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Abstract
Malignant pleural mesothelioma (MPM) has a rich stromal component containing mesenchymal fibroblasts. How-
ever, the properties and interplay of MPM tumor cells and their surrounding stromal fibroblasts are poorly char-
acterized. Our objective was to spatially profile known mesenchymal markers in both tumor cells and associated
fibroblasts and correlate their expression with patient survival. The primary study cohort consisted of 74 MPM
patients, including 16 patients who survived at least 60 months. We analyzed location-specific tissue expression
of seven fibroblast markers in clinical samples using multiplexed fluorescence immunohistochemistry (mfIHC) and
digital image analysis. Effect on survival was assessed using Cox regression analyses. The outcome measurement
was all-cause mortality. Univariate analysis revealed that high expression of secreted protein acidic and cysteine
rich (SPARC) and fibroblast activation protein in stromal cells was associated with shorter survival. Importantly,
high expression of platelet-derived growth factor receptor beta (PDGFRB) in tumor cells, but not in stromal cells,
was associated with shorter survival (hazard ratio [HR] = 1.02, p < 0.001). A multivariable survival analysis
adjusted for clinical parameters and stromal mfIHC markers revealed that tumor cell PDGFRB and stromal SPARC
remained independently associated with survival (HR = 1.01, 95% confidence interval [CI] = 1.00–1.03 and
HR = 1.05, 95% CI = 1.00–1.11, respectively). The prognostic effect of PDGFRB was validated with an artificial
intelligence-based analysis method and further externally validated in another cohort of 117 MPM patients. In
external validation, high tumor cell PDGFRB expression associated with shorter survival, especially in the epitheli-
oid subtype. Our findings suggest PDGFRB and SPARC as potential markers for risk stratification and as targets
for therapy.
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Introduction

Malignant pleural mesothelioma (MPM) is a tumor
originating from the mesothelial cells lining the pleural
cavity. MPM has a poor prognosis; the median MPM
patient survival time is 10 months [1]. The main cause
of MPM is exposure to asbestos and curative treatment
is usually limited. Factors associated with long-term
survival (>60 months) in MPM patients remain uni-
dentified [2].
The amount of stromal fibroblasts in malignant tissues

and their molecular composition may have a significant
prognostic role in multiple types of malignancies [3–7].
Furthermore, cancer-associated fibroblasts (CAFs) have
been identified as potential targets in preclinical in vitro
and in vivo studies, although the clinical efficacy of
targeting CAFs has not yet been reported [4,8,9]. In
MPM, the composition of stromal fibroblasts, their sig-
nificance in patient survival, and their potential as possi-
ble therapeutic targets have not been systematically
investigated, although recent studies have shown that
the histological features associated with poor prognosis
are localized particularly in the MPM tumor stroma
[10]. However, most of the studies that investigated stro-
mal fibroblasts in MPM were conducted using in vitro
models and the spatial characteristics of MPM tumor
cells and their surrounding fibroblasts remain poorly
characterized [11,12].
Multiplexed fluorescence immunohistochemistry

(mfIHC) is a histopathological technique that enables
the detection of multiple protein markers and nuclei
simultaneously [13]. Compared to conventional single-
marker immunohistochemistry (IHC), mfIHC enables
automated tissue component or cell class-specific
expression analysis, thus allowing a better spatial
understanding of complex pathological processes. For
example, mfIHC has been used in prostate cancer to
identify subtypes of stromal fibroblasts strongly prog-
nostic of patient survival [3]. However, mfIHC has not
been used to study fibroblast markers in MPM.
MPM tumor cells are known to undergo a mesen-

chymal transition with gene expression and morpho-
logical alterations associated with poor prognosis
[14–16]. We hypothesized that, with mfIHC, we could
identify and quantify mesenchymal markers in both
MPM tumor cells and their surrounding stromal cells
and correlate their expression with patient survival. To
test this hypothesis, we profiled the expression and
distribution of a set of known mesenchymal markers
both in tumor cells and in stromal fibroblasts and then
validated the most robust prognostic phenotype using
an artificial intelligence (AI) model and a validation
cohort.

Materials and methods

Patients
The study sample consisted of 74 patients from a Finn-
ish national MPM population diagnosed during 2000–
2012 [1]. From the national MPM tissue sample
cohort, subgroups of long-term MPM survivors (LTS,
survival >60 months) [2,17], epithelioid MPM patients
(EMPM, median survival 14 months) [2,17], extended
pleurectomy MPM patients (PD), and biphasic MPM
patients (BMPM) with histological samples in the Hel-
sinki Biobank were included for constructing tissue
microarrays (TMAs). The TMAs were constructed in
collaboration with the Helsinki Biobank. The ethics
committee of Helsinki University Hospital approved
the study (HUS/1057/2019).

Tissue samples, histopathological evaluation, TMAs,
and clinical data
Detailed diagnostic information for the LTS and
EMPM groups has been described previously [2,17]. In
the PD group, samples were obtained from extended
pleurectomy procedures and diagnoses were verified by
HW. The diagnoses were also verified by HW in the
BMPM group. Samples with sufficient tumor tissue
were selected for TMAs, following scanning of hema-
toxylin and eosin-stained slides and digital annotation.
Annotations included tumor foci (2 cores per patient)
and benign foci outside the tumor (1–2 cores per
patient). In the BMPM group, the tumor foci were
annotated separately from epithelial and sarcomatoid
areas (2 cores per area). The benign foci included fat,
muscle, or lung tissue. The diameter of one TMA core
was 1.0 mm.
Clinical data were collected from the Helsinki Uni-

versity Hospital medical records. The clinical stage
was defined based on the eighth edition of the TNM
(tumor, lymph nodes, metastasis) classification for
MPM [18]. Asbestos exposure status was obtained
through the occupational disease register and medical
records, based on visits with pulmonologists or occu-
pational disease experts. Smoking status was obtained
through medical records.

mfIHC and panels
Fibroblast markers and their distribution in tumor stroma
and the relationship between fibroblasts and tumor cells
were assessed using two mfIHC panels, including the
following seven fibroblast markers: platelet-derived
growth factor receptor alpha (PDGFRA), platelet-
derived growth factor receptor beta (PDGFRB), alpha
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smooth muscle actin (aSMA) and fibroblast activation
protein (FAP) in panel 1, and secreted protein acidic and
cysteine rich (SPARC, also known as osteonectin or
basement membrane protein 40), periostin (POSTN),
and collagen I in panel 2 [4,19]. Joensuu et al have
shown that the mRNAs of SPARC, collagen I, and
POSTN are highly expressed in human MPM tissues
(personal communication); therefore, we included these
markers in panel 2. For panel 1, cytokeratin 5 (CK5)
and for panel 2, a combination of CK5, CK5/6, and cal-
retinin antibodies were used to detect MPM tumor cells.
Detailed information regarding the staining procedure,
antibodies, and imaging is presented in supplementary
material, File S1 [15,20].

Digital pixel-based image analysis
Detailed information regarding digital pixel-based
image analysis and quality control of the TMA spots
is presented in supplementary material, File S2 [21–
23]. In brief, the scanned and exported images were
cropped to individual TMA spots and the spots from
the first and second staining rounds were overlaid.
Next, we used a machine-learning based approach to
mask autofluorescence, blood vessels, background,
and tissue (all the remaining signal excluding the fea-
tures described before) from the images (Ilastik [ver-
sion 1.3.3post1 for MacOS]) [22]. Furthermore, we
used the tissue and the blood vessel masks in the final
image analysis pipeline (CellProfiler [version 3.1.9])
[23]. In the final pipeline, the masked tissue was fur-
ther classified into different tissue components (meso-
thelioma [tumor cells], total stroma, and different
stromal components; meso zones 1–4 and vessel zones
1–4) and the mean intensity (also referred to as
‘expression’ in the text) of each single channel was
measured in these components.
The workflow is shown in Figure 1.

Statistical analyses
For the statistical analyses, R (R Core Team [2017],
Vienna, Austria) and SPSS Statistics (version 25.0;
IBM, Armonk, NY, USA) were used. Categorical vari-
ables are presented as numbers with percentages. Con-
tinuous data were evaluated for skewness by using
histograms. Because all continuous variables were
skewed, data are reported as medians with interquartile
ranges (IQR) and compared between groups using a
nonparametric Mann–Whitney U-test. The Spearman’s
rank correlation coefficient was used to assess correla-
tion between continuous nonparametric variables. The

log-rank test was used to compare survival times
between groups.
Univariate Cox regression analysis was used to iden-

tify fibroblast markers associated with patient survival.
Prior to Cox regression, the average mean intensity
variables were multiplied by 1,000 to make the hazard
ratios (HR) more relevant [24]. Bonferroni correction
was performed to adjust for multiple comparisons.
Multivariable Cox regression analysis was performed

to study survival in relation to other known prognostic
factors. The multivariable Cox regression analysis was
adjusted for variables associated with survival
(p < 0.05) and previously known predictors: age, sex,
side of the disease, histology, and TNM stage [1,25].
Again, the average mean intensity variables were mul-
tiplied by 1,000 to make the HRs more relevant [24].
The proportional hazards assumption was tested by
assessing the relationship between Schoenfeld residuals
and time.
Survival time was calculated as the time from patho-

logical diagnosis (the date the diagnostic tissue sample
was taken) to the date of death. Three patients were
still alive at the end of follow-up (2 July 2019).

Post hoc validation of the prognostic value of
tumor cell PDGFRB in MPM using conventional IHC
and AI analysis
As mfIHC is not commonly available in diagnostic
laboratories, we tested whether AI-based PDGFRB
analysis (which may be implemented into clinical
practice) would also be of prognostic relevance. There-
fore, we analyzed the relationship between the area
(in comparison to intensity) of PDGFRB-positive
MPM tumor cells and survival using conventional
IHC and AI analysis.
PDGFRB DAB (3,3’-diaminobenzidine) staining of

the TMA slides was first performed. Following digital
scanning of the slides, we trained an AI model using a
deep convolutional neural network method (Aiforia®

Technologies, Helsinki, Finland) to detect the
PDGFRB-positive MPM tumor cells. We trained the
AI model to detect good quality tissue (excluding
folded tissue), PDGFRB-negative MPM tumor cells,
and PDGFRB-positive MPM tumor cells (Figure 2). A
tumor cell was classified as PDGFRB-positive if any
PDGFRB cell membrane staining was registered.
The areas of tissue, PDGFRB-positive tumor cells,

and PDGFRB-negative tumor cells were measured.
The areas that the AI model detected with a class con-
fidence ≥85% were included in the final analysis. Next,
the area of the PDGFRB-positive tumor cells was set
in proportion to the total tumor cell area (including
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Figure 1. Study workflow. (A) mfIHC staining and scanning. (B) Image segmentation to tissue (blue, excluding vessels), vessels (red), and
empty (yellow). Tissue was segmented to the stromal component (shown in white on the left-hand side) and to the mesothelioma com-
ponent (shown in white on the right-hand side). Stroma was further segmented into stromal zones around vessels (Vessel Z1–Z4) and
stromal zones around mesothelial cells (Meso Z1–Z4).
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Figure 2. Example images. Sample with (A) high stromal FAP intensity, (B) low stromal FAP intensity, (C) high stromal SPARC intensity,
(D) low stromal SPARC intensity, (E) high tumor cell PDGFRB intensity, (F) low tumor cell PDGFRB intensity, (G) PDGFRB DAB staining,
and (H) PDGFRB-positive tumor cells (in green) identified by the trained AI model (Aiforia® platform).
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PDGFRB-positive and -negative tumor cells). The
same statistical analyses were applied to the post hoc
analysis as in the primary analysis. Furthermore, the
AI model results were compared to the mfIHC results
by calculating Spearman’s rank correlation coefficient.

Post hoc association analyses in the primary cohort
We performed post hoc analyses investigating the
association between high tumor cell PDGFRB expres-
sion and tumor size, mitoses, nuclear grading, and
tumor architecture, as these factors have been previ-
ously shown to be associated with epithelioid MPM
prognosis [26–28]. These factors were available for
those 66 patients with epithelioid mesotheliomas who
were included from our previous study [2,17]. We also
analyzed the association of BAP1 tumor status and
tumor cell PDGFRB expression. The variable defini-
tions can be found in supplementary material, File S3.
We tested for association between continuous non-

parametric variables using the Spearman’s rank corre-
lation test and between categorical variables using a
two-sided χ2 test. We also performed univariate Cox
regression analyses to assess whether these variables
were associated with survival. Finally, we added the
variables that were significantly associated with sur-
vival in univariate analysis into multivariable Cox
regression model to identify variables independently
associated with survival.

Post hoc validation of PDGFRB in an external
validation cohort
To externally validate the negative prognostic value of
tumor cell PDGFRB, we used a validation TMA
cohort of 117 Finnish MPM patients. The cohort had
been compiled by SA, EK, and HW at the Finnish
Institute of Occupational Health [29]. The samples
were collected from Central Hospitals in Finland, the
patients were diagnosed between 1990 and 2006, and
the diagnoses were verified by expert pathologists.
The cohort included 76 (65%) epithelioid, 19 (16%)
biphasic, and 22 (19%) sarcomatoid mesotheliomas.
The median time to death was 10 months, the median
age at the time of diagnosis was 63 years, and 11% of
the patients were female. Please see Table 1 in supple-
mentary material, File S4 for detailed information
regarding patient characteristics.
Fresh tissue sections from the TMA blocks were

cut, stained with PDGFRB DAB, and scanned. For
detecting the PDGFRB-positive tumor cells, the same
AI model as used for the primary cohort was further
trained to detect the good quality tissue (excluding

folded tissue), PDGFRB-negative tumor cells, and
PDGFRB-positive tumor cells from the scanned TMA
images (see Figure 1 in supplementary material, File
S4). The analyses were applied similarly as for the pri-
mary study cohort (see above).
Permission to use the TMA blocks in the validation

cohort was obtained from Valvira National Supervi-
sory Authority for Welfare and Health DnroV/44410/
2019 (Dnro 5929/06.01.03.01/2013).

Results

Patient characteristics
Patient characteristics are described in Table 1. The
primary study material consisted of 74 MPM patients,
of whom 16 (22%) survived longer than 60 months.
All these long-term survivors had the epithelioid type
of MPM. None of the investigated factors showed an
association with overall survival (Table 1).

Individual fibroblast markers and survival
We first measured the expression (intensity) of the
seven fibroblast markers separately in tumor cell and
stromal cell components (see supplementary material,
File S5A). We hypothesized that the expression of
fibroblast markers within stroma could depend on the
distance from the mesothelial tumor cells or vessels.
However, there were no notable differences in the dis-
tribution of stromal marker expression away from the
mesothelium (meso zones 1–4; zone = 12 μm) or away
from the vessels (vessel zones 1–4) (see supplemen-
tary material, File S5B,C). There were no differences
in fibroblast marker expression between the epithelioid
and sarcomatoid components in biphasic tumors (see
Figures A and B, and Table in supplementary material,
File S6).
Of the investigated fibroblast markers, high expres-

sion of FAP and SPARC in tumor stroma and high
expression of PDGFRB in MPM tumor cells were
associated with shorter survival (Table 2). However,
after correcting for multiple comparisons, only
PDGFRB displayed a statistically significant associa-
tion with survival. In contrast, PDGFRA, aSMA,
collagen-1, and POSTN did not display any associa-
tion with survival in univariate analysis (see Table in
supplementary material, File S7).

FAP and SPARC expression in tumor stroma
In univariate Cox regression using continuous values,
higher FAP expression (HR = 1.01, p = 0.03, corrected
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P value = 1.00) and higher SPARC expression
(HR = 1.07, p = 0.006, corrected P value = 0.21) in
tumor stroma were associated with shorter survival in
MPM patients (Figure 2A–D).
Interestingly, stromal SPARC expression correlated

negatively with the MPM tumor cell marker staining
(combination of CK5, calretinin, and CK5/6) (Spearman’s
rho: −0.432; p = 0.001) and positively with tumor cell
PDGFRB expression (Spearman’s rho: 0.314; p = 0.008).
There was a statistically significant correlation between
stromal FAP and stromal SPARC (Spearman’s rho:
0.380; p = 0.001).

PDGFRB expression in tumor cells
In univariate Cox regression, higher PDGFRB expres-
sion in MPM tumor cells was associated with shorter

survival in MPM patients (HR = 1.02, p < 0.001,
corrected P value = 0.04) (Figure 2E,F).

Multivariable analysis
We used multivariable Cox regression analysis sepa-
rately for the fibroblast markers while adjusting for
age, sex, side of the disease, clinical stage, and histol-
ogy. High tumor cell PDGFRB and high stromal
SPARC were independently associated with survival
(Table 3). After combining all three markers into one
multivariable model, high tumor cell PDGFRB
(HR = 1.01, 95% confidence interval [CI] = 1.00–
1.03; p = 0.005) and high stromal SPARC
(HR = 1.05, 95% CI = 1.00–1.11; p = 0.045) remained
independently associated with survival. Subgroup
analysis including only those with epithelioid histol-
ogy found high PDGFRB to associate with an

Table 1. Patient characteristics and median time to death according to baseline characteristics. Primary cohort.
Variable Prevalence (n = 74) Months to death from diagnosis* (IQR) P value†

All patientsAll patients NA 18.0 (8.3–41.7) NA
AgeAge (years) at the time of diagnosis, median (IQR)(years) at the time of diagnosis, median (IQR) 65 (59–72)
≤65 36 (49%) 16.6 (8.2–46.1) 0.233
>65 38 (51%) 19.5 (8.3–38.6)

SexSex
Female 12 (16%) 24.5 (18.0–58.8) 0.379
Male 62 (84%) 16.3 (8.0–35.2)

HistologyHistology
Epithelioid 69 (93%) 17.8 (8.4–42.9) 0.355
Mixed (biphasic) 5 (7%) 23.4 (3.8–37.3)

Exposure to asbestosExposure to asbestos
Yes 52 (70%) 16.6 (7.1–29.8) 0.149
No 22 (30%) 22.0 (11.1–60.0)

SmokingSmoking
Current smoker 8 (11%) 35.3 (4.9–80.8) 0.801
Ex-smoker 29 (39%) 20.7 (10.9–49.5)
Never smoker 37 (50%) 16.6 (6.9–24.5)

Smoking pack yearsSmoking pack years‡‡,, median (IQR)median (IQR) 30 (15–40)
1–30 20 (27%) 24.3 (11.1–65.3) 0.647
>30 15 (20%) 15.7 (9.5–56.0)

TreatmentTreatment§§

Only chemotherapy 20 (27%) 16.3 (10.9–35.2) NA
Only surgery 14 (19%) 9.1 (4.3–31.0)
Chemotherapy and surgery 24 (32%) 24.1 (19.4–51.1)
Radiation therapy 7 (9%) 50.5 (13.7–78.9)

StageStage¶¶

I 27 (37%) 24.2 (8.0–57.1) 0.405
II 5 (7%) 29.8 (2.7–82.3)
III 29 (40%) 12.3 (8.3–24.4)
IV 12 (16%) 16.6 (11.8–24.1)

*Three patients were still alive at the end of follow-up.
†Tested using a log-rank test.
‡For smokers or ex-smokers, data were missing for two patients.
§One patient can belong to several groups. No P value test.
¶Data were missing for one patient.
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increased risk of death (HR = 1.01, 95% CI = 1.00–
1.03, p = 0.006; Table 3).

Post hoc validation of the prognostic value of
tumor cell PDGFRB in MPM using conventional IHC
and AI analysis
To validate tumor cell PDGFRB as a prognostic factor,
we used an AI-based deep convolutional neural network
method (see Materials and methods). The trained AI
model detected PDGFRB-positive tumor cells in 33 out of
74 patients (45%). The ratio between PDGFRB-positive
tumor cell area and total tumor cell area ranged from 0.1
to 98.1%, with a median of 1.9% (IQR: 0.3–13.5%). Uni-
variate Cox regression showed that higher tumor cell
PDGFRB associated with shorter survival with an HR of
4.48 (95% CI = 1.34–14.99; p = 0.015) (Figure 2G,H).
Multivariable Cox regression adjusted for age, sex, side of
the disease, clinical stage, and histology revealed that
PDGFRB was associated with an increased risk of death
(HR = 6.19, 95% CI = 1.77–21.63; p = 0.004). The Spe-
arman’s rank correlation coefficient between the mfIHC
(tumor cell PDGFRB intensity) and AI results (tumor cell
PDGFRB area) was 0.489 (p < 0.001).

Post hoc association analyses in the primary cohort
No statistically significant associations were observed
between tumor size, clinical stage, nuclear grading,
mitoses or BAP1 status, and tumor cell PDGFRB
expression (see Table 1 in supplementary material, File

S3). However, there was a positive association between
unfavorable tumor architecture (predominantly solid or
micropapillary growth pattern) and high tumor cell
PDGFRB expression (p = 0.020) (see Table 1 and Fig-
ures 1 and 2 in supplementary material, File S3).
In univariate Cox regression analysis, high nuclear grad-
ing (HR = 1.95, p = 0.001), unfavorable tumor architec-
ture (HR = 2.69, p = 0.001), high average mitotic count
(HR = 1.12, p = 0.003), and BAP1 tumor positivity
(HR = 1.80, p = 0.030) were associated with shorter sur-
vival (see Table 1 in supplementary material, File S3).
In multivariable analysis, unfavorable tumor architecture
(HR = 3.20, 95% CI = 1.32–7.76; p = 0.010) and high

Table 2. Univariate Cox regression analysis. Primary cohort.
mfIHC variable P value HR P corr

FAP_stroma 0.03* 1.01 1.00
FAP_meso_Z1 0.04* 1.01 1.00
FAP_meso_Z2 0.03* 1.01 0.91
FAP_meso_Z3 0.04* 1.01 1.00
FAP_meso_Z4 0.02* 1.01 1.00
FAP_vessel_Z1 0.05 1.00 1.00
FAP_vessel_Z2 0.04* 1.00 1.00
FAP_vessel_Z3 0.02* 1.01 1.00
FAP_vessel_Z4 0.05 1.01 1.00
PDGFRB_meso 0.0006*** 1.02 0.04*
SPARC_stroma 0.006** 1.07 0.21
SPARC_meso_Z1 0.005** 1.06 0.16
SPARC_meso_Z2 0.002** 1.07 0.08
SPARC_meso_Z3 0.003** 1.07 0.11
SPARC_meso_Z4 0.007** 1.07 0.26

An HR > 1 indicates an increased risk of death and HR < 1 indicates a
decreased risk of death. mfIHC variables are average mean intensities in meso-
thelial and stromal tissue components. Average mean intensities were multi-
plied by 1,000. Only variables with significant P value are shown. Other
variables are found in supplementary material, File S7.
meso_Z1–Z4, meso zones 1–4; P corr, Bonferroni-corrected P value;
vessel_Z1–Z4, vessel zones Z1–Z4.
*p < 0.05; **p < 0.01; ***p < 0.001.

Table 3. Multivariable Cox regression analysis. Primary cohort.
Variable HR (95% CI) P value

Individual markers (Individual markers (nn = 69= 69††))
Tumor cell PDGFRB mean intensity 1.02 (1.01–1.03) 0.001***
Stromal FAP mean intensity 1.00 (1.00–1.01) 0.113
Stromal SPARC mean intensity 1.09 (1.03–1.14) 0.001***

All markers combined (All markers combined (nn = 69= 69††))
Age 1.02 (0.99–1.05) 0.135
Sex
Male 1.0
Female 0.71 (0.35–1.46) 0.351

Side of the disease
Right 1.0
Left 0.61 (0.36–1.04) 0.071

Clinical stage
Low 1.0
High 1.47 (0.87–2.54) 0.148

Histology
Epithelioid 1.0
Biphasic 1.17 (0.43–3.16) 0.759

Tumor cell PDGFRB mean intensity 1.01 (1.00–1.03) 0.005**
Stromal FAP mean intensity 1.00 (1.00–1.01) 0.299
Stromal SPARC mean intensity 1.05 (1.00–1.11) 0.045*

Only epithelioid cases (Only epithelioid cases (nn = 64= 64††))
Age 1.01 (1.00–1.04) 0.283
Sex
Male 1.0
Female 0.65 (0.31–1.35) 0.247

Side of the disease
Right 1.0
Left 0.69 (0.40–1.19) 0.180

Clinical stage
Low 1.0
High 1.73 (0.95–3.15) 0.074

Tumor cell PDGFRB mean intensity 1.01 (1.00–1.03) 0.006**
Stromal FAP mean intensity 1.00 (1.00–1.01) 0.260
Stromal SPARC mean intensity 1.05 (1.00–1.11) 0.084

Multivariable Cox regression adjusted for age, sex, side of the disease, clinical
stage, and histology. An HR > 1 indicates an increased risk of death and an
HR < 1 indicates a decreased risk of death. All models fulfilled the propor-
tional hazard assumption.
*p < 0.05; **p < 0.01; ***p < 0.001.
†TNM staging was missing for one patient.
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tumor cell PDGFRB expression (HR = 1.02, 95%
CI = 1.00–1.03; p = 0.006) were independently associ-
ated with shorter survival (see Table 2 in supplementary
material, File S3). We also looked into the prognostic
value of tumor cell PDGFRB separately in tumor archi-
tecture groups. Even though tumor cell PDGFRB
expression was higher in the unfavorable tumor architec-
ture group, the negative effect of high tumor cell
PDGFRB on survival was seen in both groups (see
Table 3 in supplementary material, File S3).

Post hoc validation of PDGFRB in an external
validation cohort
In univariate Cox regression analysis, high relative
tumor PDGFRB area was associated with shorter sur-
vival (HR = 2.10, p = 0.010, corrected P value = 0.041)
in an independent validation cohort (see Table 2 in sup-
plementary material, File S4). In multivariable Cox
regression analysis, adjusted for age, sex, and histology,
no association between tumor PDGFRB area and sur-
vival was noted (HR = 1.25, 95% CI = 0.66–2.35;
p = 0.489) (see Table 3 in supplementary material, File
S4). After including only epithelioid subtypes, no clear
association was seen, although the point estimate direc-
tion was the same as in the primary cohort (HR = 2.13,
95% CI = 0.84–5.40; p = 0.112; see Table 4 in supple-
mentary material, File S4). There was no clear difference
in relative tumor PDGFRB area and histology due to the
large variation and limited sample size (see Figure 2 in
supplementary material, File S4).

Discussion

Key findings
In this study, we have shown that high FAP and
SPARC expression in tumor stroma and high PDGFRB
expression in tumor cells are associated with shorter
survival in MPM patients in univariate analysis. We
observed a statistically significant correlation between
tumor cell PDGFRB and stromal SPARC expression,
whereas high stromal SPARC expression correlated
inversely with the expression of mesothelial marker
staining (combination of CK5, calretinin, and CK5/6).
Furthermore, we observed a correlation between stro-
mal SPARC and stromal FAP. Thus, after adjusting for
known prognostic factors and including all three
markers in multivariable analysis, only tumor cell
PDGFRB and stromal SPARC had independent statisti-
cally significant associations with survival.

Due to the statistically stronger correlation of tumor
cell PDGFRB and survival, we validated its prognostic
value using an AI model (Aiforia® platform) and
showed that a high relative PDGFRB tumor cell posi-
tivity correlated with shorter survival. Finally, we per-
formed an external validation with an independent
validation cohort. In univariate analysis, we showed
that there was an association between high tumor cell
PDGFRB expression and shorter survival. However,
in the multivariable analysis, high relative tumor
PDGFRB area was not independently associated with
overall survival. We hypothesized that this might be a
consequence of the sarcomatoid cases included in the
validation cohort. However, no significant association
was found after excluding the sarcomatoid and the
biphasic subtypes (i.e. only including the epithelioid
subtype) from the analysis. Thus, the negative prog-
nostic value of PDGFRB in MPM appears more con-
clusive in the primary cohort than in the validation
cohort; however, this may be a result of inadequate
statistical power in the validation cohort. In addition,
the validation cohort included only one patient with a
survival longer than 60 months.

Comparison to previous literature
PDGFRB is a receptor tyrosine kinase (RTK) known
to be expressed by stromal fibroblasts in several can-
cers and high stromal PDGFRB expression is associ-
ated with poor survival, e.g. in breast and prostate
cancers [30–34]. Consistent with the current study, in
MPM, PDGFRB is expressed in both stromal fibro-
blasts and MPM tumor cells [35]. Approximately 30–
50% of MPMs express PDGFRB [36–38] (45% in this
study) and the expression is dominant in epithelial and
biphasic subtypes of MPM [36,38].
By using two different PDGFRB staining and ana-

lytical methods, we conclude that high tumor cell
PDGFRB expression, measured either as intensity
(fluorescence staining) or relative positive area (DAB
staining), is associated with shortened survival in
MPM patients. Our results are consistent with an ear-
lier study, where it was shown in a cohort of
48 patients that PDGF receptor signaling pathways
were differentially activated in MPM patients who sur-
vived less than 3 years compared with those who sur-
vived more than 3 years [39]. Furthermore, Tsao et al
showed in a cohort of 24 MPM patients that high
baseline PDGFRB expression in cytoplasm, stroma,
and nucleus correlated with shorter progression-free
survival but was not statistically significantly associ-
ated with overall survival [40]. In another study by the
same group, PDGFRB IHC expression was not found
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to be prognostic of survival in 17 MPM patients [41].
In summary, previous studies on PDGFRB expression
and MPM survival are not conclusive. Our study is the
first to show the effect of tumor cell-specific PDGFRB
expression on patient overall survival in two larger
patient cohorts. We used two different unbiased com-
puterized scoring methods and showed independent
prognostic value in the primary cohort, but not in the
validation cohort. In our external validation analysis,
including only epithelioid tumors, the point estimate
direction was the same as in the primary cohort,
although it was not statistically significant.
PDGFRB expression in MPM tumor cells provides

a potential target for tyrosine kinase inhibitors (TKIs).
However, the more unselective TKIs such as dasatinib
and axitinib have not shown any effect on MPM
patient survival in phase I–II trials [40,42]. Further-
more, the more selective TKI imatinib mesylate (IM,
also known as Gleevec® or Glivec®, Novartis Pharma-
ceuticals Corporation, Basel, Switzerland) has simi-
larly showed weak results [41,43] even when targeting
the treatment to a specific subgroup of patients
expressing PDGFRB at baseline [37,44,45]. It is possi-
ble that IM (targeting the Abelson proto-oncogene, C-
kit, and PDGFRs) is an insufficiently selective
PDGFRB inhibitor and novel, more selective, inhibi-
tors should be investigated in clinical trials. It may
also be that multiple RTKs (including PDGFRB)
should be targeted simultaneously in the treatment of
MPM instead of targeting a single RTK [46]. Still,
given the strong association between PDGFRB and
survival in our study, clinical trials including more
patients with more specific PDGFRB inhibitors and
AI-based PDGFRB in situ analysis of patient tumor
tissue are warranted.
In the primary cohort analysis, stromal SPARC also

associated with shorter survival. SPARC is a calcium-
binding matricellular protein typically expressed in
mineralized tissues [47]. Little is known about the role
of SPARC in MPM. SPARC is expressed in MPM cell
lines and patient tissue and blood samples [48,49]. In
tissue samples, SPARC expression has been detected
in stromal fibroblasts and MPM tumor cells [49]. We
observed SPARC expression in both. Interestingly, we
also observed that tumors expressing high stromal
SPARC expressed faint or no mesothelial marker
staining (combination of CK5, calretinin, and CK5/6).
However, whether this indicates that MPM tumor tis-
sue is transforming into a sarcomatoid or mesenchy-
mal direction due to high stromal SPARC expression
or if high stromal SPARC is already present in more
sarcomatoid-like MPM tumors remains speculative.
Furthermore, we found an association between high

stromal SPARC expression and shorter survival in uni-
variate and multivariable analyses in the primary
cohort. This finding adds strength to the prognostic
value of SPARC in MPM and highlights its attractive-
ness for further investigation.

Strengths and limitations
This study has some strengths. Instead of conven-
tional IHC, we used mfIHC to analyze the fibroblast
markers, which enabled investigation of multiple dif-
ferent markers simultaneously and their distribution
in different tissue components. This is a novel
approach that has not previously been widely used
for investigating the MPM tumor microenvironment.
We performed a post hoc validation of the PDGFRB
finding using an AI model based on a convolutional
neural network method. In comparison to previous
studies, our study included a rather large sample size
with previously confirmed MPM cases. As the statu-
tory population registry in Finland captures all
deaths, we had full follow-up for the entire cohort.
Finally, we validated our results in an external vali-
dation cohort of 117 previously confirmed MPM
patients.
There were some limitations that should be

acknowledged. Our cohort is from a rather genetically
homogeneous single-nation population, which may
limit the generalizability to other countries. Some
patients were diagnosed nearly 20 years ago, and both
diagnostic and treatment MPM strategies have devel-
oped since. Our study population represented a
selected subpopulation of MPM patients who were fit
enough to undergo biopsy or surgery, as patients
diagnosed with MPM at autopsy were not included in
the study. Thus, median survival in our study was
higher than in population-based epidemiological stud-
ies [1,25]. The fact that tumor PDGFRB indepen-
dently predicted overall survival in the primary
cohort, but not in the validation cohort, could be
related to the differences in the patient populations in
these cohorts or due to lack of power. The primary
cohort included a selected subpopulation of long-term
survivors. The vast majority of our patients, especially
in the primary cohort, had the epithelial subtype of
MPM, and our results may not be generalizable to
other MPM subtypes. Elevated blood platelet count is
associated with poor overall survival in MPM [50]. It
is possible that a high blood platelet count indicates
higher tumor cell PDGFRB expression. The correla-
tion between platelet count and tumor cell PDGFRB
warrants further studies.
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Conclusions

In conclusion, in the primary cohort of MPM patients
including long-term survivors, high FAP and SPARC
expression in stromal cells and high PDGFRB expres-
sion in tumor cells were associated with shorter sur-
vival. Tumor cell PDGFRB and stromal SPARC
expression in particular were associated with shorter
survival and may play critical roles in the pathogenesis
of MPM. This positive expression correlation suggests
that they may also be regulated by common signals.
After validation, we conclude that tumor PDGFRB

expression was seen in all histological subtypes. In the
epithelioid subtype, PDGFRB expression was associ-
ated with solid or micropapillary tumor architecture.
High PDGFRB expression in mesothelioma tumor
cells is a negative prognostic marker, especially in
patients with epithelioid histology. Thus, PDGFRB is
a potential marker for risk stratification and a target
for therapy in MPM. Further studies focusing on
patients with high PDGFRB expression are warranted.
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