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Abstract
Objective: The TGF-β superfamily member activin, a dimer of the gene prod-
ucts of INHBA and/or INHBB, has been implicated in immune cell maturation 
and recruitment, but its immune impact within epithelial ovarian cancer (EOC) 
is not well characterized. We sought to explore differences in activin (INHBA/ 
Inhibin-βA and INHBB/ Inhibin-βB) between malignant and ovarian tissues at 
the RNA and protein level and assess the relationship between activin and im-
mune cells in EOC.
Methods: Publicly available RNA sequencing data were accessed from GEO 
(#GSE143897) with normalization and quantification performed via DESeq2. 
Immune gene expression profile was further explored within the TCGA-OV co-
hort derived from The Cancer Genome Atlas (TCGA). Immunohistochemical 
analysis was performed to evaluate activin A and T-cell markers CD8 and FoxP3 
at the protein level. ELISA to activin-A was used to assess levels in the ascites of 
advanced EOC patients. Kaplan–Meier curves were generated to visualize sur-
vival outcomes.
Results: Gene expression levels of components of the activin signaling path-
way were elevated within EOC when compared to a benign cohort, with differ-
ences in activin type I/II receptor gene profiles identified. Additionally, INHBA 
gene expression was linked to lymphocytic immune markers in EOC samples. 
Immunohistochemistry analysis revealed a positive correlation of CD8 and 
FOXP3 staining with activin A at the protein level in both primary and metastatic 
epithelial ovarian cancer samples. Furthermore, Activin-A (inhibin-βA) is signifi-
cantly elevated in EOC patient ascites.
Conclusion: INHBA expression is elevated within EOC, correlating with worse 
survival, with activin protein levels correlating with specific immune infiltration. 
Our findings suggest that activin-A may play a role in suppressing anti-tumor im-
munity in EOC, highlighting its potential as a therapeutic target.
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1   |   INTRODUCTION

Ovarian cancer remains the eighth most common cause 
of cancer-related deaths worldwide and has the highest 
mortality rate of the gynecologic malignancies. Within 
the United States, an estimated 19,880 women were di-
agnosed with ovarian cancer in 2022, with 12,810 women 
succumbing to the disease that year.1 The majority of ep-
ithelial ovarian cancers (EOC) are diagnosed at advanced 
stages, and unfortunately, both rate of recurrence and 
chemoresistance are high. A better understanding of the 
biology that underlies ovarian cancer development and 
disease progression is needed to help identify therapeutic 
targets for future intervention.

Emerging evidence supports the critical role of the 
host immune response in oncogenesis. Adaptive im-
munity can shape a spontaneous anti-tumor response 
while, in opposition, malignant cells can evade immune 
destruction through the promotion of an immunosup-
pressive tumor microenvironment (TME). Within EOC, 
the fraction and type of tumor-invading lymphocytes 
(TILs) have been shown to influence disease progno-
sis and treatment response.2–4 In particular, strong data 
support the prognostic significance of cytotoxic CD8+ 
T cells, which directly induce tumor cell destruction.5,6 
Non-cytotoxic CD4+ helper T cells may also contrib-
ute to a more favorable clinical outcome.2 Conversely, 
FoxP3+ regulator T cells (Tregs), through their immuno-
modulatory role, have been correlated with therapeutic 
resistance and worse survival outcomes in many solid 
tumors, although their role in ovarian cancer is still not 
completely defined.5,7–9

Activin is a hormonal member of the TGF-β super-
family named for its activating influence on the hypotha-
lamic–pituitary-gonadal axis10 and has been identified in 
a broad range of human tissue types and implicated in 
non-reproductive activity, including in the maturation of 
both innate and adaptive immune cells as reviewed in.11 
Activin has been shown to contribute to the differentia-
tion and development of several immune cell subsets, in-
cluding T cells and natural killer (NK) cells.12 Activin also 
participates in the recruitment of immune cells to sites 
of inflammation or infection, thereby modulating the ef-
fective immune response to pathogens or tumor cells.13,14 
Understanding the role of activin in immunity may pro-
vide valuable insights for the development of immuno-
therapeutic strategies in ovarian cancer.

Activin is a dimeric ligand composed of Inhibin-βA 
(INHBA) or Inhibin-βB subunits (INHBB) which bind 
activin type II receptors (ACVR2A, ACVR2A) as well as 
activin type I receptors (ACVR1B and ACVR1C) leading 
to phosphorylation of the SMAD2/3 transcription factors 
reviewed in [11,12,15]. In the context of cancer, knock-
down of INHBA in mice leads to fatal adnexal masses.16 
However, prior exploratory analyses that have exam-
ined INHBA gene expression profiles in different solid 
malignancies suggest that levels of INHBA expression 
may correlate with disease-specific survival outcomes.17 
Additional studies also implicate activin as a biomarker of 
malignancy, with potential diagnostic and prognostic im-
plications.18–21 Similarly, activin has demonstrated tumor 
promoting effects (survival, invasion and migration) in dif-
ferent cancer types.22–24 In EOC, activin-A has been found 
to be elevated in both serum and ascites when compared 
to healthy controls, suggesting potential contextual effects 
of activins in cancer.21,25 We thus sought to better char-
acterize the activin expression profile within epithelial 
ovarian cancer with respect to tumor infiltrating immune 
cells and to assess for differences between primary and 
metastatic sites of disease. We found that activin expres-
sion within primary tumor and ascites burden is positively 
correlated with tumor immune infiltration and associated 
with poor disease prognosis. Our findings implicate the 
prognostic and therapeutic potential of activin-A in epi-
thelial ovarian carcinoma.

2   |   MATERIALS AND METHODS

2.1  |  Tissue specimen collection and 
processing

IRB approval was obtained prior to all human specimen 
collection, with studies conducted in accordance with the 
principles of the Belmont Report. Tissue from patients who 
had undergone surgical debulking for high grade serous 
EOC and patients who had undergone surgery for benign 
pathology were identified by the University of Alabama-
Birmingham Tissue Biorepository, with formalin-fixed 
paraffin embedded tissue microarrays (TMA) generated 
at the tissue biorepository core. Patient demographics and 
clinical data were obtained by review of the electronic 
medical record. Overall survival (OS) was defined as the 
number of months from date of initial tissue diagnosis to 
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date of death for deceased patients, or last clinic visit for 
patients alive with or without disease.

2.2  |  Bioinformatics

Publicly available RNA sequencing data of high grade 
serous ovarian carcinomas were accessed from GEO 
(#GSE143897).26 SRA meta-data and accession list 
were downloaded onto the University of Alabama at 
Birmingham CHEAHA supercomputer using SRA-
Toolkit (version 2.9.6.1). The index for Salmon was 
built using GENCODE Release 19 (GRCh37.p13).27 
Quantifications from Salmon were then analyzed in R 
(version 4.2.2).28 The quantifications were imported with 
tximport (version 1.26.1) using the same GENCODE refer-
ence, GenomicFeatures (version 1.50.4) (11), and TxDb.
Hsapiens.UCSC.hg19.knownGene (version 3.2.2).29–31 
Normalization and downstream analysis for gene quan-
tification was performed with DESeq2 (version 1.38.3).32 
Metadata are from the GSE143897 series matrix file.

TCGA-OV data were extracted from the TCGA 
Research Network (https://​www.​cancer.​gov/​tcga) using 
the recount3 project within R (version 1.8.0).33,34 We used 
the 430 samples present for differential gene expression. 
Metadata were downloaded from within the data matrix 
present in recount3, including FIGO stage. Differential ex-
pression analysis was performed utilizing with DESeq2.32 
INHBA expression was regarded as the dividing point to 
stratify patients into high (70th percentile), intermediate 
(30th–70th percentile), or low (30th percentile) expression 
groups. Figures were made utilizing tibble and ggplot2. 
Code available at: https://​github.​com/​page2​2emily/​Activ​
in.​git.

2.3  |  Survival analysis

Survival data were generated from the online database KM 
Plotter, using the Affymetrix Probe ID INHBA (204926_at) 
and INHBA (2105511_a_atl). OS was assessed without 
threshold cutoff for follow-up. Gene expression was split 
into high and low using the median expression, and log-
rank statistics were utilized to calculate both p-value and 
hazard ratio (HR). The tool can be accessed at: https://​km-
plot.​com/​analy​sis/​.35

2.4  |  Immunohistochemistry

Antibody optimization was performed with the support of 
the University of Alabama-Birmingham Pathology Core 
Research Laboratory. Following deparaffinization of the 

tissue microarrays with sequential xylene, graduated etha-
nol and water washes, heat-induced epitope retrieval was 
performed within sodium citrate buffer (pH 6.0) for anti-
CD8 (1:50 dilution, BioCare, #CRM311A), anti-FoxP3 
(1:100 dilution, BioCare, #ACI 3197A) and anti-activin 
A (1:50 dilution, R&D Systems #AF338-SP) antibodies. 
Endogenous peroxidases were blocked with 3% hydrogen 
peroxide followed by primary antibody incubation within a 
humidified chamber at 4°C overnight. Tissue microarrays 
were then treated with appropriate secondary antibody 
conjugated to horseradish peroxidase in blocking solution. 
HRP signal then detected with 3,3′-diaminobenzidine 
(DAB; BioCare #BDB2004) substrate, washed then coun-
terstained with Mayer's hematoxylin.

The stained TMA sections were digitally scanned using 
the Aperio CS digital slide scanner (Leica Biosystems 
Division of Leico Microsystems). Images were first ac-
cessed using Aperio ImageScope (version 12.3.4.5008), 
with each core then isolated and converted into tiff format 
for compatibility with ImageJ software. For quantification 
of tumor-infiltrating immune cells, CD8 and FoxP3 lev-
els within each core were manually counted using ImageJ 
software (NIH, version #1.53p), then normalized by nu-
clear count.36 For activin-A levels, semi-quantitative anal-
ysis was achieved using a 3-tiered scoring system (low, 
medium, high). All quantitative and semi-quantitative 
analysis was performed independently and blindly by a 
board-certified pathologist and a second investigator, with 
discrepancies between the two investigators addressed.

2.5  |  ELISA

Single-plex enzyme linked immunosorbent assay (ELISA) 
was performed using Activin-A ELISA kit purchased from 
AnshLabs (AL-110). ELISA was performed per the manu-
facturer's instruction to quantify activin A levels within 
ascites. Banked ascitic fluid was obtained from patients 
with high grade serous ovarian adenocarcinoma who had 
undergone therapeutic paracentesis. Ascitic fluid was 
obtained and stored after separation from the cell pellet. 
Patient fluid was obtained after informed consent subse-
quent to protocol approval by the University of Alabama-
Birmingham Institutional Review Board.

2.6  |  Statistical analysis

Statistical analysis was performed via GraphPad Prism 
version 9.5.1. RNA Sequencing data was analyzed sepa-
rately, as described under bioinformatics. Data are re-
ported as means, ± standard error of the mean (SEM) 
unless otherwise noted. Figure error bars reflect SEM. 

https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://github.com/page22emily/Activin.git
https://github.com/page22emily/Activin.git
https://kmplot.com/analysis/
https://kmplot.com/analysis/
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Multiple comparisons were evaluated using one-way 
ANOVA, with Tukey post-hoc analysis of a significant 
ANOVA group effect then performed as indicated. A p 
value of ≤0.05 was considered significant for all analysis. 
Survival curves were analyzed with log-rank statistics.

3   |   RESULTS

3.1  |  Activin and activin receptor gene 
expression is elevated within malignant 
ovarian tissue

To evaluate gene level differences in components of the 
activin signaling pathway between benign and malig-
nant ovarian tissue, we accessed publicly available, pre-
viously published RNA sequencing data (#GSE143897)26 
(Figure 1A,B). This compilation contained transcriptional 
gene expression data from 79 patients with stage II–IV 
high grade serous EOC, 61 of whom were chemo-naïve, 18 
with prior platinum-based chemotherapy exposure) and 
11 benign ovarian tissues. Patient demographics and clini-
cal characteristics of this cohort have been previously de-
scribed but are consistent with clinical trends of the U.S. 
ovarian cancer patient population.26

Normalized counts of INHBA (422.6 ± 34.63, p = 0.02) 
and INHBB (1572 ± 187.8, p = 0.04), encoding the most 
prevalent subunits of the dimeric activin ligand, were 
assessed, and found to be elevated in EOC when com-
pared to benign tissue (438.43 ± 37.36 and 262.7 ± 137.9, 
respectively) (Figure 1A). Differences in the gene expres-
sion of the activin type II receptors was also examined. 
While ACVR2A was found to be 1.5-fold elevated in EOC 
compared to benign tissue (Figure 1A (iii)), ACVR2B ex-
pression was reduced by 1.3-fold (Figure 1A (iv)). A sim-
ilar pattern was found within the type I receptors, with 
ACVR1B 1.5 fold-higher in malignant tissue (1152, 54.14) 
while ACVRIC level was not significantly different be-
tween cohorts (Figure 1A (v–vi)). Altogether, several com-
ponents of the activin pathway were found to be elevated 
at the gene level within malignant serous epithelial ovar-
ian tissue (EOC) when compared to the benign cohort 
(Figure 1A,B, Table S1).

To allow for external validation of our findings within 
a larger more heterogenous sample population, and to 
assess whether INHBA expression was correlated with 
receptor expression, we turned to the TCGA-OV dataset 
derived from the TCGA PanCancer Atlas (Figure  1B). 
Four hundred thirty patients with serous ovarian carci-
noma were identified. The distribution of INHBA expres-
sion by advancing stage of disease is demonstrated in 
Figure 1D. INHBA expression values were used as the di-
viding point to stratify patients into high (70th percentile), 

intermediate (30th–70th percentile), or low (30th percen-
tile) expression groups. ACVR2A expression trended to-
ward a positive correlation with increasing INHBA, while 
the inverse was noted with ACVR1B, however this did not 
reach significance. No differences in expression profiles 
were noted with ACVR2B or ACVR1C when stratified by 
INHBA expression (Figure 1B). Furthermore, high INHBA 
expression was found to be associated with significantly 
worse overall survival in patients with ovarian cancer, 
as demonstrated by Kaplan–Meier curves presented in 
(Figure  1C (i–ii)) and analyzed using Kaplan–Meier 
Plotter, an open-access meta-analysis tool which compiles 
gene expression data from TCGA, GEO, and EGA data-
bases.37 “Jet set” probes, INHBA (204926_at) and INHBA 
(210511_s_at) were used to generate KM Curves of serous 
ovarian carcinoma, stratified by high and low INHBA ex-
pression. No significant survival differences was noted 
when stratified by INHBB expression (HR 1.1, p = 0.21). 
For INHBA two probe ID's were identified. While no sta-
tistically significant difference in survival was reached 
with one of the ID's for INHBA (Figure 1C (i), 204926_at), 
high INHBA using 210511_s_at (Figure 1C (ii)), defined as 
transcriptional gene expression above the median expres-
sion level, was associated with a poor prognosis (HR 1.36, 
p < 0.001). Median OS of the high expression cohort was 
40.54 months, compared to 45.77 within the low INHBA 
cohort.

3.2  |  A lymphocytic gene profile 
was positively correlated with activin 
A expression

Prior studies have suggested a potential association 
between activin and immunity, but the influence of 
activin within the EOC immune TME is not well char-
acterized.12 To test the relationship between INHBA ex-
pression and immune signatures, we analyzed a panel 
of genes encoding for specific tumor-infiltrating lym-
phocyte (TIL) cell types (Figure 2A). When GSE143897 
cohort was stratified by INHBA expression, INHBA 
level was positively correlated with CD3G, CD4, CD8A, 
FOXP3 and CD25 (Figure 2A (i–v), although statistical 
significance was only reached for CD8A (p = 0.03) and 
FOXP3 (p = 0.02). Similarly, TCGA analysis demon-
strated a positive association between increasing INHBA 
expression and lymphocytic gene profile, with CXCR4, 
FOXP3, CD25/IL2A, CD8, CD4 and CD3G expression 
being higher in high-INHBA cohort as compared to the 
low-INHBA cohort (Figure 2B,C). To further assess this 
correlation between INHBA and genes associated with 
T cell function, we tested INHBA z score levels as ex-
tracted from cBioportal38,39 for ovarian tumors against 
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F I G U R E  1   Serous ovarian carcinomas harbor transcriptional differences in activin and receptor gene expression when compared to 
benign ovarian tissues. (A) Analysis of indicated genes from GSE143897 containing 79 serous ovarian carcinoma patients and 11 benign 
tissues. (i–vi) Genes encoding for activin subunit INHBA and INHBB and activin type I and II receptors were found to be upregulated when 
compared to the benign cohort. (B) Analysis of indicated gene counts (ACVR2A/2B in iii–iv and ACVR1B/1C in v–vi) from TCGA-OV 
dataset (n = 430) in samples stratified into low (< 30th percentile), intermediate (30th–70th percentile), and high (≥ 70th percentile) INHBA 
expression levels as shown in (i–ii). (C) Survival data were generated from KM Plotter,32 using the Affymetrix Probe ID INHBA (204926_at) 
and INHBA (2105511_a_atl). Gene expression was split into high and low INHBA using the median expression. High INHBA expression was 
associated with significantly worse overall survival in EOC patients. (D) Normalized counts of INHBA levels by stage in TCGA-OV dataset 
(n = 430).
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tumor immunophenotypes as defined from 9174 tumors 
of 29 solid cancers.40 We find that when comparing 
INHBA levels against the 16 immune population sig-
natures, the most significant Pearson's correlation was 
seen with a Treg signature (Figure 2D). Hence together 
these data suggest that across patient cohorts, INHBA is 
correlated with lymphocytic gene expression, favoring a 
more immunomodulatory profile.

3.3  |  Tissue activin levels correlate with 
lymphocytic infiltration of the tumor 
microenvironment

The majority of EOC patients have metastatic disease at 
time of diagnosis.41 Immune infiltration differences be-
tween primary and metastatic sites has been reported, with 
differences in the immune cell infiltrate positively associ-
ated with response to neoadjuvant chemotherapy.42 Given 
the correlation between INHBA gene expression and TIL 
(Figure  2), we sought to assess differences in activin-A 
protein levels and immune infiltration in primary and 
metastatic sites of disease. Immunohistochemical analy-
sis of an ovarian cancer TMA composed of primary and 
metastatic serous EOC from 83 chemo-naïve patients (44 
primary sites of disease, 39 metastatic) from University of 
Alabama were analyzed. Patient demographics are sum-
marized in Figure  3. TMAs were stained for activin-A, 
as well as CD8 and FoxP3, to assess a cytotoxic and im-
munosuppressive phenotype, respectively (Figure  3A). 

Both immune cell phenotypes were detected at a higher 
fraction within the intrastromal region of the tissue cores 
than in the intratumoral region, consistent with what has 
been previously described.43 CD8 and FoxP3 expression 
was quantitatively analyzed via manual counting of the 
number of positive cells, which was then normalized by 
the number of nuclei within the core to determine the per-
centage of core-positive cells. Both CD8+ (5.77%, ± 0.86) 
and FoxP3+ (2.38%, + 0.36) immune-infiltration fraction 
was noted to be higher within the metastatic cores than 
within primary cores (0.97%, ± 0.23 and 1.40% ± 0.24, re-
spectively) (Figure 3B).

Activin-A was detectable in both primary and met-
astatic cores, and was overall significantly higher in the 
metastatic cohort (Figure 3B). No significant difference in 
activin-A were noted when tissue was stratified by BMI or 
race. Given the nature of the tumor and stromal staining 
pattern, staining was qualitatively grouped into activin-A–
low, activin-A–medium, and activin-A–high expression by 
a board certified pathologist. When stratified by activin-A 
level, both CD8 and FoxP3 positivity within primary tu-
mors positively correlated with activin-A, with CD8+ level 
7-fold higher in the activin-A–high cohort than the activ-
in-A–low, while FoxP3 was 1.6 times greater (Figure  3C 
(i–ii)). Total immune infiltration mirrored this pattern, 
with higher total immune infiltration measured in the ac-
tivin-A–high cohort.

The association between total immune infiltration and 
activin-A persisted when primary and metastatic sites 
were analyzed individually, although this did not reach 

F I G U R E  2   A lymphocytic gene profile was positively correlated with INHBA (Inhibin-βA) expression. Normalized counts of indicated 
markers of lymphocyte genes in the samples stratified into INHBA low (<30th percentile), intermediate (30th–70th percentile), and high-
expression groups (≥70th percentile) from the GSE143897 cohort (A) and the TCGA-OV cohort (B). (C) Log fold change increases in the 
indicated lymphocytic gene profile when comparing Low and high INHBA patient cohort from TCGA. (D) Pearson Correlation analysis 
(r = 0.51) between the z score of INHBA in TCGA-OV patients and Treg signatures from.40
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significance (p = 0.717), nor was a significant difference 
in CD8+ to FoxP3+ ratio appreciated (p = 0.828). However, 
a significant difference was noted in CD8+ cells between 
primary and metastatic cores when stratified by activin-A 
with the difference in the relative fraction of CD8+ cells 
within metastatic cores as compared to primary greatest 
in the high activin-A cohort (Figure 3B). Altogether, this 
suggests a potential difference in expression pattern at pri-
mary and metastatic sites both with respect to activin A 
and its correlation with CD8 and FoxP3.

3.4  |  Activin-A is elevated in EOC 
patient ascites

Prior reports on activin-A have identified measurable 
levels within both serum and ascites of ovarian cancer 
patients, suggesting its utility as a biomarker for ma-
lignancy.21,25 We also performed an ELISA to detect 

activin-A within the ascites of 24 patients from a sin-
gle institution, with advanced high grade serous EOC 
(Figure  4A). Median concentration was 12,356 pg/mL, 
similar to what was previously reported in malignant 
peritoneal fluid, and approximately 12-fold greater than 
that found in historical benign controls in circulation.21 
Patients were then stratified by median activin-A in as-
cites. Given the observed correlation between solid tumor 
INHBA expression and survival outcomes (Figure 1C), we 
expected to observe a similar association within the ascites 
samples. However, using Cox log-rank hazards regression 
to analyze the influence of activin-A levels in ascites on 
patient OS, we found that activin-A level in ascites did not 
correlate strongly with survival outcomes (HR 0.95, 95% 
confidence interval 0.42–2.16) (Figure 4B,C). While prior 
studies have suggested a negative correlation between ac-
tivin A levels and disease prognosis, these findings suggest 
that the prognostic utility of high activin expression may 
be site and tissue specific.21,25

F I G U R E  3   Within ovarian carcinoma tissue, CD8 and Foxp3 levels are positively correlated with activin-A staining. (A) Representative 
images of indicated proteins (Foxp3, CD8+ and activin A) from immunohistochemical staining of ovarian cancer TMAs composed of either 
primary or metastatic serous EOC from 83 chemo-naïve patients (44 primary sites of disease, 39 metastatic). Each image was taken from 
the center of tissue core at 40× magnification. (B–C) Quantitation of CD8 and Foxp3 positive cells in the entire core normalized to the total 
number of nuclei, stratified by low, medium and high activin-A levels in the cores. Higher total immune infiltration was seen in those with 
high activin-A. When stratified by activin-A, both CD8 and FoxP3 expression within primary tumors positively correlated with activin-A, 
with CD8+ level 7-fold higher in the high activin-A cohort than the low, while FoxP3 was 1.6 times greater.
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4   |   DISCUSSION

This study sought to evaluate the expression profile of ac-
tivin and a subset of its receptors within epithelial ovarian 
cancer. Our findings lend support to activin as a player 
in the ovarian cancer tumor microenvironment, shedding 
light on a potential role in the mediation of the lympho-
cytic immune profile within primary and metastatic sites 
of disease. Together, both RNA levels of INHBA and pro-
tein analysis implicate activin-A as a potential prognostic 
marker of disease survival.

While much work has been done elucidating the role 
of TGF-β on cancer cell proliferation and metastasis, less 
is known about the other members of the TGF-β super-
family, including activins. As presented here, not only 

was INHBA expression found to be elevated within EOC 
when compared to benign controls, but key transcrip-
tional differences in the receptor components were iden-
tified, suggesting discrete signaling cascades between 
malignant and benign ovarian cohorts. The relative up-
regulation within the malignant cohort of ACVR1B, en-
coding activin type I receptor ALK4, and downregulation 
of ACVR1C, encoding activin type I receptor ALK7, is 
consistent with prior reports of preferential binding of 
activin to ALK4-containing receptor complexes.44 ALK4-
mediated signaling has been implicated in promoting a 
tumorigenic phenotype through the promotion of can-
cer cell proliferation and invasion.45,46 In contrast, ALK7 
has been associated with decreased tumor proliferation 
in breast and prostate cancers.47,48 Together, this suggests 

F I G U R E  4   Activin-A is elevated in patient ascites but is not a robust predictive marker of disease survival. (A) Concentration (pg/mL) 
of activin A in the ascites of 24 patients with advanced high grade serous EOC. Median concentration was 12,356 pg/mL. (B) ROC curve 
analysis to assess correlation between activin-A level and overall survival. (C) Kaplan–Meier curve of patients stratified by median activin-A 
concentration (activin-low and activin-high).
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that the pro-oncogenic activin phenotype may be the re-
sult of its preferential ALK4 signaling, but further studies 
are required to explain what tips the balance toward either 
cascade.

Our analysis of a publicly available sequencing data-
set is in concordance with prior studies, which have con-
sistently supported the prognostic utility of both serum 
and tissue activin expression across multiple cancer 
types, including lung, breast, colorectal, pancreatic and 
melanoma.17,21,25 While one clear limitation of the work 
presented here is the sample size of the cohort explored, 
our validation within the larger TCGA database sup-
ports our findings. The differences in activin expression 
across primary and metastatic sites of disease, as well as 
within ascites itself, may be representative of tumor het-
erogeneity arising from different oncogenic drivers. The 
overexpression of activin appreciated on IHC staining 
of metastatic tissues, points to activin playing a direct or 
indirect role in the promotion of metastatic cell prolifer-
ation and survival.

It is particularly interesting that gene expression cor-
relates with worse disease prognosis and activin protein 
levels correlate with immune infiltration differences. The 
immunogenicity of ovarian cancer has been character-
ized, with the magnitude of T cell infiltration within dis-
ease burden correlating with longer survival.3,43 However, 
despite the intratumoral immune presence, ovarian can-
cer response to immunotherapy has been disappointing. 
This has been shown to be due at least in part to local-
ized immunomodulation, with FoxP3+ regulatory T cells 
as well as other immune checkpoint regulators, such as 
induced programmed cell death (PD-1) that together 
may limit antitumor immune response.49–51 Activin has 
been implicated in the promotion of a CD4+/Foxp3+ phe-
notype in a dose-dependent manner in both malignant 
(breast cancer) and non-cancerous disease models.13,14,52 
Furthermore, the suppression of activin signaling restores 
CD8+ and CD4+ T cell infiltration and correlates with 
slowed tumor growth in breast cancer.13 It is possible that 
similar outcomes may occur in ovarian cancer and need 
to be examined.

However, whether this increase is due to direct 
activin-mediated immune recruitment, T cell or an in-
direct effect on angiogenesis or other stromal cells  is 
unclear as activin is also present in non- tumor cells in 
EOC. VEGF is a pro-angiogenic factor highly expressed 
in ovarian cancer, promoting neovascularization and 
immunomodulation by inhibiting T cell migration and 
promoting an immunomodulatory T cell phenotype.53,54 
The role of activin in angiogenesis is not well under-
stood, but it appears to hinder vascular endothelial cell 
growth in both benign and cancerous models.55,56 Since 
FDA approval, anti-VEGF therapy is commonly utilized 

in ovarian cancer with its therapeutic benefit thought 
to arise not only from disrupted tumor angiogenesis 
but also disrupted immune evasion. Attempts to further 
mitigate this immunomodulation have achieved some 
success, with a recent phase II trial combining immune 
checkpoint inhibitor cyclophosphamide with beva-
cizumab demonstrating a greater response rate than 
historically reported with bevacizumab alone.57 Our 
findings suggest activin may be another viable addition, 
alone or in combination with bevacizumab, to an immu-
notherapy regimen that could allow for the circumven-
tion of immunotherapy resistance. Further investigation 
into the adjuvant use of activin in targeted therapy is 
warranted, to better determine the clinical relevance of 
the immunomodulatory findings presented here.

5   |   CONCLUSIONS

INHBA expression is elevated within EOC, with gene 
expression correlating with worse survival and activin 
protein levels correlating with specific immune infiltra-
tion that may lead to suppressing anti-tumor immunity 
in EOC. The positive association between activin A and 
lymphocytic immune infiltration lends support to the 
role of activin as a mediator of the EOC immune environ-
ment. Together, our findings implicate this growth fac-
tor as a potential therapeutic target that warrants further 
investigation.

AUTHOR CONTRIBUTIONS
Elizabeth T. Evans: Conceptualization (equal); data 
curation (equal); formal analysis (equal); funding acqui-
sition (equal); investigation (lead); methodology (lead); 
project administration (lead); visualization (equal); writ-
ing – original draft (lead); writing – review and editing 
(equal). Emily Page: Formal analysis (equal); investiga-
tion (equal); visualization (equal); writing – review and 
editing (equal). Alex Seok Choi: Investigation (support-
ing); methodology (supporting); validation (equal); writ-
ing – review and editing (supporting). Zainab Shonibare: 
Investigation (equal); visualization (equal). Andrea G. 
Kahn: Formal analysis (supporting); investigation (sup-
porting). Rebecca C. Arend: Conceptualization (equal); 
writing – review and editing (equal). Karthikeyan 
Mythreye: Conceptualization (lead); formal analysis 
(lead); funding acquisition (lead); supervision (equal); 
visualization (equal); writing – review and editing (equal).

ACKNOWLEDGMENTS
The authors gratefully acknowledge the resources pro-
vided by the University of Alabama at Birmingham 
IT-Research Computing group for high performance 



10 of 11  |      EVANS et al.

computing (HPC) support and CPU time on the Cheaha 
computer cluster, the UAB Pathology Core Lab for as-
sistance in optimization of the immunohistochemi-
cal staining and the UAB Tissue Biorepository core for 
building the tissue microarrays. The authors also thank 
Dr. Peter Anderson with assistance in image acquisition 
of the TMAs.

FUNDING INFORMATION
Funding was provided by NCI T32CA229102 to Elizabeth 
T. Evans and NCI R01CA219495 to Karthikeyan Mythreye.

CONFLICT OF INTEREST STATEMENT
RCA has performed a consultatory or advisory role 
at Merck, Seagen, Sutro, GSK, VBL therapeutics, and 
Kiyatec, and received research support from Immunogen, 
GSK, GOG Foundation, Champions Oncology, Exelixis, 
and Merck. All other authors have no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are all in 
the manuscript and also available upon request from the 
corresponding author.

ORCID
Elizabeth T. Evans   https://orcid.
org/0000-0002-8855-5873 
Karthikeyan Mythreye   https://orcid.
org/0000-0001-5478-0098 

REFERENCES
	 1.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 

2022. CA Cancer J Clin. 2022;72(1):7-33.
	 2.	 Wang W, Zou W, Liu JR. Tumor-infiltrating T cells in epithelial 

ovarian cancer: predictors of prognosis and biological basis of 
immunotherapy. Gynecol Oncol. 2018;151(1):1-3.

	 3.	 Zhang L, Conejo-Garcia JR, Katsaros D, et al. Intratumoral T 
cells, recurrence, and survival in epithelial ovarian cancer. N 
Engl J Med. 2003;348(3):203-213.

	 4.	 Lee YJ, Woo HY, Kim YN, et al. Dynamics of the tumor immune 
microenvironment during neoadjuvant chemotherapy of high-
grade serous ovarian cancer. Cancers (Basel). 2022;14(9):2308. 
doi:10.3390/cancers14092308

	 5.	 Sato E, Olson SH, Ahn J, et  al. Intraepithelial CD8+ tumor-
infiltrating lymphocytes and a high CD8+/regulatory T cell 
ratio are associated with favorable prognosis in ovarian cancer. 
Proc Natl Acad Sci. 2005;102(51):18538-18543.

	 6.	 Hao J, Yu H, Zhang T, An R, Xue Y. Prognostic impact of tumor-
infiltrating lymphocytes in high grade serous ovarian cancer: 
a systematic review and meta-analysis. Ther Adv Med Oncol. 
2020;12:1758835920967241.

	 7.	 Tanaka A, Sakaguchi S. Regulatory T cells in cancer immuno-
therapy. Cell Res. 2017;27(1):109-118.

	 8.	 Wolf D, Wolf AM, Rumpold H, et al. The expression of the reg-
ulatory T cell–specific Forkhead box transcription factor FoxP3 

is associated with poor prognosis in ovarian cancer. Clin Cancer 
Res. 2005;11(23):8326-8331.

	 9.	 Pölcher M, Braun M, Friedrichs N, et al. Foxp3 (+) cell infil-
tration and granzyme B (+)/Foxp3 (+) cell ratio are associated 
with outcome in neoadjuvant chemotherapy-treated ovarian 
carcinoma. Cancer Immunol Immunother. 2010;59(6):909-919.

	10.	 Ling N, Ying SY, Ueno N, Esch F, Denoroy L, Guillemin R. 
Isolation and partial characterization of a Mr 32,000 protein 
with inhibin activity from porcine follicular fluid. Proc Natl 
Acad Sci. 1985;82(21):7217-7221.

	11.	 Evans ET, Horst B, Arend RC, Mythreye K. Evolving roles of 
activins and inhibins in ovarian cancer pathophysiology. Am J 
Physiol Cell Physiol. 2023;324:C428-C437.

	12.	 Morianos I, Papadopoulou G, Semitekolou M, Xanthou G. 
Activin-A in the regulation of immunity in health and disease. 
J Autoimmun. 2019;104:102314.

	13.	 De Martino M, Daviaud C, Diamond JM, et al. Activin A pro-
motes regulatory T-cell-mediated immunosuppression in irra-
diated breast cancer. Cancer Immunol Res. 2021;9(1):89-102.

	14.	 Huber S, Stahl FR, Schrader J, et  al. Activin A promotes the 
TGF-β-induced conversion of CD4+CD25−T cells into Foxp3+ 
induced regulatory T cells. J Immunol. 2009;182(8):4633-4640.

	15.	 Marino FE, Risbridger G, Gold E. The inhibin/activin signal-
ling pathway in human gonadal and adrenal cancers. Mol Hum 
Reprod. 2014;20(12):1223-1237.

	16.	 Matzuk MM, Kumar TR, Bradley A. Different phenotypes for 
mice deficient in either activins or activin receptor type II. 
Nature. 1995;374(6520):356-360.

	17.	 Listik E, Horst B, Choi AS, Lee NY, Győrffy B, Mythreye K. A 
bioinformatic analysis of the inhibin-betaglycan-endoglin/
CD105 network reveals prognostic value in multiple solid tu-
mors. PLoS One. 2021;16(4):e0249558.

	18.	 Frias AE Jr, Li H, Keeney GL, Podratz KC, et al. Preoperative 
serum level of inhibin A is an independent prognostic factor for 
the survival of postmenopausal women with epithelial ovarian 
carcinoma. Cancer. 1999;85(2):465-471.

	19.	 Seder CW, Hartojo W, Lin L, et  al. Upregulated INHBA ex-
pression may promote cell proliferation and is associated 
with poor survival in lung adenocarcinoma. Neoplasia. 
2009;11(4):388-396.

	20.	 Miyamoto K, Hasegawa Y, Fukuda M, et  al. Isolation of por-
cine follicular fluid inhibin of 32K daltons. Biochem Biophys Res 
Commun. 1985;129(2):396-403.

	21.	 Cobellis L, Reis FM, Luisi S, et al. High concentrations of ac-
tivin A in the peritoneal fluid of women with epithelial ovarian 
cancer. J Soc Gynecol Investig. 2004;11(4):203-206.

	22.	 Chang KP, Kao HK, Liang Y, et al. Overexpression of activin A in 
oral squamous cell carcinoma: association with poor prognosis 
and tumor progression. Ann Surg Oncol. 2010;17(7):1945-1956.

	23.	 Chen ZL, Qin L, Peng XB, Hu Y, Liu B. INHBA gene silencing 
inhibits gastric cancer cell migration and invasion by imped-
ing activation of the TGF-β signaling pathway. J Cell Physiol. 
2019;234(10):18065-18074.

	24.	 Guo J, Liu Y. INHBA promotes the proliferation, migration 
and invasion of colon cancer cells through the upregulation of 
VCAN. J Int Med Res. 2021;49(6):3000605211014998.

	25.	 Menon U, Riley SC, Thomas J, et al. Serum inhibin, activin and 
follistatin in postmenopausal women with epithelial ovarian 
carcinoma. BJOG. 2000;107(9):1069-1074.

https://orcid.org/0000-0002-8855-5873
https://orcid.org/0000-0002-8855-5873
https://orcid.org/0000-0002-8855-5873
https://orcid.org/0000-0001-5478-0098
https://orcid.org/0000-0001-5478-0098
https://orcid.org/0000-0001-5478-0098
https://doi.org//10.3390/cancers14092308


      |  11 of 11EVANS et al.

	26.	 Arend RC, Scalise CB, Gordon ER, et al. Metabolic alterations 
and WNT signaling impact immune response in HGSOC. Clin 
Cancer Res. 2022;28(7):1433-1445.

	27.	 Frankish A, Diekhans M, Ferreira AM, et al. GENCODE refer-
ence annotation for the human and mouse genomes. Nucleic 
Acids Res. 2019;47(D1):D766-D773.

	28.	 Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon 
provides fast and bias-aware quantification of transcript expres-
sion. Nat Methods. 2017;14(4):417-419.

	29.	 Soneson C, Love MI, Robinson MD. Differential analyses for 
RNA-seq: transcript-level estimates improve gene-level infer-
ences. F1000Res. 2015;4:1521.

	30.	 Lawrence M, Huber W, Pagès H, et  al. Software for com-
puting and annotating genomic ranges. PLoS Comput Biol. 
2013;9(8):e1003118.

	31.	 Carlson M. TxDb.Hsapiens.UCSC.hg19.knownGene: Annotation 
package for TxDb object. 2015 Bioconductor.

	32.	 Love MI, Huber W, Anders S. Moderated estimation of fold 
change and dispersion for RNA-seq data with DESeq2. Genome 
Biol. 2014;15(12):550.

	33.	 Wilks C, Zheng SC, Chen FY, et  al. Recount3: summaries 
and queries for large-scale RNA-seq expression and splicing. 
Genome Biol. 2021;22(1):323.

	34.	 Collado-Torres, L., Explore and Download Data from the Recount3 
Project. 2023. https://​github.​com/​Liebe​rInst​itute/​​recount3

	35.	 Lánczky A, Győrffy B. Web-based survival analysis tool tailored 
for medical research (KMplot): development and implementa-
tion. J Med Internet Res. 2021;23(7):e27633.

	36.	 Schneider CA, Rasband WS, Eliceiri KW. NIH image to ImageJ: 
25 years of image analysis. Nat Methods. 2012;9(7):671-675.

	37.	 Gyorffy B, Lánczky A, Szállási Z. Implementing an online tool 
for genome-wide validation of survival-associated biomarkers 
in ovarian-cancer using microarray data from 1287 patients. 
Endocr Relat Cancer. 2012;19(2):197-208.

	38.	 Cerami E, Gao J, Dogrusoz U, et al. The cBio cancer genomics 
portal: an open platform for exploring multidimensional cancer 
genomics data. Cancer Discov. 2012;2(5):401-404.

	39.	 Gao J, Aksoy BA, Dogrusoz U, et al. Integrative analysis of com-
plex cancer genomics and clinical profiles using the cBioPortal. 
Sci Signal. 2013;6(269):pl1.

	40.	 Tamborero D, Rubio-Perez C, Muiños F, et al. A pan-cancer land-
scape of interactions between solid tumors and infiltrating im-
mune cell populations. Clin Cancer Res. 2018;24(15):3717-3728.

	41.	 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 
2021. CA Cancer J Clin. 2021;71(1):7-33.

	42.	 Dötzer K, Schlüter F, Schoenberg MB, et al. Immune heterogene-
ity between primary tumors and corresponding metastatic lesions 
and response to platinum therapy in primary ovarian cancer. 
Cancers (Basel). 2019;11(9):1250. doi:10.3390/cancers11091250

	43.	 Sato E, Olson SH, Ahn J, et  al. Intraepithelial CD8+ tumor-
infiltrating lymphocytes and a high CD8+/regulatory T cell 
ratio are associated with favorable prognosis in ovarian cancer. 
Proc Natl Acad Sci USA. 2005;102(51):18538-18543.

	44.	 Lebrun JJ, Vale WW. Activin and inhibin have antagonistic ef-
fects on ligand-dependent heteromerization of the type I and 
type II activin receptors and human erythroid differentiation. 
Mol Cell Biol. 1997;17(3):1682-1691.

	45.	 Li Y, Zhong W, Zhu M, Li M, Yang Z. miR-185 inhibits prostate 
cancer angiogenesis induced by the nodal/ALK4 pathway. BMC 
Urol. 2020;20(1):49.

	46.	 Vo BT, Khan SA. Expression of nodal and nodal receptors in pros-
tate stem cells and prostate cancer cells: autocrine effects on cell 
proliferation and migration. Prostate. 2011;71(10):1084-1096.

	47.	 Michael IP, Saghafinia S, Tichet M, et al. ALK7 signaling mani-
fests a homeostatic tissue barrier that is abrogated during tum-
origenesis and metastasis. Dev Cell. 2019;49(3):409-424.e6.

	48.	 Hu T, Su F, Jiang W, Dart DA. Overexpression of Activin receptor-
like kinase 7 in breast cancer cells is associated with decreased 
cell growth and adhesion. Anticancer Res. 2017;37(7):3441-3451.

	49.	 Shang B, Liu Y, Jiang SJ, Liu Y. Prognostic value of tumor-
infiltrating FoxP3+ regulatory T cells in cancers: a systematic 
review and meta-analysis. Sci Rep. 2015;5(1):15179.

	50.	 Sue-A-Quan R, Patel PG, Shakfa N, et  al. Prognostic signifi-
cance of T cells, PD-L1 immune checkpoint and tumour associ-
ated macrophages in clear cell carcinoma of the ovary. Gynecol 
Oncol. 2021;162(2):421-430.

	51.	 Matsuzaki J, Gnjatic S, Mhawech-Fauceglia P, et  al. Tumor-
infiltrating NY-ESO-1-specific CD8+ T cells are negatively reg-
ulated by LAG-3 and PD-1 in human ovarian cancer. Proc Natl 
Acad Sci USA. 2010;107(17):7875-7880.

	52.	 Huber S, Schramm C. Role of activin A in the induction of 
Foxp3+ and Foxp3-CD4+ regulatory T cells. Crit Rev Immunol. 
2011;31(1):53-60.

	53.	 Fukumura D, Kloepper J, Amoozgar Z, Duda DG, Jain RK. 
Enhancing cancer immunotherapy using antiangiogenics: 
opportunities and challenges. Nat Rev Clin Oncol. 2018;15(5):​
325-340.

	54.	 Gavalas NG, Tsiatas M, Tsitsilonis O, et  al. VEGF directly sup-
presses activation of T cells from ascites secondary to ovarian can-
cer via VEGF receptor type 2. Br J Cancer. 2012;107(11):1869-1875.

	55.	 Kaneda H, Arao T, Matsumoto K, et al. Activin A inhibits vas-
cular endothelial cell growth and suppresses tumour angiogen-
esis in gastric cancer. Br J Cancer. 2011;105(8):1210-1217.

	56.	 McCarthy SA, Bicknell R. Inhibition of vascular endothelial cell 
growth by activin-A. J Biol Chem. 1993;268(31):23066-23071.

	57.	 Zsiros E, Lynam S, Attwood KM, et al. Efficacy and safety of 
Pembrolizumab in combination with bevacizumab and oral 
metronomic cyclophosphamide in the treatment of recurrent 
ovarian cancer: a phase 2 nonrandomized clinical trial. JAMA 
Oncol. 2021;7(1):78-85.

SUPPORTING INFORMATION
Additional supporting information can be found online in 
the Supporting Information section at the end of this article.

How to cite this article: Evans ET, Page EF, Choi 
AS, et al. Activin levels correlate with lymphocytic 
infiltration in epithelial ovarian cancer. Cancer 
Med. 2024;13:e7368. doi:10.1002/cam4.7368

https://github.com/LieberInstitute/recount3
https://doi.org//10.3390/cancers11091250
https://doi.org/10.1002/cam4.7368

	Activin levels correlate with lymphocytic infiltration in epithelial ovarian cancer
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Tissue specimen collection and processing
	2.2|Bioinformatics
	2.3|Survival analysis
	2.4|Immunohistochemistry
	2.5|ELISA
	2.6|Statistical analysis

	3|RESULTS
	3.1|Activin and activin receptor gene expression is elevated within malignant ovarian tissue
	3.2|A lymphocytic gene profile was positively correlated with activin A expression
	3.3|Tissue activin levels correlate with lymphocytic infiltration of the tumor microenvironment
	3.4|Activin-­A is elevated in EOC patient ascites

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


