN (Fig. 4b). We investigated whether
distinct subsets dominated in different types of NSCLC by calculating
the percentage of total CAFs (defined as those stained by any
combination of the CAF markers investigated) of each CAF subset for
adenocarcinoma, squamous cell carcinoma and other NSCLC subtypes
(Fig. 4c). CAF-S1 and CAF-S5 were both upregulated in squamous cell
carcinoma compared to adenocarcinoma, whereas CAF-S4 was
upregulated in adenocarcinoma. We first considered whether there
was a spatial difference between the subtypes, as we had previously
observed visually that αSMA staining was dominant near tumour
regions (Fig. 3b), and the key difference between the two subtypes is
the lack of αSMA expression on CAF-S5 compared to CAF-S1. The
spatial distribution was quantified by calculating the distance from
each CAF to the nearest tumour region (Fig. 4d). This showed that
CAF-S5 were more likely to be found further from tumour regions than
CAF-S1, while CAF-S4 were found closest to tumour regions (Fig. 4e).

CAF-S1 and CAF-S5 are functionally distinct
To characterise the differences in gene expression between FAP+

and PDPN+ subsets CAF-S1 and CAF-S5, single cell RNA sequencing
data for early and late NSCLC, available from Lambrechts et al. [22]
and Wu et al. [34] respectively was analysed. A heat map of the top
50 differentially expressed genes, showed CAF-S1 and CAF-S5
clustered separately for early NSCLC (Fig. 5a) and the majority
cluster in late NSCLC (Fig. 5c). The most downregulated genes in
CAF-S5 versus CAF-S1 in early NSCLC included TAGLN (transgelin),
TPM2 (tropomyosin 2), SPARC (secreted protein acidic and cysteine
rich) and MYL9 (myosin light chain 9) (Fig. 5b, normalised counts
shown in Fig. S6). Genes upregulated in CAF-S5 included C3
(complement C3), SEPP1 (selenoprotein P), C7 (complement C7) and
CLU (clusterin). In the case of late NSCLC, we see less significantly
downregulated genes, but matrix metalloproteinases (MMP) genes
for MMP1 and MMP9 were upregulated (Fig. 5d, normalised counts
shown in Fig. S7). We also compared transcriptional differences
between these subsets and the CAF-S4 subset (shown in Fig. S9)
demonstrating distinct transcriptional differences between them.

Presence of CAF-S1 or CAF-S5 correlates with worse 5 year
survival in NSCLC
To understand if these subsets have prognostic significance, we
performed survival analysis on our results from 163 NSCLC tumours,
looking at whether the presence of CAF-S1 and CAF-S5 correlated
with survival using the cell classifications from the TMA cohort
(Fig. 6a). Analysis of the CAF markers alone did not reveal any
significant effects on survival probability (Fig. 6b), although presence
of FAP above median levels did demonstrate a trend towards poorer
recurrence free survival. However, presence of either CAF-S1 or CAF-
S5 was correlated with worse 5-year overall survival (Fig. 5c, d, cox
regression analysis for survival shown in Supplementary Fig. S4).
Presence of the CAF-S4 subset demonstrated a non-significant trend
towards improved overall survival (Fig. S8).

CAF-S5 signature indicates poorer survival in other cancers
Using the TCGA dataset we analysed the survival of patients who
we expect to have greater prevalence of the novel CAF-S5 (based
on bulk high expression of FAP and PDPN in the patient and low
αSMA) across four solid organ cancers: liver hepatocellular,
pancreatic adenocarcinoma, breast invasive carcinoma and renal
clear cell carcinoma (Fig. 6e, cox regression analysis shown in
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Supplementary Fig. 4C). This revealed that the presence of these
markers indicating CAF-S5 correlated with poor survival prob-
ability across these cancers, demonstrating conserved prognostic
relevance of the CAF-S5 subset.

DISCUSSION
We have identified that in NSCLC, CAFs present as a hetero-
geneous population which can be divided into subsets depending
on their expression levels of fibroblast activation markers. This
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Fig. 3 Multiplex immunofluorescence staining of CAFs in NSCLC. a Schematic showing the workflow of preparation of the TMA from NSCLC
resections followed by immunofluorescent staining using a Leica Bond RX and then spectral imaging of slides; b Representative images
showing the expression pattern of CAF markers FAP, αSMA, PDPN, FSP1 and CD90 relative to cancer cells identified by PanCK staining in a
NSCLC tumour sample, scale bar 100 um; c Patient demographics of all patients in the TMA cohort; d Representative images of NSCLC
subtypes adenocarcinoma, squamous cell carcinoma, large cell carcinoma and neuroendocrine carcinoma demonstrating heterogeneity
between subtypes; e Images demonstrating the segmentation completed for each TMA core defining tumour and stromal regions by tissue
segmentation and individual classification of cells by cell segmentation; f The percentage of stromal cells positive for CAF markers in different
categories of NSCLC. Stats show Tukey’s multiple comparisons test results, *p ≤ 0.05.
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heterogeneity of CAFs is found both between and within patient
samples. Two of the subsets, CAF-S2 and CAF-S3, express low
levels of markers used to identify activated fibroblasts. This, and
the finding that there are more CAF-S3 in NCL and an equal
presence of CAF-S2 in NCL and tumour, suggests that these
subsets are representative of more quiescent lung fibroblasts
found in health. Conversely, CAF-S1, CAF-S4 and CAF-S5 are more
prevalent in tumour tissue. CAF-S5 is a novel subset, identified
here as expressing FAPMed CD29Med αSMANeg-Low PDPNMed

CD90Low FSP1Low and PDGFRβMed. These subsets express different
levels of fibroblast activation markers, demonstrating that no
single fibroblast marker can be used to isolate CAFs in NSCLC. This
suggests that studies targeting single markers to deplete CAFs are

targeting limited subsets, and our work demonstrates that they
need to be considered together.
These fibroblast markers can also be used to identify CAF

subsets through multiplex immunofluorescence imaging when
the definitions outlined from the flow cytometry analysis are
converted to binary definitions. Although binary definitions
limited the ability to classify as thoroughly as the flow cytometry
analysis, they allowed for confident assigning of CAFs to their
respective subsets as described. The three subsets identified as
more prevalent in the tumour (CAF-S1, CAF-S4 and CAF-S5) were
investigated by staining for CAF markers FAP, αSMA, PDPN, CD90
and FSP1 in a cohort of 163 patients that were part of a TMA. A
limitation of the study is the use of a TMA. We assessed 1mm
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cores of tissue from each patient and others have demonstrated
this method can successfully predict patient outcome post
surgical resection in lung adenocarcinoma [37]. Assessing the
distribution of each marker across different tissue classes revealed
differences between adenocarcinoma and squamous cell carci-
noma, notably the expression of PDPN being higher in squamous
cell carcinoma. The expression of PDPN has been linked to poor
prognosis in cancer, and is hypothesised to play roles in invasion,
epithelial to mesenchymal transition (EMT) and metastasis [38, 39].
PDPN positivity correlates with greater invasiveness in lung
adenocarcinomas [40] and functionally CAFs expressing PDPN
and FAP have previously been identified to suppress T cell

proliferation in a nitric oxide dependent manner in breast cancer
[41]. It would therefore be expected PDPN+ CAF subsets (CAF-S1
and CAF-S5) would be associated with poorer long-term survival,
and this was confirmed in our study.
Comparing the proportions of CAF subsets between NSCLC

subtypes, we observed a higher proportion of CAF-S1 and CAF-S5
in squamous cell carcinoma, and a higher proportion of CAF-S4 in
adenocarcinoma. This distribution is likely due to the expression of
PDPN in CAF-S1 and CAF-S5 as previously discussed. This finding is
supported by studies in other cancers, as CAF subsets in breast
cancer have been shown to be dependent on histology
classification, with different tumour classes presenting enrichment

Cells
classified

Data
exported to R

Studio

1.00

0.75

0.50

R
F

S
 p

ro
b

ab
ili

ty

0.25

0.00

1.00

0.75

0.50

O
ve

ra
ll 

su
rv

iv
al

 p
ro

b
ab

ili
ty

O
ve

ra
ll 

su
rv

iv
al

 p
ro

b
ab

ili
ty

0.25

0.00

1.00

0.75

0.50

0.25

0.00

O
ve

ra
ll 

su
rv

iv
al

 p
ro

b
ab

ili
ty 1.00

0.75

0.50

0.25

0.00

1.00

0.75

0.50

R
F

S
 p

ro
b

ab
ili

ty

0.25

0.00

1.00

0.75

0.50

R
F

S
 p

ro
b

ab
ili

ty

0.25

0.00

0

0 500 1000 1500

Time (days)

0 500 1000 1500

Time (days)

0 500 1000 1500

Time (days)

0 500 1000 1500

Time (days)

Number at risk

p = 0.31

p = 0.023 p = 0.018

p = 0.42

S
tr

at
a

81 66 61 53
82 64 51 41

0 500 1000 1500
Time (days)

0 500 1000 1500

Time (days)

0 500 1000 1500

Time (days)

0 500 1000 1500

Time (days)

0 500 1000 1500 0 500 1000 1500
Time (days) Time (days)

Number at risk

Number at risk

Number at risk Number at risk

S
tr

at
a

1.00

0.75

0.50

O
ve

ra
ll 

su
rv

iv
al

 p
ro

b
ab

ili
ty

0.25

0.00

1.00

0.75

0.50

R
F

S
 P

ro
b

ab
ili

ty

0.25

0.00

S
tr

at
a

S
tr

at
a

S
tr

at
a81 70 65 56 81

<median >median

69 60 48
82

80 74 69 58

81 64 52 45

69 57 48 82
81 69 60 52
82 70 62 5270 62 56

0 500 1000 1500

Time (days)

Number at risk

S
tr

at
a

81 65 53 42
82 65 59 52

0 500 1000 1500

Time (days)

Number at risk

S
tr

at
a 81 65 53 45

82 65 59 49

500

p = 0.22 p = 0.34

p = 0.65

p = 0.077

1000

Time (days)

1500 0 500 1000

Time (days)

1500 0 500 1000

Time (days)

1500

% FAP in stroma
recurrence free survival

% FAP in stroma
overall survival

% PDPN in stroma
overall survival

% PDPN in stroma
recurrence free survival

% �SMA in stroma
recurrence free survival

% �SMA in stroma
overall survival

Low Risk Score

100

S
u

rv
iv

al

80

60

Time

40

20

0

High Risk Score

R

Kaplan Meier
survival analysis

Patient
survival data

collected

0 500 1000 1500

Time (days)

Number at risk

S
tr

at
a 80 70 64 52

81 59 47 41

0 500 1000 1500

Time (days)

Number at risk

S
tr

at
a 75 70 65 55

76 60 49 42

0 500 1000 1500

Time (days)

Number at risk

S
tr

at
a 75 67 61 50

76 56 45 39

p = 0.033

0 500 1000 1500

Time (days)

1.00

0.75

0.50

O
ve

ra
ll 

su
rv

iv
al

 p
ro

b
ab

ili
ty

0.25

0.00

p = 0.051

0 500 1000 1500

Time (days)

1.00

0.75

0.50

R
F

S
 p

ro
b

ab
ili

ty

0.25

0.00

Number at risk

S
tr

at
a 252 78 28 0

117 22 5 0
6
0

p = 0.00034

Liver hepatocellular

0 1000 2000 3000 4000

Time (days)

0 1000 2000 3000 4000

Time (days)

1.00

0.75

0.50

su
rv

iv
al

 p
ro

b
ab

ili
ty

0.25

0.00

Number at risk

S
tr

at
a 169 22 0

9 1 0

6

0

p = 0.19

0 1000 2000 3000

Time (days)

0 1000 2000 3000

Time (days)

1.00

0.75

0.50

S
u

rv
iv

al
 p

ro
b

ab
ili

ty

0.25

0.00

Number at risk

S
tr

at
a 054

OtherCAF-S5

212 30 4

50 9 0 0

11

0

p = 0.023

0 2000 4000 6000 8000

Time (days)

0 2000 4000 6000 8000

Time (days)

1.00

0.75

0.50

S
u

rv
iv

al
 p

ro
b

ab
ili

ty

0.25

0.00

Number at risk

S
tr

at
a 507 296 116 3

33 11 1 0

39

1

p < 0.0001

0 1000 2000 3000 4000

Time (days)

0 1000 2000 3000 4000

Time (days)

1.00

0.75

0.50
su

rv
iv

al
 p

ro
b

ab
ili

ty

0.25

0.00

Pancreatic adenocarcinoma Breast invasive Renal clear cell

CAF-S5CAF-S5CAF-S1CAF-S1

<median >median

Predominant phenotype:

a

c

b

d

e

<median >median
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phenotype by looking at FAP, PDPN and αSMA expression.
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with different CAF subsets [42]. Recent studies suggest that this
may be due to a reservoir of fibroblasts in healthy tissues, which
are capable of activation to various phenotypes dependent on
disease state [43].
Other groups have investigated FAP and αSMA in NSCLC, often

using single makers in IHC, and have found various prognostic
features. This includes FAP+ CAFs to be an indicator of positive
outcome in squamous cell carcinoma [44] and the same group
also suggested in a subsequent study that this was due to high
infiltration of CD8 and CD3 positive T cells in the tumours [45].
Conversely another study identified FAP+ CAFs and associated
them with poor prognosis in adenocarcinoma, particularly in the
presence of low CD8 T cell infiltration in the stroma [46]. In this
study we found that using a single marker may not determine
prognostic significance, but rather there are CAF phenotypes
which can be identified using a combination of markers. This
approach was also used by another group which utilised multiplex
staining of FAP, αSMA, PDGFRα and PDGFRβ by immunofluores-
cence, identifying CAFs of each combination of the markers used
[47]. Although a direct comparison cannot be made as the same
makers were not used, here a poor prognosis subset (CAF7)
broadly aligns with our CAF-S1 subset and favourable prognosis
(CAF13) broadly with CAF-S4 subset (Supplementary Fig. S8). A
recent study identified CAF subsets in NSCLC by utilising
multiplexed imaging mass cytometry and included the key
markers we used [48]. Although their analysis does not allow
direct comparison to our study to identify CAF-S1 or CAF-S5, they
did identify a favourable outcome with SMA CAFs which align with
our CAF-S4. These studies further highlight the novelty of the CAF-
S5 subset identified here.
To further characterise differences between CAF-S1 and CAF-S5

we analysed two single cell RNA sequencing datasets for NSCLC,
published by Lambrechts et al. [22] and Wu et al. [34]. We
primarily focussed on these subsets due to their association with
poor prognosis. Subsets of fibroblasts defined as CAF-S1 or CAF-S5
by our established criteria were compared. As the defining
difference between the two subsets is the expression of αSMA, the
main predicted difference was that CAF-S5 would not be a
contractile phenotype. This was further confirmed by the finding
that genes such as TAGLN and TPM2 were downregulated in CAF-
S5 in early NSCLC, as they would contribute to contractility also,
and that contractile pathways were suppressed (Fig. S5). The
upregulation of complement genes C3 and C7 suggests that CAF-
S5 are an inflammatory subset. The upregulation of C3 in
immunomodulatory stromal cells has previously been identified
in mouse and human studies, showing that these cells are capable
of influencing the tumour immune response [49]. Previously
described immunomodulatory subsets have demonstrated high
levels of chemokines such as CXCL12, further indicating their role
in the influence of the immune system and inflammatory response
[50]. In late NSCLC downregulation of contractile genes such as
TAGLN were also observed, but others such as MMP1, MMP9 and
SPP1 were found to be upregulated, which have functions in
matrix remodelling and invasion and are linked to poor prognosis
in lung cancer [51, 52]. This suggested that the CAF-S5 subset
could promote disease proliferation, metastasis and resistance to
therapy, which would contribute to worse overall survival.
These findings in NSCLC suggest an alignment with the CAF

breakdown previously reported in pancreatic cancer of iCAF and
myCAF, where iCAF represent an inflammatory subset and myCAF
a myofibroblastic one [17]. In pancreatic cancer myCAF were
found in close proximity to cancer cells compared to the more
distally located iCAF. We find in NSCLC, CAF-S5 were also located
more distally from tumour cells, suggesting they are more likely
induced by secreted factors rather than requiring cell contact for
interactions. This is supported by a separate study in NSCLC where
CAFs expressing FAP and αSMA were also shown to be located
closer to tumour nests than those only FAP+ [23]. Therefore, our

work supports these findings in NSCLC, but also we demonstrate
both subsets contribute to poor survival outcome.
To further understand the influence of the CAF-S5 subset on

survival in other cancers we analysed the TCGA dataset for multiple
solid organ cancers (liver, pancreatic, breast and renal clear cell). For
these cancers investigated, this showed decreased survival prob-
ability when CAF-S5 was dominant, compared to all other patients
in the cohort. It has previously been shown that patients expressing
the CAF-S1 phenotype in breast cancer have increased survival
probability compared to other groups [20]. Our analysis suggests
the presence and prevalence of the CAF-S5 subset in breast cancer
warrants further investigation. By not considering the CAF-S5 subset
in patients, and only considering the CAF-S1, patient outcome may
be incorrectly predicted. This highlights the importance of the novel
CAF-S5 subset as a predictor of poor outcome.

DATA AVAILABILITY
Data used in this study are available from the corresponding author upon reasonable
request.

CODE AVAILABILITY
Codes used in this study are available from the corresponding author upon
reasonable request.

REFERENCES
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global

cancer statistics 2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209–49.

2. Molina JR. Non-small cell lung cancer: epidemiology, risk factors, treatment, and
survivorship. Mayo Clin Proc. 2008;83:584–94. www.mayoclinicproceedings.com584.

3. Iglesias VS, Giuranno L, Dubois LJ, Theys J, Vooijs M. Drug resistance in non-small
cell lung cancer: a potential for NOTCH targeting? Front Oncol. 2018;8:267.
www.frontiersin.org.

4. Bremnes RM, Dønnem T, Al-Saad S, Al-Shibli K, Andersen S, Sirera R, et al. The role
of tumor stroma in cancer progression and prognosis: emphasis on carcinoma-
associated fibroblasts and non-small cell lung cancer. J Thorac Oncol.
2011;6:209–17. https://doi.org/10.1097/JTO.0b013e3181f8a1bd.

5. Castells M, Thibault B, Delord JP, Couderc B. Implication of tumor micro-
environment in chemoresistance: tumor-associated stromal cells protect tumor
cells from cell death. Int J Mol Sci. 2012;13:9545–71. http://www.mdpi.com/1422-
0067/13/8/9545/.

6. Hu H, Piotrowska Z, Hare PJ, Chen H, Mulvey HE, Mayfield A, et al. Three subtypes
of lung cancer fibroblasts define distinct therapeutic paradigms. Cancer Cell.
2021;39:1531–47.e10.

7. Dominguez CX, Müller S, Keerthivasan S, Koeppen H, Hung J, Gierke S, et al.
Single-cell RNA sequencing reveals stromal evolution into LRRC15+ myofibro-
blasts as a determinant of patient response to cancer immunotherapy. Cancer
Discov. 2020;10:232–53. http://aacrjournals.org/cancerdiscovery/article-pdf/10/2/
232/1804634/232.pdf.

8. Santi A, Kugeratski FG, Zanivan S. Cancer associated fibroblasts: the architects of
stroma remodeling. Proteomics. 2018;18:e1700167.

9. Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A
framework for advancing our understanding of cancer-associated fibroblasts. Nat
Rev Cancer. 2020;20:174–86. https://doi.org/10.1038/s41568-019-0238-1.

10. Kalluri R. The biology and function of fibroblasts in cancer. Nat Publ Gr. 2016.
www.nature.com/nrc.

11. Monteran L, Erez N. The dark side of fibroblasts: cancer-associated fibroblasts as
mediators of immunosuppression in the tumor microenvironment. Front
Immunol. 2019;10:1–15.

12. Joshi RS, Kanugula SS, Sudhir S, Pereira MP, Jain S, Aghi MK. The role of cancer-
associated fibroblasts in tumor progression. 2021. https://doi.org/10.3390/
cancers13061399.

13. Mathieson L, O’Connor RA, Stewart H, Shaw P, Dhaliwal K, Williams GOS, et al.
Fibroblast activation protein specific optical imaging in non-small cell lung
cancer. Front Oncol. 2022;12:1–10.

14. O’Connor RA, Chauhan V, Mathieson L, Titmarsh H, Koppensteiner L, Young I,
et al. T cells drive negative feedback mechanisms in cancer associated fibroblasts,
promoting expression of co-inhibitory ligands, CD73 and IL-27 in non-small cell
lung cancer. Oncoimmunology. 2021;10:1940675.

L. Mathieson et al.

1767

British Journal of Cancer (2024) 130:1758 – 1769

http://www.mayoclinicproceedings.com584
http://www.frontiersin.org
https://doi.org/10.1097/JTO.0b013e3181f8a1bd
http://www.mdpi.com/1422-0067/13/8/9545/
http://www.mdpi.com/1422-0067/13/8/9545/
http://aacrjournals.org/cancerdiscovery/article-pdf/10/2/232/1804634/232.pdf
http://aacrjournals.org/cancerdiscovery/article-pdf/10/2/232/1804634/232.pdf
https://doi.org/10.1038/s41568-019-0238-1
http://www.nature.com/nrc
https://doi.org/10.3390/cancers13061399
https://doi.org/10.3390/cancers13061399


15. O’Connor RA, Martinez BR, Koppensteiner L, Mathieson L, Akram AR. Cancer-
associated fibroblasts drive CXCL13 production in activated T cells via TGF-beta.
Front Immunol. 2023;14:1221532.

16. Mhaidly R, Mechta-Grigoriou F. Fibroblast heterogeneity in tumor micro-environment:
role in immunosuppression and new therapies. Semin Immunol. 2020;48:101417.

17. Öhlund D, Handly-Santana A, Biffi G, Elyada E, Almeida AS, Ponz-Sarvise M, et al.
Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic
cancer. J Exp Med. 2017;214:579–96.

18. Chen PY, Wei WF, Wu HZ, Fan LS, Wang W. Cancer-associated fibroblast het-
erogeneity: a factor that cannot be ignored in immune microenvironment
remodeling. Front Immunol. 2021;12:2760.

19. Costa A, Kieffer Y, Scholer-Dahirel A, Pelon F, Bourachot B, Cardon M, et al.
Fibroblast heterogeneity and immunosuppressive environment in human breast
cancer. Cancer Cell. 2018;33:463–79.e10.

20. Pelon F, Bourachot B, Kieffer Y, Magagna I, Mermet-Meillon F, Bonnet I, et al.
Cancer-associated fibroblast heterogeneity in axillary lymph nodes drives
metastases in breast cancer through complementary mechanisms. Nat Commun.
2020;11. https://doi.org/10.1038/s41467-019-14134-w.

21. Givel AM, Kieffer Y, Scholer-Dahirel A, Sirven P, Cardon M, Pelon F, et al. MiR200-
regulated CXCL12β promotes fibroblast heterogeneity and immunosuppression in
ovarian cancers. Nat Commun. 2018;9. https://doi.org/10.1038/s41467-018-03348-z.

22. Lambrechts D, Wauters E, Boeckx B, Aibar S, Nittner D, Burton O, et al. Phenotype
molding of stromal cells in the lung tumor microenvironment. Nat Med.
2018;24:1277–89. https://doi.org/10.1038/s41591-018-0096-5.

23. Grout JA, Sirven P, Leader AM, Maskey S, Hector E, Puisieux I, et al. Spatial
positioning and matrix programs of cancer-associated fibroblasts promote T cell
exclusion in human lung tumors. Cancer Discov. 2022;12:2606–25.

24. Bartoschek M, Oskolkov N, Bocci M, Lövrot J, Larsson C, Sommarin M, et al.
Spatially and functionally distinct subclasses of breast cancer-associated fibro-
blasts revealed by single cell RNA sequencing. Nat Commun. 2018;9.
www.nature.com/naturecommunications.

25. Elyada E, Bolisetty M, Laise P, Flynn WF, Courtois ET, Burkhart RA, et al. Cross-
species single-cell analysis of pancreatic ductal adenocarcinoma reveals antigen-
presenting cancer-associated fibroblasts antigen-presenting CAFs in PDAC.
Cancer Discov. 2019;9:1102–25. www.aacrjournals.org.

26. Li H, Courtois ET, Sengupta D, Tan Y, Chen KH, Goh JJL, et al. Reference com-
ponent analysis of single-cell transcriptomes elucidates cellular heterogeneity in
human colorectal tumors. Nat Genet. 2017;49:708–18.

27. Neuzillet C, Tijeras-Raballand A, Ragulan C, Cros J, Patil Y, Martinet M, et al. Inter-
and intra-tumoural heterogeneity in cancer-associated fibroblasts of human
pancreatic ductal adenocarcinoma. J Pathol. 2019;248:51–65.

28. McInnes L, Healy J, Melville J. UMAP: uniform manifold approximation and pro-
jection for dimension reduction. 2018. http://arxiv.org/abs/1802.03426.

29. Van Gassen S, Callebaut B, Van Helden MJ, Lambrecht BN, Demeester P, Dhaene
T, et al. FlowSOM: using self-organizing maps for visualization and interpretation
of cytometry data. Cytom Part A. 2015;87:636–45.

30. Titmarsh HF, von Kriegsheim A, Wills JC, O’Connor RA, Dhaliwal K, Frame MC,
et al. Quantitative proteomics identifies tumour matrisome signatures in patients
with non-small cell lung cancer. Front Oncol. 2023;13:1–14.

31. Koppensteiner L, Mathieson L, Pattle S, Dorward DA, O’Connor RA, Akram AR.
Location of CD39+ T cell sub-populations within tumours predict differential
outcomes in non-small cell lung cancer. J Immunother Cancer. 2023;11:e006770.

32. Bankhead P, Loughrey MB, Fernández JA, Dombrowski Y, McArt DG, Dunne PD,
et al. QuPath: open source software for digital pathology image analysis. Sci Rep.
2017;7:1–7. https://www.nature.com/articles/s41598-017-17204-5.

33. Schmidt U, Weigert M, Broaddus C, Myers G. Cell detection with star-convex
polygons. 2018. https://doi.org/10.1007/978-3-030-00934-2_30.

34. Wu F, Fan J, He Y, Xiong A, Yu J, Li Y, et al. Single-cell profiling of tumor het-
erogeneity and the microenvironment in advanced non-small cell lung cancer.
Nat Commun. 2021;12:1–11.

35. Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15:1–21.

36. Mhaidly R, Mechta-Grigoriou F. Role of cancer-associated fibroblast subpopula-
tions in immune infiltration, as a new means of treatment in cancer. Immunol
Rev. 2021;302:259–72.

37. Sorin M, Rezanejad M, Karimi E, Fiset B, Desharnais L, Perus LJM, et al. Single-cell spatial
landscapes of the lung tumour immune microenvironment. Nature. 2023;614:548–54.

38. Astarita JL, Acton SE, Turley SJ. Podoplanin: emerging functions in development,
the immune system, and cancer. Front Immunol. 2012;3:1–11.

39. Wicki A, Lehembre F, Wick N, Hantusch B, Kerjaschki D, Christofori G. Tumor
invasion in the absence of epithelial-mesenchymal transition: podoplanin-
mediated remodeling of the actin cytoskeleton. Cancer Cell. 2006;9:261–72.

40. Kawase A, Ishii G, Nagai K, Ito T, Nagano T, Murata Y, et al. Podoplanin expression
by cancer associated fibroblasts predicts poor prognosis of lung adenocarci-
noma. Int J Cancer. 2008;123:1053–9. www.interscience.

41. Cremasco V, Astarita JL, Grauel AL, Keerthivasan S, MacIsaac K, Woodruff MC,
et al. FAP delineates heterogeneous and functionally divergent stromal cells in
immune-excluded breast tumors. Cancer Immunol Res. 2018;6:1472–85.

42. Costa A, Kieffer Y, Scholer-dahirel A, Soumelis V, Vincent-salomon A, Costa A,
et al. Fibroblast heterogeneity and immunosuppressive environment in human
breast cancer. Cancer Cell. 2018;33:463–79.e10. https://doi.org/10.1016/
j.ccell.2018.01.011.

43. Buechler MB, Pradhan RN, Krishnamurty AT, Cox C, Calviello AK, Wang AW, et al.
Cross-tissue organization of the fibroblast lineage. Nature. 2021;593:575–9.
https://doi.org/10.1038/s41586-021-03549-5.

44. Kilvaer TK, Khanehkenari MR, Hellevik T, Al-Saad S, Paulsen EE, Bremnes RM, et al.
Cancer associated fibroblasts in stage I-IIIA NSCLC: prognostic impact and their
correlations with tumor molecular markers. PLoS ONE. 2015;10. https://doi.org/
10.1371/journal.pone.0134965.

45. Kilvaer TK, Rakaee M, Hellevik T, Østman A, Strell C, Bremnes RM, et al. Tissue
analyses reveal a potential immune-adjuvant function of FAP-1 positive fibro-
blasts in non-small cell lung cancer. PLoS ONE. 2018;13:1–17.

46. Moreno-Ruiz P, Corvigno S, te Grootenhuis NC, La Fleur L, Backman M, Strell C,
et al. Stromal FAP is an independent poor prognosis marker in non-small cell
lung adenocarcinoma and associated with p53 mutation. Lung Cancer.
2021;155:10–9.

47. Pellinen T, Paavolainen L, Martín-Bernabé A, Papatella Araujo R, Strell C, Mez-
heyeuski A, et al. Fibroblast subsets in non-small cell lung cancer: associations with
survival, mutations, and immune features. J Natl Cancer Inst. 2023;115:71–82.

48. Cords L, Engler S, Haberecker M, Rüschoff JH, Moch H, de Souza N, et al. Cancer-
associated fibroblast phenotypes are associated with patient outcome in non-
small cell lung cancer. Cancer Cell. 2024;42:396–412.

49. Davidson S, Efremova M, Riedel A, Mahata B, Pramanik J, Huuhtanen J, et al.
Single-cell RNA sequencing reveals a dynamic stromal niche that supports tumor
growth. Cell Rep. 2020;31:107628. https://doi.org/10.1016/j.celrep.2020.107628.

50. Xing X, Yang F, Huang Q, Guo H, Li J, Qiu M, et al. Decoding the multicellular
ecosystem of lung adenocarcinoma manifested as pulmonary subsolid nodules
by single-cell RNA sequencing. Sci Adv. 2021;7:eabd9738.

51. Merchant N, Nagaraju GP, Rajitha B, Lammata S, Jella KK, Buchwald ZS, et al.
Matrix metalloproteinases: their functional role in lung cancer. Carcinogenesis.
2017;38:766–80.

52. Tang H, Chen J, Han X, Feng Y, Wang F. Upregulation of SPP1 is a marker for poor
lung cancer prognosis and contributes to cancer progression and cisplatin
resistance. Front Cell Dev Biol. 2021;9:1–9.

ACKNOWLEDGEMENTS
We are grateful for assistance from QMRI Flow Cytometry Facility, University of
Edinburgh and to all staff in the Department of Thoracic Surgery, Royal Infirmary of
Edinburgh. We are grateful to Dr Samuel Pattle (Cellular Pathology Department,
Victoria Hospital Kirkcaldy, NHS Fife, UK) for collating the TMA clinical data.

AUTHOR CONTRIBUTIONS
LM wrote the first draft of the manuscript and undertook all experimentation and
analysis. LK developed the methods for multiplex immunofluorescence imaging and
imaged the TMA, also providing analysis help for multiplex immunofluorescence
analysis and single cell RNA sequencing analysis. LM, LK and ROC processed patient
samples. DD provided samples from NSCLC resections and developed the TMA. ROC
undertook supervision and manuscript editing. ARA undertook conception, design of
the study, supervision and manuscript editing. All authors approved the manuscript.

FUNDING
This work was funded by a Cancer Research UK Clinician Scientist Fellowship award
to ARA (A24867). LM was funded through the EPSRC Centre for Doctoral Training in
Optical Medical Imaging (EP/L016559/1).

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Cancer tissue was obtained following approval by NHS Lothian REC and facilitated by
NHS Lothian SAHSC Bioresource (REC No: 15/ES/0094). All participants provided
written informed consent. NSCLC tissues lung samples were collected from patients
undergoing surgical resection with curative intent. The tissue microarray was

L. Mathieson et al.

1768

British Journal of Cancer (2024) 130:1758 – 1769

https://doi.org/10.1038/s41467-019-14134-w
https://doi.org/10.1038/s41467-018-03348-z
https://doi.org/10.1038/s41591-018-0096-5
http://www.nature.com/naturecommunications
http://www.aacrjournals.org
http://arxiv.org/abs/1802.03426
https://www.nature.com/articles/s41598-017-17204-5
https://doi.org/10.1007/978-3-030-00934-2_30
http://www.interscience
https://doi.org/10.1016/j.ccell.2018.01.011
https://doi.org/10.1016/j.ccell.2018.01.011
https://doi.org/10.1038/s41586-021-03549-5
https://doi.org/10.1371/journal.pone.0134965
https://doi.org/10.1371/journal.pone.0134965
https://doi.org/10.1016/j.celrep.2020.107628


approved NHS Lothian REC and facilitated by NHS Lothian SAHSC Bioresource (REC
No: 15/ES/0094) and approved by delegated authority granted to R&D by the NHS
Lothian Caldicott Guardian (Application number CRD19031).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-024-02671-1.

Correspondence and requests for materials should be addressed to Ahsan R. Akram.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

L. Mathieson et al.

1769

British Journal of Cancer (2024) 130:1758 – 1769

https://doi.org/10.1038/s41416-024-02671-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cancer-associated fibroblasts expressing fibroblast activation protein and podoplanin in non-small cell lung cancer predict poor clinical outcome
	Background
	Methods
	NSCLC patient sample processing
	Flow cytometry sample preparation
	Flow cytometry data analysis
	TMA generation
	Multiplex immunofluorescence staining
	Multiplex immunofluorescence imaging
	Multiplex immunofluorescence image analysis
	Single cell RNA sequencing analysis
	Analysis of survival�data
	Analysis of TCGA�data
	Statistical analysis

	Results
	CAFs in NSCLC express high levels of fibroblast activation markers
	Five subsets of CAFs were identified in�NSCLC
	CAF-S1 and CAF-S5 are functionally distinct
	Presence of CAF-S1 or CAF-S5 correlates with worse 5 year survival in�NSCLC
	CAF-S5 signature indicates poorer survival in other cancers

	Discussion
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval and consent to participate
	ACKNOWLEDGMENTS
	ADDITIONAL INFORMATION




