Original Study

Elevated Circulating Activin A Levels in Patients
With Malignant Pleural Mesothelioma Are
Related to Cancer Cachexia and Reduced
Response to Platinum-based Chemotherapy
Juuso Paajanen,1,5 Ilkka Ilonen,2,5 Helena Lauri,3 Tommi Järvinen,2 Eva Sutinen,1,5
Hely Ollila,5 Eeva Rouvinen,1,6 Karl Lemström,2,6 Jari Räsänen,2 Olli Ritvos,4
Katri Koli,5 Marjukka Myllärniemi1,5
Abstract
Activin A has previously been associated with cancer cachexia and in vitro resistance to platinum-based
chemotherapy. We studied circulating activin A concentrations as well as activin B and their antagonists’
follistatin/follistatin-like 3 in presurgical patients with nonesmall-cell lung cancer and malignant pleural mesothelioma. We found that circulating activing A levels were elevated in malignant pleural mesothelioma and
associated with cancer cachexia and poor response to platinum-based chemotherapy. Circulating activing A
separated nonesmall-cell lung cancer from benign lung lesion.
Background: Previous preclinical studies have shown that activin A is overexpressed in malignant pleural mesothelioma (MPM), associates with cancer cachexia, and is observed in in vitro resistance to platinum-based chemotherapy. We evaluated circulating activin levels and their endogenous antagonists’ follistatin/follistatin-like 3 in
intrathoracic tumors. Materials and Methods: Patients suspected of thoracic malignancy were recruited prior to
surgery. Serum samples were collected from 21 patients with MPM, 59 patients with nonesmall-cell lung cancer
(NSCLC), and 22 patients with benign lung lesions. Circulating activin/follistatin levels were measured using enzymelinked immunosorbent assay and compared with clinicopathologic parameters. Results: Circulating activin A levels
were elevated in patients with MPM when compared with patients with NSCLC or benign lung lesion samples (P <
.0001). Also, follistatin and follistatin-like 3 levels were the highest in MPM, although with less difference compared
with activin A. Receiver operating characteristic analysis for activin A for separating NSCLC from benign lung lesion
showed an area under the curve of 0.856 (95% conﬁdence interval, 0.77-0.94). Activin A levels were higher in patients
with cachexia (P < .001). In patients with MPM, activin A levels correlated positively with computed tomographybased baseline tumor size (R ¼ 0.549; P ¼ .010) and the change in tumor size after chemotherapy (R ¼ 0.743; P ¼
.0006). Patients with partial response or stable disease had lower circulating activin A levels than the ones with
progressive disease (P ¼ .028). Conclusion: Activin A serum level could be used as a biomarker in differentiating
malignant and benign lung tumors. Circulating activin A levels were elevated in MPM and associates with cancer
cachexia and reduced chemotherapy response.
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Introduction
Malignant pleural mesothelioma (MPM) is a primary tumor of
the pleura with an estimated median survival of 8 to 14 months.1
The diagnosis of MPM can be challenging, and it is usually diagnosed in advanced stage.2 Many non-invasive biomarkers have been
evaluated for diagnosis and prognosis, but none have been adopted
into clinical diagnostic use or treatment response monitoring.1,3
Therefore, novel biomarkers that could aid the diagnosis or estimate prognosis would be highly beneﬁcial.
Activins belong to the transforming growth factor-b (TGF-b)
superfamily and control cell proliferation and differentiation,
embryogenesis, immune responses, wound repair, and various
endocrine activities.4 Like certain other TGF-b family proteins,
activins signal through 1 of 2 activin type II transmembrane serine/
threonine kinase receptors (ActRIIA or ActRIIB).5 Activin signaling
is regulated by numerous intra- and extracellular mechanisms,
including follistatin (FS) and follistatin-like 3 (FSTL3; formerly
known as FSRP or FLRG), that bind and neutralize activins.6
Activin signaling has multiple roles in carcinogenesis. In vitro
studies have demonstrated its antiproliferative effect on breast, prostate, and liver cancer cells.7,8 In turn, activin A was overexpressed in
lung adenocarcinoma cells, and circulating activin A correlated with
advanced stage and poor survival in patients with lung adenocarcinoma.9,10 Similarly, activin A and B are expressed in mesothelioma
tumor tissue and cells, and this overexpression is associated with a
more aggressive behavior.11,12 A previous study found that elevated
circulating activin A levels are higher in patients with MPM than in
healthy controls and associated with a poor prognosis in the epithelioid form.13 Also, most mesothelioma cell lines express high FSTL3
levels in contrast to low FS levels.11 Furthermore, the activin pathway
is related to cancer cachexia, cancer-related bone loss, and resistance to
platinum-based chemotherapy.14-16
In this study, we investigated circulating activin A and B, FS, and
FSTL3 in thoracic malignancy with a focus on MPM. Our aim was
to ﬁnd out whether any of these known regulators of cancer cell
growth could be used to estimate tumor type and to conﬁrm previously reported associations. A prospective setting using biobank
samples and a well-characterized patient population was chosen.

melanoma, 1 colorectal, 1 gingival), and 15 (10%) had an uncertain
diagnosis.
Patient information was collected from the hospital electronic
medical records. The recorded baseline characteristics included the
date and site of the diagnosis, age, gender, smoking history, performance status deﬁned by the Eastern Cooperative Oncology
Group (ECOG), and Charlson comorbidity index (CCI). C-reactive
protein (CRP) with a cutoff of 3 mg/L and hemoglobin (Hb) levels
were measured at the time of the biomarker collection as part of the
routine preoperative workup. Body mass index (BMI) and body
weight changes during the previous 6 months were obtained from
the electronic medical records. Cancer cachexia was deﬁned according to a previously published international consensus report: 
5% weight loss over the past 6 months, BMI < 20 kg/m2 and
weight loss > 2%, or skeletal muscle index (SMI) consistent with
sarcopenia and weight loss > 2%.17 SMI in MPM was evaluated
from pretreatment computerized tomography (CT) images by one
of the authors (T.J.) according to a previously published method.18
Namely, the cross-sectional area of the psoas, quadratus lumborum,
paraspinal, transverse abdominal, external oblique, internal oblique,
and rectus abdominis muscles at the level of L3 vertebra were
identiﬁed and quantiﬁed with Osirix version 33 (32-bit Pixmeo,
Sarl, Switzerland). The individual SMI was calculated correcting the
skeletal muscle area for height (m2), and patients were dichotomized
into either sarcopenic or non-sarcopenic (cutoff, 55 cm2/m2 for
men and 39 cm2/m2 for women) as previously described.17
The diagnosis was based on histopathologic ﬁndings and if
needed, evaluated in a multidisciplinary team. All patients with
nonesmall-cell lung carcinoma (NSCLC) and MPM were staged
according to the TNM eighth edition American Joint Committee
on Cancer/Union for International Cancer Control staging system.19 The diagnostic and post-chemotherapy CT images for
patients with MPM were re-evaluated by a thoracic radiologist
(H.L.) The tumor size (TS) was approximated using our previously
published method, where the maximal tumor thickness on axial
images is multiplied by the tumor extent.20 The radiologic response
to chemotherapy was evaluated using change in TS.

Serum Biomarkers

Materials and Methods
Study Design and Population
Patients were prospectively recruited from June 2016 to January
2018 in the Helsinki University Hospital region. The recruited
patients provided a written Biobank consent, and the study was
approved by the Scientiﬁc Steering Committee of the Helsinki Biobank. Research permission was granted by the Institutional Review
Board of the Helsinki University Hospital. A statement has been
received from the Helsinki University Hospital ethical board. The
study was conducted in accordance with the Declaration of Helsinki.
The inclusion criterion to the study was that a serum sample was
collected prior to a diagnostic or therapeutic surgical procedure. All
patients with a suspected intrathoracic tumor were evaluated for the
study. The initial screening resulted in 149 patients. Forty-three
(29%) patients were excluded from the study: 25 (17%) had a
postoperative blood sample, 3 (2%) had non-thoracic metastases (1

Blood samples were obtained at the diagnosis prior to any
interventions or treatments. Serum was stored after centrifugation
at 80 C until utilization. Duplicate biomarker levels were
measured blinded to clinical data using enzyme-linked immunosorbent assay immunoassays (AnshLabs LLC, Webster, TX)
according to the manufacturer’s guidelines. The immunoassays used
in this study measure the total levels of the biomarkers in question
with no signiﬁcant in vitro cross-reactions with other related
molecules.

Statistical Analyses
Categorical variables are expressed by percentages and were
compared using a c2 test. Continuous data are presented as
median and interquartile range (IQR). Statistical differences
between the groups or subgroups were tested by nonparametric
Mann-Whitney U test or Kruskal-Wallis test as appropriate. If
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Table 1 Baseline Characteristics (n [ 102)

No. cases
Median age (range), y
Male gender

NSCLC, n (%)

Mesothelioma, n (%)

Benign Lung Lesion, n (%)

59 (58)

21 (21)

22 (21)

69.0 (41-81)

71.0 (63-77)

36 (61)

20 (95)

57 (24-79)
7 (32)

ECOG performance status

P Value
<.05
<.05
.542

0

40 (68)

13 (62)

1

19 (32)

8 (38)

5 (23)

1.4 (1.1)

0.8 (1.2)

0.6 (0.8)

.002

27.2 (4.4)

26.5 (4.1)

27.0 (6.4)

.739

Mean CCI (SD)
Mean BMI (SD), kg/m2

17 (77)

Smoking status

.011

Former/current

49 (83)

10 (48)

Never

10 (17)

11 (52)

Median pack-years (range)

14 (64)
8 (36)

30 (0-70)

0 (0-50)

I

31 (53)

3 (14)

II

11 (19)

2 (10)

III

15 (25)

14 (66)

IV

2 (3)

2 (10)

10 (0-43)

.003

Stage

Histologic subtype
Adenocarcinoma

46 (78)

Squamous cell carcinoma

12 (20)

Epithelioid MPM

14 (67)

Biphasic MPM

3 (14)

Sarcomatoid MPM

4 (19)

Hamartoma
Unspeciﬁed/miscellaneous

13 (60)
1 (2)

9 (40)

Abbreviations: BMI ¼ body mass index; CCI ¼ Charlson comorbidity index; ECOG ¼ Eastern Cooperative Oncology Group; MPM ¼ malignant pleural mesothelioma; NSCLC ¼ nonesmall-cell lung
carcinoma; SD ¼ standard deviation; Stage ¼ pathologic stage for NSCLC, clinical stage for mesothelioma.

multiple comparisons were made, the P-values were adjusted by
the Bonferroni correction for multiple tests. The Spearman
correlation coefﬁcient was calculated to assess the relationship of
biomarkers and clinicopathologic factors. Multivariate logistic or
linear regression analysis was used to determine independent
inﬂuence of activin A on cachexia or chemotherapy response.
Receiver operating characteristics curve analysis was used to
assess the accuracy of biomarkers to diagnose lung cancer. The
Youden index was calculated to determine the optimal cutoff
values. Statistical analyses were performed using SPSS version
25.0 (IBM SPSS Statistics, Chigaco, IL). A P-value < .05 was
considered signiﬁcant.

Results
Baseline Characteristics
A total of 106 patients were included in the study. The largest
disease groups were NSCLC, benign lung lesion, and MPM
(Table 1). There were also 4 (3%) patients with non-speciﬁc benign
pleuritis. The majority of patients with NSCLC had stage I disease
(n ¼ 31; 53%), whereas stage III disease (n ¼ 14; 68%) was the
most prevalent group in patients with MPM.
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Circulating Biomarker Levels in Thoracic Tumors e
Levels of Activin A are Elevated in Patients With MPM
and Benign Pleuritis
Patients with MPM showed overall the highest levels of all the
measured biomarkers when compared with patients with either
NSCLC or benign lung lesion (Figure 1). The ratio of activins and
FS/FSTL3 was higher in patients with MPM than benign controls
(P ¼ .012), but no differences were found between patients with
MPM and NSCLC (P ¼ .325) or patients with NSCLC and
controls (P ¼ .179). All biomarker levels were also increased in
patients with benign pleuritis (n ¼ 4) (see Supplemental Table 1 in
the online version). Circulating activin A levels were observed to
differentiate the main groups. Receiver operating characteristics
curve analysis was used to assess the diagnostic accuracy of circulating biomarkers to discriminate patients with NSCLC from
patients with a benign lung lesion. Activin A had an area under the
curve of 0.856 (95% conﬁdence interval [CI], 0.77-0.94;
P < .001). With a cutoff level of 0.488 ng/mL, the sensitivity was
76% and speciﬁcity 73% (Figure 2). FSTL3 also performed well,
with an area under the curve of 0.808 (95% CI, 0.69-0.92;
P < .001), whereas activin B and FS were not useful.

Juuso Paajanen et al
Figure 1 Boxplot Showing Circulating Activin A (A), Activin B (B), Follistatin (C), and Follistatin-like 3 (D) Levels (ng/mL) in Patients
With Malignant Pleural Mesothelioma (n [ 21), Nonesmall-cell Lung Cancer (n [ 59), and Benign Lung Lesion (n [ 22).
P-values Are Adjusted With Bonferroni Correction for Multiple Tests

A

B
0

0

0

0

0

C

D

Abbreviations: FSTL-3 ¼ follistatin-like 3; NSCLC ¼ nonesmall-cell lung cancer.

We found no differences between activin A levels for patients
with squamous cell carcinoma (median, 0.736 ng/mL; interquartile
range [IQR], 0.648-0.818 ng/mL) and patients with adenocarcinoma (median, 0.636 ng/mL; IQR, 0.472-0.872 ng/mL)
(P ¼ .376). Activin A levels were also similar in MPM histologic
subgroups (P ¼ .152)

Circulating Activin A Levels Correlate With Cachexia,
Inﬂammation, and Age
Patients with MPM (n ¼ 12; 57%) were more cachectic than
patients with NSCLC (n ¼ 7; 12%) (P < .001). Activin A levels
were higher in patients with cachexia (median, 1.179 ng/mL vs.
0.634 ng/mL; P < .001). Circulating activin A levels correlated
positively with cachexia, age, and CRP (Table 2). Similarly,
cachexia also correlated weakly with CRP (R ¼ 0.375; P < .001)
but not with activin B, FS, or FSTL3 in these patients. The
association with cachexia remained signiﬁcant for activin A after
adjusting for age, gender, and CRP (P ¼ .047).

Ancillary Exploratory Analysis for Activin A in Patients
With MPM e An Association With Tumor Size and
Response to Chemotherapy
After observing that circulating activin A levels were highest in
patients with MPM, we investigated the relevance of this ﬁnding to
clinically meaningful parameters in mesothelioma. Seven (33%)
patients with MPM had palliative surgery, and 12 (57%) received
chemotherapy for ﬁrst-line treatment. All patients had diagnostic CT
scans available for radiologic re-evaluation. There was a positive correlation between circulating activin A levels and pre-treatment tumor
size (R ¼ 0.549; P ¼ .010) but no relation with clinical TNM stage
(R ¼ 0.141; P ¼ .542). Thirteen (62%) of the patients with MPM
were evaluated as sarcopenic according to SMI. We found no correlation with SMI and activin A levels (R ¼ 0.261; P ¼ .266).
Because activin A is linked to in vitro platinum-based chemotherapy
resistance in lung adenocarcinoma,16 we tested this association with
chemotherapy action in MPM in our clinical setting. To
approximate tumor response for platinum-based chemotherapy, 12
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Figure 2 Receiver Operating Characteristics Curve for Circulating Activin A to Discriminate Patients Nonesmall-cell Lung Cancer
(n [ 59) From Benign Lung Lesions (n [ 22). The Area Under the Curve Was 0.856 (95% CI, 0.77-0.94)

1,0

Sens itivity

0,8

0,6

0,4

0,2

AUC = 0.856 ± 0.043 (95% CI 0.77 - 0.94), p< 0.001
0,0
0,0

0,2

0,4

0,6

0,8

1,0

1 - Specificity

Abbreviations: AUC ¼ area under the curve; CI ¼ conﬁdence interval.

post-chemotherapy CT scans were analyzed. We found a strong correlation with circulating activin A levels and the change in TS between
the pre- and post-chemotherapy CT scans (R ¼ 0.743; P ¼ .0006)
(Figure 3A). This correlation remained signiﬁcant after adjusting for
tumor size, CRP, gender, and age (P ¼ .008). Patients with partial
response or stable TS had lower circulating activin A levels than the ones
with progressive disease (median, 1.206 ng/mL vs. 3.086 ng/mL; P ¼
.028, Mann-Whitney U test) (Figure 3B). Other biomarkers showed
no association with TS or response to chemotherapy.

Discussion
In this study, we evaluated circulating activin A and B levels and
their biological antagonists FS and FSTL3 in the clinical setting of
intrathoracic tumors. Consistent with previous preclinical studies
and a clinical trial on patients with MPM, we found that circulating
levels of activin A were higher in patients with MPM than in
patients with NSCLC or benign controls.11,13 Although FS and
FSTL3 levels were also elevated in patients with MPM and to a
lesser extent in patients with NSCLC, activin A was the most
promising circulating biomarker. In contrast with previous ﬁndings,
we did not observe any differences in activin A levels within histologic subgroups of MPM or NSCLC. This may be explained by
the small amount of non-epithelioid mesotheliomas in our study.
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Although FS is linked to a variety of solid tumors (including lung
cancer), the role of FSTL3 has been established mainly in breast cancer.21,22 In addition to being increased in MPM, we found that FSTL3
could also differentiate benign and malignant lung tumors. However, in
contrast to previous reports, the difference between NSCLC and benign
tumors was modest and insigniﬁcant for FS.23 Because FS and FSTL3 are
antagonists of activins, we looked at their ratio as an independent marker.
We found no relevant addition to single markers; even if the ratio was
higher in patients with MPM compared with benign controls, there were
no other associations that could have a clinical beneﬁt over activin A.
Consistent with a previous study on activin A, we found that benign
pleuritis increased markedly all measured biomarkers.13 The reason for
this is unknown, but we assume that normal mesothelial cells may
produce small amounts of activins that are increased by inﬂammation.
Indeed, the association of activin A and inﬂammatory responses is wellcharacterized in previous preclinical studies, and circulating levels of
activin A are elevated in patients with septicemia and other inﬂammatory
diseases.24,25 In addition to inﬂammation, circulating activin A levels
have been found to increase with age, chronic renal failure, cardiovascular
disorders, hyperthyroidism, liver cirrhosis, and pregnancy.26,27 Thus,
even if activin A has relatively good diagnostic accuracy for differentiating
malignant and benign lung tumors, we believe that these numerous
confounding factors would reduce its utility in diagnostic settings.

Juuso Paajanen et al
Table 2 Spearman Correlation Coefﬁcient Between Circulating Biomarkers and Clinical Markers
Activin A
Age, y
C-reactive
protein
Hemoglobin
Charlson
comorbidity
index
ECOG
performance
status
pTumor size
pStage,
NSCLC
cStage, MPM
Cachexia
Body mass
index

0.414b
0.468b

Activin B
0.124
0.231a

0.136
0.095

0.098
0.101

0.068

0.178

0.343a
0.112

0.001
0.107

0.141
0.412b
0.048

0.114
0.153
0.089

Follistatin
0.234a
0.350b
0.097
0.186

0.256b

0.021
0.216
0.208
0.200a
0.124

FSTL3
0.482b
0.410b
0.239a
0.340b

0.209a

0.039
0.237
0.408
0.227a
0.186

Two-tailed signiﬁcant P-values are marked with aP < .05 or bP < .01.
Abbreviations: cStage ¼ clinical TNM stage; ECOG ¼ Eastern Cooperative Oncology Group;
MPM ¼ malignant pleural mesothelioma; NSCLC ¼ nonesmall-cell lung cancer; pStage ¼
pathologic TNM stage; pTumor size ¼ pathologic tumor size.

Cancer cachexia is characterized as a multifactorial syndrome
with loss of muscle mass with or without loss of fat mass.17 It has
been recognized as a frequent and independent factor of poor
prognosis in various cancer types. The negative effect of cachexia on
thoracic cancers is well-established, but little is known of its prevalence in MPM.15,28 Here, we report that cachexia was more
prevalent in MPM than NSCLC, which may be explained in part
by the different disease stage in patients with NSCLC in our
cohort. Although the pathophysiology of cancer cachexia is complex, multiple preclinical studies have suggested that activins along
with myostatin regulate negatively muscle growth via ActRII.14,29
In addition, in clinical trials with patients with colorectal and
lung cancer, high circulating activin A levels was associated with
cancer cachexia and had an independent negative prognostic
impact.15,30 Here, we also observed that activin A levels were higher
in patients with cachexia regardless of the underlying diagnosis. In
turn, sarcopenia or SMI calculated from CT scans did not correlate
with activin A levels. The reason for this could be explained by
different hormonal mechanisms between these overlapping
conditions.31
One possible link between activin A and cachexia is systemic
inﬂammation. Many inﬂammatory markers are established as key
components of cancer cachexia, although cachexia can be present in
the absence of systemic inﬂammation.32 Animal models in cancer
cachexia suggest that blocking the activin pathway can reverse
muscle loss without affecting inﬂammatory cytokines.14 In addition, clinical studies have shown that blocking ActRII increased
muscle mass, whereas the results for anti-inﬂammatory therapy
(TNF-a or IL-6) has been variable in cancer cachexia.33-36 We
found a correlation with activin A and CRP, but after adjustments,
only activin A proved to be an independent marker for cachexia.

This suggests that even if activin signaling is partly controlled by
inﬂammation, the activin pathway is a dominant regulator in
muscle mass changes.
Owing to the unique rind-like growth pattern of mesothelioma,
radiologic evaluation is problematic. The current standard method
for response assessment is the modiﬁed Response Evaluation
Criteria in Solid Tumors (RECIST) criteria, where tumor thickness
perpendicular to the chest wall at 3 separate levels is measured.37
However, this method has been criticized for interobserver variability. Other approaches, such as volumetric tumor evaluation,
have been proposed.38,39 In our previous study, we showed that a
novel TS evaluation had independent prognostic impact with
excellent intraclass correlation.20 In this study, we used the same
approach to assess MPM and found that activin A correlated with
TS but not with TNM stage at baseline.
Despite recent improvements, platinum-antifolate combination
chemotherapy remains as the current standard ﬁrst-line treatment in
MPM.40 Chemotherapy has only a limited effect on disease progression at a reported response rate of 40%.41 Therefore, new
strategies to increase tumor response to chemotherapy are needed in
MPM. Numerous mechanisms that explain platinum resistance in
various solid tumors have been identiﬁed.42 Using whole-genome
screening, a recent preclinical publication of lung adenocarcinoma
cells revealed that activin A signaling was one of the key mediators
for platinum resistance, and that inhibition of the signaling could
reverse that resistance in vitro.16 In a clinical setting, we showed a
similar association with high circulating activin A levels to reduced
response to chemotherapy in MPM.
There are several limitations to our study. Although patients were
prospectively collected, their clinical data was collected retrospectively, which may have increased bias. Because the patients were
identiﬁed from thoracic surgery lists, the proportion of patients with
benign pleuritis and metastatic NSCLC was small, which prevents
us from reliably studying biomarker diagnostic accuracy in MPM.
Nonetheless, this cohort represents a real-world population. Also,
this study was not powered to assess the prognostic implications of
the biomarkers in MPM.

Conclusions
In conclusion, we observed that circulating activin A is elevated
in patients with MPM and to a lesser extent in patients with
NSCLC than in those with benign lung lesions. Activin A could be
used as a biomarker in differentiating malignant and benign lung
tumors, although numerous confounding factors do exist. Activin A
was associated with cancer cachexia and reduced chemotherapy
response in patients with MPM. These results should be tested in a
clinical trial to see if activin pathway inhibition could beneﬁt
patients with thoracic cancer.

Clinical Practice Points
 Previous studies have shown that activin A is associated with

cancer cachexia. We could conﬁrm that association with patients
with NSCLC and MPM. Over one-half of the patients with
MPM were characterized as cachectic, which might be driven by
high levels of activin A.
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Figure 3 A, The Tumor Size Was Evaluated at Baseline and After First-line Platinum-based Chemotherapy in 12 Patients With
Malignant Pleural Mesothelioma. The Change in Tumor Size Estimation Correlated With Circulating Activin A Levels
(Spearman r [ 0.743; P [ .006). B, Individual Percentage Changes in Tumor Size From Baseline to First Response
Evaluation in Patients With Malignant Pleural Mesothelioma (n [ 12). Patients Are Stratiﬁed by Median Circulating Activin A
Levels (Low < 1.2 ng/mL, High > 1.2 ng/mL). Patients With Partial Response or Stable Tumor Size Had Lower Circulating
Activing A Levels than the Ones With Progressive Disease (P [ .028, Mann-Whitney U Test). Horizontal Dashed Line
at L30% Shows a Cutoff for Partial Response and Horizontal Dashed Line at 20% Shows a Cutoff for Progressive Disease

Abbreviation: ActA ¼ activin A.
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 Two-thirds of the patients with MPM were sarcopenic. There
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The authors would like to thank the Helsinki Biobank for the
acquisition of blood samples and the patients that gave consent
to participate in the study. The study was supported by the
Finnish Work Environment Fund and the Research Foundation
of the Pulmonary Diseases. The funding sources were not
involved in the design, conduct, analysis, or interpretation of the
study.

-

Clinical Lung Cancer May 2020

Disclosure
The authors have stated that they have no conﬂicts of interest.

Juuso Paajanen et al
Supplemental Data
Supplemental table accompanying this article can be found in the
online version at https://doi.org/10.1016/j.cllc.2019.10.013.

References
1. Arnold DT, De Fonseka D, Hamilton FW, Rahman NM, Maskell NA. Prognostication and monitoring of mesothelioma using biomarkers: a systematic review.
Br J Cancer 2017; 116:731-41.
2. Husain AN, Colby TV, Ordóñez NG, et al. Guidelines for pathologic diagnosis of
malignant mesothelioma: 2017 Update of the consensus statement from the International Mesothelioma Interest Group. Arch Pathol Lab Med 2018; 142:89-108.
3. Creaney J, Robinson BWS. Malignant mesothelioma biomarkers e from discovery
to use in clinical practise for diagnosis, monitoring, screening and treatment. Chest
2017; 152:143-9.
4. Cuen Y, Wang Q, Lin S, Chang CD, Cuung J. Activin signaling and its role in regulation
of cell proliferation, apoptosis, and carcinogenesis. Exp Biol Med 2006; 231:534-44.
5. Itoh S, Goumans Â, Dijke P, Itoh F. Signaling of transforming growth factor- b
family members through Smad proteins. Eur J Biochem 2000; 267:6954-67.
6. Stamler R, Keutmann HT, Sidis Y, Kattamuri C, Schneyer A, Thompson TB. The
structure of FSTL3-activin A complex: differential binding of N-terminal domains
inﬂuences follistatin-type antagonist speciﬁcity. J Biol Chem 2008; 283:32831-8.
7. Vejda S, Erlach N, Peter B, et al. Expression of activins C and E induces apoptosis
in human and rat hepatoma cells. Carcinogenesis 2003; 24:1801-9.
8. Burdette JE, Jeruss JS, Kurley SJ, Lee EJ, Woodruff TK. Activin A mediates
growth inhibition and cell cycle arrest through Smads in human breast cancer cells.
Cancer Res 2005; 65:7968-75.
9. Seder CW, Hartojo W, Lin L, et al. Upregulated INHBA expression may promote
cell proliferation and is associated with poor survival in lung adenocarcinoma.
Neoplasia 2009; 11:388-96.
10. Hoda MA, Rozsas A, Lang E, et al. High circulating activin A level is associated
with tumor progression and predicts poor prognosis in lung adenocarcinoma.
Oncotarget 2016; 7:13388-99.
11. Tamminen J, Yin M, Rönty M, et al. Overexpression of activin-A and -B in malignant
mesothelioma e attenuated Smad3 signaling responses and ERK activation promote
cell migration and invasive growth. Exp Cell Res 2015; 332:102-15.
12. Hoda MA, Münzker J, Ghanim B, et al. Suppression of activin A signals inhibits
growth of malignant pleural mesothelioma cells. Br J Cancer 2012; 107:1978-86.
13. Hoda MA, Dong Y, Rozsas A, et al. Circulating activin A is a novel prognostic
biomarker in malignant pleural mesothelioma - a multi-institutional study. Eur J
Cancer 2016; 63:64-73.
14. Zhou X, Wang JL, Lu J, et al. Reversal of cancer cachexia and muscle wasting by
ActRIIB antagonism leads to prolonged survival. Cell 2010; 142:531-43.
15. Loumaye A, de Barsy M, Nachit M, et al. Circulating Activin A predicts survival in
cancer patients. J Cachexia Sarcopenia Muscle 2017; 8:768-77.
16. Marini KD, Croucher DR, McCloy RA, et al. Inhibition of activin signaling in
lung adenocarcinoma increases the therapeutic index of platinum chemotherapy.
Sci Transl Med 2018; 10.
17. Fearon K, Strasser F, Anker SD, et al. Deﬁnition and classiﬁcation of cancer
cachexia: an international consensus. Lancet Oncol 2011; 12:489-95.
18. Prado CM, Lieffers JR, McCargar LJ, et al. Prevalence and clinical implications of
sarcopenic obesity in patients with solid tumours of the respiratory and gastrointestinal tracts: a population-based study. Lancet Oncol 2008; 9:629-35.
19. Amin MB, Edge SB, Greene FL, et al. AJCC Cancer Staging Manual. 8th ed.
Cham: Springer International Publishing; 2017.
20. Paajanen J, Laaksonen S, Ilonen I, et al. Computed tomography in the evaluation of
malignant pleural mesothelioma—association of tumor size to a sarcomatoid histology, a more advanced TNM stage and poor survival. Lung Cancer 2018; 116:73-9.

21. Shi L, Resaul J, Owen S, Ye L, Jiang WG. Clinical and therapeutic implications of follistatin in solid tumours. Cancer Genomics Proteomics 2016; 13:
425-36.
22. Couto HL, Buzelin MA, Toppa NH, Bloise E, Wainstein AJ, Reis FM. Prognostic
value of follistatin-like 3 in human invasive breast cancer. Oncotarget 2017; 8:
42189-97.
23. Chen F, Ren P, Feng Y, et al. Follistatin is a novel biomarker for lung adenocarcinoma in humans. PLoS One 2014; 9:e111398.
24. Jones KL, Mansell A, Patella S, et al. Activin A is a critical component of the
inﬂammatory response, and its binding protein, follistatin, reduces mortality in
endotoxemia. Proc Natl Acad Sci 2007; 104:16239-44.
25. Michel U, Ebert S, Phillips D, Nau R. Serum concentrations of activin and follistatin are elevated and run in parallel in patients with septicemia. Eur J Endocrinol
2003; 148:559-64.
26. Loria P, Petraglia F, Concari M, et al. Inﬂuence of age and sex on serum concentrations of total dimeric activin A. Eur J Endocrinol 1998; 139:487-92.
27. Harada K, Wakatsuki M, Shitsukawa K, Saito S. Serum immunoreactive activin A
levels in normal subjects and patients with various diseases. J Clin Endocrinol Metab
1996; 81:2125-30.
28. Shachar SS, Williams GR, Muss HB, Nishijima TF. Prognostic value of sarcopenia
in adults with solid tumours: a meta-analysis and systematic review. Eur J Cancer
2016; 57:58-67.
29. Nissinen TA, Hentilä J, Penna F, et al. Treating cachexia using soluble ACVR2B
improves survival, alters mTOR localization, and attenuates liver and spleen responses. J Cachexia Sarcopenia Muscle 2018; 9:514-29.
30. Loumaye A, de Barsy M, Nachit M, et al. Role of activin a and myostatin in
human cancer cachexia. J Clin Endocrinol Metab 2015; 100:2030-8.
31. Rolland Y, Van Kan GA, Gillette-Guyonnet S, Vellas B. Cachexia versus sarcopenia. Curr Opin Clin Nutr Metab Care 2011; 14:15-21.
32. Argilés JM, López-Soriano FJ. The role of cytokines in cancer cachexia. Med Res
Rev 1999; 19:223-48.
33. Polkey MI, Praestgaard J, Berwick A, et al. Activin type II receptor blockade for
treatment of muscle depletion in COPD: a randomized trial. Am J Respir Crit Care
Med 2019; 199:313-20.
34. Rooks D, Praestgaard J, Hariry S, et al. Treatment of sarcopenia with bimagrumab:
results from a phase II, randomized, controlled, proof-of-concept study. J Am
Geriatr Soc 2017; 65:1988-95.
35. Durán J, Estrada M. Commentary: blockade of activin type II receptors with a dual
anti-ActRIIA/IIB antibody is critical to promote maximal skeletal muscle hypertrophy. Front Pharmacol 2018; 9:381.
36. Hulmi JJ, Oliveira BM, Silvennoinen M, et al. Muscle protein synthesis,
mTORC1/MAPK/Hippo signaling, and capillary density are altered by
blocking of myostatin and activins. Am J Physiol Endocrinol Metab 2013; 304:
E41-50.
37. Byrne MJ, Nowak AK. Modiﬁed RECIST criteria for assessment of response in
malignant pleural mesothelioma. Ann Oncol 2004; 15:257-60.
38. Armato SG, Nowak AK, Francis RJ, Kocherginsky M, Byrne MJ. Observer variability in mesothelioma tumor thickness measurements: deﬁning minimally
measurable lesions. J Thorac Oncol 2014; 9:1187-94.
39. Frauenfelder T, Tutic M, Weder W, et al. Volumetry: an alternative to assess
therapy response for malignant pleural mesothelioma? Eur Respir J 2011; 38:
162-8.
40. Mccambridge AJ, Napolitano A, Mans AS, et al. Progress in the management of malignant pleural mesothelioma in 2017. J Thorac Oncol 2018; 13:
606-23.
41. Vogelzang NJ, Rusthoven JJ, Symanowski J, et al. Phase III study of pemetrexed in
combination with cisplatin versus cisplatin alone in patients with malignant pleural
mesothelioma. J Clin Oncol 2003; 21:2636-44.
42. Stewart DJ. Mechanisms of resistance to cisplatin and carboplatin. Crit Rev Oncol
Hematol 2007; 63:12-31.

Clinical Lung Cancer May 2020

- e149

Elevated Activin A in MPM Is Related to Cancer Cachexia and Poor Chemotherapy Response
Supplemental Table 1 The Circulating Biomarker Levels in Study Subgroups

NSCLC (n ¼ 59)

Activin A, ng/mL

Activin B, ng/mL

Follistatin, ng/mL

FSTL3, ng/mL

0.678 (0.50-0.85)

0.105 (0.09-0.13)

2.510 (1.94-3.06)

11.250 (10.00-14.50)

Adenocarcinoma (n ¼ 46)

0.636 (0.47-0.87)

0.102 (0.09-0.12)

2.265 (1.85-3.00)

11.000 (9.75-14.50)

Squamous cell ca (n ¼ 12)

0.736 (0.65-0.82)

0.123 (0.10-0.16)

2.953 (2.06-3.90)

11.875 (10.50-14.13)

Miscellaneous (n ¼ 1)

0.958 (NA)

0.119 (NA)

2.650 (NA)

19.250 (NA)

1.206 (0.90-2.02)

0.116 (0.10-0.18)

3.500 (2.48-3.98)

14.750 (11.13-35.13)

MPM (n ¼ 21)
Epithelioid (n ¼ 14)

1.197 (0.73-1.94)

0.113 (0.10-0.15)

3.475 (2.51-3.96)

14.125 (11.19-24.63)

Biphasic (n ¼ 3)

3.198 (1.29-NA)

0.115 (0.08-NA)

2.700 (2.00-NA)

14.750 (10.50-NA)

Sarcomatoid (n ¼ 4)

1.186 (0.99-1.20)

0.157 (0.09-0.19)

4.600 (2.19-8.98)

20.750 (11.94-41.94)

Benign lung lesion (n ¼ 22)

0.403 (0.32-0.54)

0.098 (0.08-0.12)

2.340 (1.76-3.00)

9.125 (7.31-10.06)

Hamartoma (n ¼ 13)

0.387 (0.32-0.47)

0.106 (0.09-0.13)

2.465 (1.86-3.18)

8.125 (5.81-9.81)

Unspeciﬁed (n ¼ 9)

0.439 (0.32-0.55)

0.087 (0.07-0.12)

2.325 (1.60-2.97)

9.375 (8.44-12.13)

Benign pleuritis (n ¼ 4)

1.268 (0.69-5.37)

0.149 (0.09-0.17)

3.300 (2.51-7.61)

11.750 (11.13-44.43)

The biomarkers are presented as a median (interquartile range).
Abbreviations: FSTL-3 ¼ follistatin-like 3; MPM ¼ malignant pleural mesothelioma; NA ¼ not available; NSCLC ¼ nonesmall-cell lung carcinoma.
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