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Abstract

Background: Cancer-associated fibroblasts (CAFs) are molecularly heterogeneous mesenchymal cells that interact with malignant
cells and immune cells and confer anti- and protumorigenic functions. Prior in situ profiling studies of human CAFs have largely
relied on scoring single markers, thus presenting a limited view of their molecular complexity. Our objective was to study the com-
plex spatial tumor microenvironment of non-small cell lung cancer (NSCLC) with multiple CAF biomarkers, identify novel CAF sub-
sets, and explore their associations with patient outcome.

Methods: Multiplex fluorescence immunohistochemistry was employed to spatially profile the CAF landscape in 2 population-
based NSCLC cohorts (n =636) using antibodies against 4 fibroblast markers: platelet-derived growth factor receptor-alpha (PDGFRA)
and -beta (PDGFRB), fibroblast activation protein (FAP), and alpha-smooth muscle actin (¢SMA). The CAF subsets were analyzed for
their correlations with mutations, immune characteristics, and clinical variables as well as overall survival.

Results: Two CAF subsets, CAF7 (PDGFRA-/PDGFRB+/FAP+/aSMA+) and CAF13 (PDGFRA+/PDGFRB+/FAP-/aSMA+), showed statisti-
cally significant but opposite associations with tumor histology, driver mutations (tumor protein p53 [TP53] and epidermal growth
factor receptor [EGFR]), immune features (programmed death-ligand 1 and CD163), and prognosis. In patients with early stage tumors
(pathological tumor-node-metastasis IA-IB), CAF7 and CAF13 acted as independent prognostic factors.

Conclusions: Multimarker-defined CAF subsets were identified through high-content spatial profiling. The robust associations of
CAFs with driver mutations, immune features, and outcome suggest CAFs as essential factors in NSCLC progression and warrant fur-
ther studies to explore their potential as biomarkers or therapeutic targets. This study also highlights multiplex fluorescence immu-
nohistochemistry-based CAF profiling as a powerful tool for the discovery of clinically relevant CAF subsets.

Cancer-associated fibroblasts (CAFs) are constituents of common
solid tumors [reviewed in (1-3)]. CAFs interact with other cell

Recent studies have indicated the existence of clinically relevant
subsets of fibroblasts with differential functional activities. Most

types in the tumor microenvironment, including malignant cells,
immune cells, and cells of the vasculature. Experimental studies
imply CAFs as regulators of proliferation, migration, epithelial-
mesenchymal transition, and stem-cell properties of malignant
cells. Immunoregulatory mechanisms have been suggested, such
as recruitment of myeloid-derived suppressor cells, negative
effects on CD8+ cell proliferation and activity, and support of reg-
ulatory CD4+ cells [reviewed in (4,5)]. Notably, studies outside of
tumor biology have identified instructive functions of fibroblasts
affecting epithelial cells and immune cells [reviewed in (6,7)].

studies in the field have employed single-cell RNA sequencing
approaches or multimarker fluorescence-activated cell sorting (8-13).
Considerable interpatient variability and association with prognosis
and treatment response have been detected (8-13). These studies
have, with few exceptions, relied on single-marker staining with
reduced resolution. The mechanisms shaping interpatient variability
in CAF composition remain unknown. However, studies in mouse
models suggest a role of driver mutations in malignant cells (14).
Commonly used fibroblast markers include platelet-derived
growth factor receptor alpha (PDGFRA) and beta (PDGFRB),
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fibroblast activation protein (FAP), and alpha-smooth muscle
actin (aSMA). The PDGF and PDGFR axis is one of the hallmark
pathways controlling growth and migration of fibroblasts in tis-
sue repair and development (15). FAP is a well-studied marker of
fibroblasts in tissue fibrosis, often also upregulated in CAFs, and
has lately been subjected to various targeting approaches (16).
Finally, aSMA has long been used as a marker for activated fibro-
blasts with contractile features [reviewed in (1-3)]. With few
exceptions (17), earlier studies mostly report results from analy-
ses of single markers. It thus remains largely unknown how CAF
markers are co-expressed.

Model studies suggest important roles of CAFs in non-small
cell lung cancer (NSCLC) (18-21). Furthermore, immunohisto-
chemical studies with single markers have indicated partly
inconsistent prognosis associations of single marker-defined CAF
subsets (22-25). Recent single-cell RNA sequencing studies of
digested lung cancer tissue have suggested high CAF heterogene-
ity (26,27).

The aim of this study was to apply multiplex immunofluores-
cence staining and a deep learning-based image analysis pipeline
to well-annotated NSCLC cohorts to quantitate multimarker-
defined CAF subsets and characterize their clinical relevance.

Methods

Patient material, tumor data, and tissue
microarrays (TMAs)

The patient population and associated TMAs have been described
earlier [see (28-31) and Supplementary Methods, available
online]. In brief, each TMA included more than 350 patient cases
from 2 population-based NSCLC collections (BOMI1 and BOMI2).
Multiplex tissue staining with high quality tissue was performed
on 318 patient cases from both cohorts, respectively (see flow dia-
gram of included patients, Supplementary Figure 1, available
online).

Multiplex fluorescent immunohistochemical
staining and image capturing

Multiple fluorescent immunohistochemical staining and imaging
were performed in 2 cycles (Supplementary Table 1, available
online). After the first-round staining and whole-slide imaging of
the TMAs, the fluorescence signal was bleached, and the antibod-
ies from the first-round staining were denatured, after which the
second-round staining was performed as shown in
Supplementary Table 1 (available online).

Imaging of the BOMI2 cohort was performed by a Metafer5
scanning and imaging platform (MetaSystems, Germany; detailed
specs shown in the Supplementary Methods, available online).
Images were exported as 1 image per TMA spot formatted as
lossless-compressed single-channel 8-bit tag image file format
images. Images were exported as 100% and 25% resolution for
cell segmentation as well as for epithelial and stromal segmenta-
tion, respectively. Imaging for BOMI1 was performed using a
Zeiss Axio Scan.Z1 with specs described in the Supplementary
Methods (available online). Images were exported as whole-slide
16-bit tag image file format single-channel greyscale images (25%
and 100% resolution images).

Image processing and analyses

For a complete description of TMA spot image cropping, image
registration, epithelium and autofluorescence masks, cell seg-
mentation, and intensity measurement, see the Supplementary
Methods (available online). TMA spots were identified (32), and

the first- and second-round TMA spot images were aligned based
on nuclear 4',6-diamidino-2-phenylindole signal. Pixel classifica-
tion module of ilastik (33) was used to detect the epithelium/
stroma and red blood cells (autofluorescence) (34). Nuclei seg-
mentation details are shown in the Supplementary Methods
(available online). Briefly, nuclei were segmented from 4’,6-diami-
dino-2-phenylindole channel with a pretrained deep learning seg-
mentation model (35), and cell regions were defined by dilating
the nuclear segmentation. Mean channel intensity of individual
markers colocalizing in each segmented cell was determined.
Distance of each cell to the epithelial mask was also determined.

Cell classification to 15 different CAF subsets

For full description, see Supplementary Methods (available
online). Based on histograms and visual confirmation, we used
the mean intensity + 1.0%stdev (standard deviation) in tumor cells
to define the positivity thresholds of each stromal marker in stro-
mal cells except for using mean + 2.0"stdev for PDGFRB in the
BOMI1 cohort, where the signal was stronger than in the BOMI2
cohort. Based on status of the 4 markers, cells were classified
into 15 subgroups. We then calculated the ratio of positive cells
in each subset in the stroma for each TMA core. Patient case val-
ues were obtained by calculating the mean value of replicate
cores of the same patient. Juxta- and distal-epithelial cells were
defined based on a threshold distance of 100 Pixels (1 Pixels =0.3
micrometers) from the epithelial mask.

Statistical analysis

We used a 2-sided Fisher exact association test between 2 catego-
rical variables in cross tabulations. For the analyses of associa-
tions between 2 or more categorical variables, the y? test was
applied. Mann-Whitney U test was used to test differences
between 2 nonnormally distributed continuous variables.

Normality of data was tested using Kolmogorov-Smirnov test.
Correlations for continuous variables were calculated using 2-
tailed Spearman p or Pearson correlation coefficient function. P
values were calculated using 2-tailed Student t test. Differences
in juxta- and distal-epithelial compartments were tested using
Welch unequal variances t test.

For survival analyses, we used Cox proportional hazards
regression model and Kaplan-Meier plots with Wald test and log-
rank, respectively. Proportional hazards assumption was tested
for each variable using the Schoenfeld test. If multiple testing
was performed, P values were controlled for 10% false discovery
rate using Benjamini-Hochberg step-up procedure. P values less
than .05 were considered statistically significant.

All statistical analyses were performed and visualized using
IBM SPSS 26 (SPSS Inc, Armonk, NY, USA), R Statistical Software
3.6.2 (Foundation for Statistical Computing, Vienna, Austria), or
Python 3.6.8 using SciPy 1.5.4 library. Data were plotted using R,
SPSS, JupyterLab with seaborn library, and Excel (Microsoft,
Redmond, WA, USA).

Study approval

The analysis of human tissue specimens and corresponding clini-
copathological data was approved by the Uppsala Regional ethi-
cal review board (2006/325 and 2012/532) and performed in
accordance with the Swedish biobank legislation.
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Results

Classification of NSCLC CAFs to 15 subsets using
the expression of PDGFRA, PDGFRB, FAP, and
aSMA

Two NSCLC tumor collections (BOMI2; n=318, and BOMII;
n=318) (Table 1) were profiled by multiplex staining with the 4
fibroblast markers and with an anticytokeratin cocktail detecting
epithelial cells. Stromal cells were classified into 15 different
marker-positive combinations (CAF1 to CAF15) as defined by
their binarized status regarding all 4 fibroblast markers: PDGFRA,
PDGFRB, FAP, and aSMA (Figure 1, A and B; see Methods for
details). Patient case-based values, representing fraction of
marker-positive cells belonging to each class, were calculated
(Figure 1, A and B). In both cohorts, all 15 subsets were detected
and showed large interpatient variability.

The CAF1 (PDGFRA-/PDGFRB-/FAP-/aSMA+) and CAF5
(PDGFRA-/PDGFRB+/FAP-/aSMA+) subsets were the most fre-
quent subsets in both cohorts, with fraction values ranging
between 10.9% and 21.9% (Figure 1, A and B). The rarest subsets
in both cohorts were CAF10 and CAF11, with fraction values
ranging between 0.8% and 1.4% (Figure 1, A and B).

Specific analyses of juxta-epithelial and distal-epithelial areas
(see Methods) demonstrated that all subsets occurred in both
areas (Figure 1, C and D; Supplementary Figure 2, available
online). Subsets CAF1, CAF4, CAF6, CAF7, and CAF9 were more
common in the juxta-epithelial area in both cohorts (Figure 1, C
and D; Supplementary Figure 2, available online).

Pair-wise correlation analyses were performed to explore co-
regulation of CAF subsets (Figure 1, E and F). Most pairs were
weakly or moderately associated with Pearson correlation coeffi-
cient between -0.54 and 0.55 (Figure 1, E and F). Patterns of corre-
lations were overall similar in both cohorts. Strong positive
correlations (P <.001) were detected between subsets differing in
their aSMA status (CAF4 vs CAF5, CAF12 vs CAF13, and CAF14 vs
CAF15). In contrast, abundance of CAFs with a PDGFRA-/FAP+
phenotype (CAF2, CAF3, CAF6, CAF7) were inversely correlated
(P<.001) with those exhibiting a PDGFRA+/FAP-phenotype
(CAF8, CAF9, CAF12, CAF13) (Figure 1, E and F). In conclusion, 15
different multimarker-defined NSCLC CAF subsets were observed
with varying frequencies and spatial enrichment in juxta-
epithelial and distal-epithelial areas.

CAF subset associations with prognosis in NSCLC

The CAF composition exhibited large variability between patients
(Figure 2, A). To identify clinically relevant CAF subsets, univari-
ate survival analyses based on continuous values were per-
formed on the pooled cohorts (Figure 2, B). CAF7 (PDGFRA-/
PDGFRB+/FAP+/aSMA+) was associated with poor prognosis,
whereas CAF12 (PDGFRA+/PDGFRB+/FAP-/aSMA-) and CAF13
(PDGFRA+/PDGFRB+/FAP-/aSMA+) with favorable prognosis
(Figure 2, B). Higher fraction of single marker-defined PDGFRA+
cell subset was also associated with better prognosis.

As CAF7 and CAF13 showed the statistically most significant
survival associations of the 15 CAFs, we focused on these subsets
with additional analyses. Although these CAF subsets showed
inverse correlation with each other (Pearson: BOMI2, -0.538; P <
.001; BOMI1, -0.410; P < .001), they were not mutually exclusive
(Supplementary Figure 3, A and B, available online).

CAF7 and CAF13 were categorized in both cohorts using
median and quartile cutoffs and were examined with Kaplan-
Meier plots (Supplementary Figure 4, available online). For both
CAF subsets, we combined the 3 quartiles with poorest outcome,
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Table 1. Clinicopathological characteristics of the 2 NSCLC
cohorts®

Characteristics BOMI2 cohort BOMI1 cohort
Patient sample size and
median survival time
No. of patients 318 318
Median survival time (SD), 62 (6) 50 (6)
mo®
Age at diagnosis
Mean (SD), y 66.99 (7.56) 65.61 (8.91)
Median (SD), y 67 (7.56) 67 (8.91)
< Median, No. (%) 167 (52.5) 173 (54.4)
> Median, No. (%) 151 (47.5) 143 (45)
Missing data, No. (%) 0 2(0.6)
Sex, No. (%)
Male 154 (48.4) 173 (54.4)
Female 164 (51.6) 145 (45.6)
WHO performance
status, No. (%)
0 194 (61) 170 (53.5)
1 121 (38.1) 122 (38.4)
2 3(0.9) 21(6.6)
3 0 4(1.3)
4 0 1(0.3)
Stage according to pTNM
classification, No. (%)
IA 133 (41.8) 79 (24.8)
B 73 (23) 137 (43.1)
A 35 (11) 8(2.5)
1B 31(9.7) 42 (13.2)
1A 39 (12.3) 30 (3.8)
1B 0 12 (3.8)
v 7(2.2) 10 (3.1)
Histology main groups, No. (%)
Squamous cell carcinoma 93(29.2) 112 (35.2)
Adenocarcinoma 186 (58.5) 170 (53.5)
Large cell carcinoma 30 (9.4) 32 (10.1)
Adenosquamous carcinoma 6(1.9) 0
Others/sarcomatoid carcinoma 3(0.9) 3(0.9)
Smoking status, No. (%)
Ever smoker 282 (88.7) 290 (91.2)
Never smoker 36 (11.3) 26 (8.2)
Missing data 0 2(0.6)

@ Percentages may not add to 100% due to rounding. NSCLC = non-small

cell lung cancer; pTNM = pathological tumor-node-metastasis; WHO = World
Health Organization.
b Median survival times were calculated using the Kaplan-Meier method.

as these resulted with more consistent survival stratifications
than using median cutoffs (Figure 2, C and D; Supplementary
Figure 4, A and B, available online). Kaplan-Meier analyses con-
firmed in both cohorts the association with poor and good prog-
nosis of CAF7 and CAF13, respectively (Figure 2, C and D).
Analyses on potential survival interactions between the 2
markers did not indicate statistically significant interactions
(data not shown). The multimarker-defined PDGFRA+ CAF13
subset showed more consistent survival association than
PDGFRA+ cells alone (Supplementary Figure 5, A, available
online). Example patient cases with high and low fractions of
CAF7 and CAF13 are shown in Figure 2, Eand F.

To consolidate findings, we performed analyses on replicate
TMA spots separately. Replicate TMA cores showed statistically
significant correlation for both CAF7 (BOMI1+ 2: Pearson = .68;
P<.001; n=518) and CAF13 (BOMI1 + 2: Pearson = .75; P<.001;
n=>518). Both CAF7 and CAF13 showed prognostic significance
when their relative fractions from individual TMA cores were
analyzed using Cox regression survival analysis (Supplementary
Figure 5, B, available online).
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Figure 1. Identification of differentially expressed and spatially enriched multimarker-defined CAF subsets in NSCLC. A, B) Boxplot representation of
relative density of different multimarker-defined CAF subsets in the BOMI2 (A) and BOMI1 (B) cohorts. Boxes represent the interquartile range (IQR) and
the horizontal line indicates the median. The whiskers include values 1.5 times the IQR values. C, D) Boxplot representation (as in A, B) of selected
multimarker-defined CAF subsets showing statistically significant differences in relative density in juxta- and distal-epithelial areas of the BOMI2 and
BOMI1 cohorts. P values with Welch t test. E, F) Heatmap matrix showing patient case-based pairwise Pearson correlation coefficients for relative
densities of different multimarker-defined CAF subsets in BOMI2 (E) and BOMIL1 (F). Patients BOMI2, n = 318; patients BOMI1, n = 318. «SMA = alpha-
smooth muscle actin; CAF = cancer-associated fibroblasts; FAP = fibroblast activation protein; NSCLC = non-small cell lung cancer; PDGFRA = platelet-
derived growth factor receptor alpha; PDGFRB = platelet-derived growth factor receptor beta.

As the stroma area varies significantly between tumor sam- of the CAF subsets were consistently enriched in either group
ples, we also calculated stromal CAF cell density. Both CAF7 and (Supplementary Tables 2 and 3, available online).
CAF13 remained prognostic with these normalizations Publicly available sScRNAseq datasets (26,36) were examined to

(Supplementary Figure 6, available online). When dividing compare the FAP+/PDGFRA- CAF7 and FAP-/PDGFRA+ CAF13
patients into low and high stroma tumors (median cutoff), none subsets with other lung CAF subsets. CAF7 and CAF13 showed
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Figure 2. Prognosis associations of NSCLC CAF subsets. A) Representation of 15 CAF subsets in 8 selected patient cases highlighting inter-patient
variability in their composition. The y-axis fraction represents the percentage from the sum of 15 CAF subsets. B) Univariate Cox regression survival
analysis of individual CAF markers and multimarker CAF subsets in the BOMI2 and BOMI1 pooled patient cohort (n = 636). CAF subsets as single
variables (no covariates included) using continuous values. C, D) Kaplan-Meier plots of overall survival in the BOMI2 (upper) and BOMI1 (lower) cohorts
according to relative density of FAP+/PDGFRA- CAF7 subset (C) and FAP-/PDGFRA+ CAF13 (D) subset. FAP+/PDGFRA- CAF7 red and blue groups
correspond to lowest quartile and remainder, respectively; FAP-/PDGFRA+ CAF13 red and blue groups correspond to the remainder and highest
quartiles, respectively. P values from log-rank test. Patients BOMI2, n = 318; patients BOMI1, n = 318. E, F) Pseudocolored cell maps of selected NSCLCs
with high (upper) or low (lower) relative density of the FAP+/PDGFRA- CAF7 (E) and FAP-/PDGFRA+ CAF13 (F) subsets. aSMA = alpha-smooth muscle
actin; CAF = cancer-associated fibroblasts; FAP = fibroblast activation protein; FDR = false discovery rate (multiple measurement adjusted P value); HR
= hazard ratio; NSCLC = non-small cell lung cancer; PDGFRA = platelet-derived growth factor receptor alpha; TMA = tissue microarrays.

similarities to previously described CAF clusters 5 and 6, respec-
tively (Supplementary Figure 7, A, available online) in the
Lambrechts et al. dataset (26). Furthermore, CAF13 showed simi-
larities to a “COL14A1+ matrix fibroblast subset” in the Kim et al.
dataset (36) (Supplementary Figure 7, B, available online).

CAF7 and CAF13 associations with NSCLC
histological subtypes

Associations of CAF7 and CAF13 to clinicopathological character-
istics were analyzed. CAF7 was significantly enriched in tumors
with squamous histology in both cohorts (Table 2). In the BOMI2
cohort, CAF7 and CAF13 were positively and negatively associ-
ated with smoking, respectively. CAF7 was significantly associ-
ated with higher stage and low performance status in the BOMI2

cohort (Table 2). Neither CAF subsets showed statistically signifi-
cant associations with age or sex.

CAF7 and CAF13 associations with immune
features
Immune profiling data from the BOMI2 cohort was exploited to
analyze associations between immune features and the CAF7
and CAF13 subsets. [nitial analyses identified most consistent
associations of both CAF subsets with programmed death-ligand
1 (PD-L1) expression and density of CD163+ cells (Supplementary
Table 4, available online), which were therefore subjected to fur-
ther analyses.

In the BOMI2 cohort, the CAF7-high patient group showed
higher PD-L1 expression (Figure 3, A and B, left) and CD163+ cell
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Table 2. Associations of CAF72 and CAF13P frequencies with clinicopathological characteristics in BOMI2 and BOMI1 NSCLC cohorts

analyzed by contingency tables

BOMI2 (n = 318)

BOMI1 cohort (n = 318)

CAF7 CAF13 CAF7 CAF13
Clinicopathological variable Low? High P¢ Low High P Low High P¢ Low High P
Age at diagnosis, y .37 2.52 70 .68
67 and younger 38 129 128 39 42 131 131 42
Older than 67 41 110 111 40 36 107 106 37
Missing data 0 0 0 0 1 1 2 0
Sex .10 .10 43 .80
Male 32 122 122 32 46 127 131 42
Female 47 117 117 47 33 112 108 37
PS WHO .006 22 48 15
0 134 60 140 54 42 128 121 49
1 102 19 96 25 34 88 99 23
2 3 0 3 0 3 18 16 5
3 0 0 0 0 0 4 3 1
4 0 0 0 0 0 1 0 1
pTNM .01 14 .18 .18
1A 47 86 90 43 25 54 51 28
B 13 60 57 16 31 106 104 33
IIA 5 30 28 7 4 4 6 2
1B 7 24 24 7 10 32 36 6
IIA 5 34 34 5 4 26 24 6
11IB 0 0 0 0 4 8 9 3
v 2 5 6 1 1 9 9 1
Histology <.001 <.001 .007 <.001
Squamous cell carcinoma 9 84 86 7 16 96 98 14
Adenocarcinoma 62 124 120 66 55 115 110 60
Large cell carcinoma 6 24 27 3 7 25 27 5
Adenosquamous 2 4 4 2 0 0 0 0
Others/sarcomatoid carcinoma 0 3 2 1 1 3 4 0
Smoking status .04 66 .54 17
Ever smoker 65 217 213 69 70 220 222 68
Never smoker 14 22 26 10 8 18 16 10
Missing data 0 0 0 0 1 1 1 1

a

CAF7 was dichotomized into low and high using the lowest quartile vs remainder. CAF = Cancer-associated fibroblasts; NSCLC = non-small cell lung cancer;

PS = performance status; pTNM = pathological tumor-node-metastasis; WHO = World Health Organization grading.
P CAF13 was dichotomized into high and low using the highest quartile versus remainder.

¢ Pvalues were calculated using Fisher exact test.

density (Figure 3, C and D, left). Similar associations were
observed regarding immune features in the tumor (Figure 3, A
and C) and the stroma compartment (Figure 3, B and D). In con-
trast, the CAF13-high group exhibited significantly lower PD-L1
expression and CD163+ cell density in tumor and stroma com-
partments (Figure 3, A-D, left). Histology-specific analyses
showed that CAF7 and CAF13 subset associations with PD-L1
expression and CD163 density were observed in the adenocarci-
noma group but not in the squamous carcinoma patient group
(Figure 3, A-D, middle and right).

In summary, novel associations between immune features
and CAF subset composition, particularly prominent in adenocar-
cinoma, were identified.

CAF7 and CAF13 associations with TP53 and EGFR
mutations

Associations between driver mutations and CAF composition
were explored using mutation data of the BOMI2 cohort (37).
Initial analyses with continuous data for the CAFs suggested
associations of both CAF subsets with TP53 and EGFR mutations
(Supplementary Table 5, available online).

In the BOMI2 cohort, tumors with high numbers of CAF7 cells
were positively and negatively associated with TP53 and EGFR
mutations, respectively (Figure 4, A and B). In contrast, tumors
with high abundance of CAF13 cells had fewer TP53 mutations

and enrichment of EGFR mutations (Figure 4, A and B). Similar
trends were observed in the BOMI1 cohort, where data on muta-
tion status of TP53 and EGFR were available only for 79 of 318 and
165 of 318 patient cases, respectively (Figure 4, C and D).

The mutation comparisons were further conducted in histo-
logical subgroups (Supplementary Table 6, available online). In
general, trends and statistically significant CAF subset associa-
tions with mutations were observed in the adenocarcinoma
group, whereas no associations of the CAF subsets with EGFR or
TP53 mutations were observed in the squamous cell carcinoma
group (Supplementary Table 6, available online).

Taken together, these analyses identified previously unrecog-
nized associations between TP53 and EGFR mutations with spe-
cific CAF subsets.

Independence of CAF7 and CAF13 survival
associations

Prior findings on the survival associations of CAF7 and CAF13
subsets (Figure 2, C and D) were further developed. Log-rank test
of the pooled cohorts confirmed statistically significant poor and
good prognosis associations of CAF7 and CAF13, respectively
(Figure 5, A and B). The prognostic value of both subsets was par-
ticularly strong in low-stage tumors (pathological tumor-node-
metastasis [pTNM] IA-IB), PD-L1-negative tumors, and TP53 wild-
type tumors (Figure 5, C; Supplementary Figures 8-10, available
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Figure 3. FAP+/PDGFRA- CAF7 and FAP-/PDGFRA+ CAF13 subset associations with immune features. A) Expression of PD-L1 in the tumor and (B)

stroma compartment defined by dichotomized CAF subset status. Dichotomizations were performed as in Figure 2. Expression values represent

percentages of positive PD-L1 from the tumor or stroma compartment. C, D) Fraction of CD163+ cells in the tumor (C) and stroma (D) compartment

defined by CAF subset status. P values with Mann-Whitney U test. Patients BOMI2, n = 318. Adeno = adenocarcinoma; CAF = cancer-associated
fibroblasts; FAP = fibroblast activation protein; PDGFRA = platelet-derived growth factor receptor alpha; PD-L1 = programmed death-ligand 1;

squamous = squamous cell carcinoma.

online). Survival analyses were performed separately also on
BOMI2 subgroups having received (n = 140) or not having received
(n=150) adjuvant or neo-adjuvant therapy. CAF7 and CAF13
showed similar prognostic trends in the treatment-defined

subgroups as in the full patient cohort (Supplementary Figure 11,

available online).

Importantly, CAF7 and CAF13 status independently predicted
overall survival in a subgroup of low-stage (pTNM IA-IB) patients
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Figure 4. FAP+/PDGFRA- CAF7 and FAP-/PDGFRA+ CAF13 subset associations with TP53 and EGFR mutations. A, B) Frequencies of TP53 and EGFR
somatic tumor mutations in patients with tumors classified as low or high for CAF7 or CAF13 in the BOMI2 cohort. C, D) Same as in (A, B) but in
patients from BOMI1 cohort. P values with Fisher exact test. Patients with TP53 status in BOMI2, n = 315; patients with EGFR status in BOMI2, n = 315;
patients with TP53 status in BOMI1, n = 79; patients with EGFR status in BOMI1, n = 165. CAF = cancer-associated fibroblasts; FAP = fibroblast
activation protein; Mut = mutant; PDGFRA = platelet-derived growth factor receptor alpha; WT = wild type.

in a multivariable Cox regression model, also including patient
gender, age at diagnosis, and the World Health Organization per-
formance status (Figure 5, D and E).

Validation of CAF7 survival association with
external mRNA dataset

Finally, we aimed to validate the prognostic findings using an
external dataset. We used bulk mRNA expression data from lung
cancer dataset (n=1925) (38) and performed survival analysis. A
high FAP to PDGFRA ratio, partially phenocopying the high CAF7
phenotype (PDGFRA-/PDGFRB+/FAP+/aSMA+), was associated
with reduced overall survival (Figure 6, A). When analyzed in a
multivariable setting including only low-stage (pTNM IA-IB)
patients (n =574) and adjusted with patient gender and histology,
the FAP to PDGFRA gene expression ratio emerged as an inde-
pendent adverse prognostic factor (P <.001) (Figure 6, B).

Discussion

To the best of our knowledge, this is the most comprehensive
study to date on CAFs in a large series of NSCLC. This study iden-
tified 2 multimarker-defined CAF subsets with consistent inverse
associations with driver mutations, immune features, and out-
come, as summarized in Supplementary Figure 12 (available
online).

More specifically, the FAP+/PDGFRA- subset (CAF7) exhibited
positive associations with squamous histology, immune suppres-
sive features, TP53 mutations, and poor prognosis. In contrast,
the FAP-/PDGFRA+ subset (CAF13) exhibited negative associa-
tions with squamous histology and immune suppressive features
but positive associations with EGFR mutations and good progno-
sis. With respect to the tumor biology of NSCLC, the most note-
worthy findings are the previously unrecognized differential
associations between 2 novel CAF subsets and histology, immune
features, and driver mutations.

A notable strength of the study is the use of 2 independent
well-annotated cohorts with long follow-up. Analyses of the 2
cohorts overall yielded similar results. As a limitation of the
study, the absence of mechanistic studies is recognized. The find-
ings suggest a series of novel hypothesis-testing mechanistic
studies, as discussed below. Regarding biomarker potential of the
CAF subsets, novel studies with well-matched control and treat-
ment groups should be performed to explore treatment-
predictive potential of CAF subsets.

A stringent consensus definition of CAFs is still missing. The
present study relied on a procedure where marker-positive cells
in the stroma were defined as CAFs. Because no negative selec-
tion of perivascular areas was performed, it is possible that the
15 subsets include some subsets related to pericytes or vascular
smooth muscle cells. However, the marker profile of CAF7 and
CAF13 strongly suggests that they represent subsets of true CAF
cells.

Previous literature suggests additional markers, such as Thyl
(CD90), FSP1, and integrin beta 1 (CD29), that could be included in
future studies. It is possible that that CAF7 and CAF13, as defined
in the present study, can be further subdivided based on addi-
tional markers.

The associations between immune features and CAF composi-
tion provide strong and novel support for the concept of CAFs as
important regulators of immune surveillance [reviewed in (4,5)].
The contrasting associations of the 2 CAF subsets with immune-
suppressive CD163+ cells might reflect differential effects of the
2 CAF subsets on macrophage polarization and migration, as sug-
gested by earlier studies (20,39-43). Coculture-based functional
characterization of FAP+/PDGFRA- CAF7 and FAP-/PDGFRA+
CAF13 cells with macrophages could elucidate their interaction
at the cellular level. Notably, the previously described immune
suppressive breast cancer S1 subset also exhibited high PDGFRB
and FAP expression and may thus be related to the FAP+/
PDGFRA- CAF7 subset in the present study (44). Future studies
should explore the relationships between the putative immune-
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Figure 5. FAP+/PDGFRA- CAF7 and FAP-/PDGFRA+ CAF13 subset associations with survival. A, B) Kaplan-Meier plots of overall survival in the pooled
BOMI2 and BOMI1 cohorts according to relative density of CAF7 (A) and CAF13 (B). The CAF7 subgroups correspond to the lowest quartile and the
remainder; the CAF13 subgroups correspond to the highest quartile and the remainder. P values from log-rank test (n =636). C) Forest plot of univariate
Cox regression survival analysis of CAF7 and CAF13, dichotomized as in (A, B) and analyzed separately in the indicated patient subgroups of the pooled
NSCLC cohort. D, E) Forest plot of a multivariable Cox regression analysis in pTNM IA-IB patient subgroup in the pooled cohort including CAF7 (D) or
CAF13 (E). Adeno = adenocarcinoma; CAF = cancer-associated fibroblasts; CI = confidence interval; FAP = fibroblast activation protein; HR = hazard
ratio; mut = mutant; neg = negative; NSCLC = non-small cell lung cancer; PDGFRA = platelet-derived growth factor receptor alpha; PD-L1 =
programmed death-ligand 1; pos = positive; PS WHO = performance status based on World Health Organization grades; pTNM = pathological tumor-
node-metastasis; squamous = squamous cell carcinoma; wt = wild-type.
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activation protein; HR = hazards ratio; OS = overall survival; PDGFRA = platelet-derived growth factor receptor alpha; pTNM = pathological tumor-

node-metastasis.

modulatory CAF subsets described here and other immune-
regulatory CAF subsets (13,45,46).

The study suggests that essential driver mutations exert dis-
tinct effects on the CAF landscape. It remains unclear if the
observed associations between driver mutations and CAF compo-
sition reflect effects of driver mutations on recruitment and
expansion of CAFs with different cells of origin or effects on the
local paracrine microenvironment. Whether TP53 mutations are
also associated with the FAP+/PDGFRA- CAF7 phenotype in other
tumor types should also be investigated.

From a biomarker perspective, a major new finding of the
study is the demonstration that the CAF subsets act as independ-
ent prognostic markers. Importantly, no earlier study has
reported independent good prognosis survival associations of any
CAF subset in NSCLC, despite a series of earlier studies of which
some analyzed FAP, PDGFRA, PDGFRB, or aSMA (23-25).
Furthermore, the identification of 2 multimarker-defined prog-
nostic CAF subsets elaborates the concept of good CAFs and bad
CAFs. One of the defining features of the CAF subsets linked with
favorable prognosis is PDGFRA expression. In agreement with the
present study, a previous NSCLC study revealed an association
with good prognosis of PDGFRA in 1 of 2 analyzed cohorts and an
association with good prognosis in the squamous cell carcinoma
group of both cohorts (24). In further agreement with the findings
of the present study, FAP proportion is associated with poor out-
come (25).

The results of this study suggest that the fibroblast subclassi-
fication in NSCLC is robust. Notably, results from 2 cohorts
stained in different batches and digitized with separate slide
scanners were highly concordant. However, optimization of
marker cutoffs should be considered for development of CAF-
related biomarkers toward clinical practice.

In summary, this study revealed and characterized novel
NSCLC CAF subsets with clinical significance. Our findings pave
the way for future investigations to better understand the role of
CAFs in NSCLC and to utilize them as clinical biomarkers and
drug targets.
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