
ABSTR AC T
Background: Ovarian cancer is one of the most aggressive gynecologic malignancies, marked by high metastatic potential and poor 
prognosis. Exosomes, small extracellular vesicles secreted by tumor cells, have emerged as critical mediators of cancer progression 
by facilitating intercellular communication within the tumor microenvironment. It is hypothesized that TNFα promotes the release 
of MMP-9-rich exosomes, contributing to ovarian cancer progression via EMT and immune modulation. Methods: We used the TNF-
α-resistant, p53-mutated SKOV-3 ovarian cancer cell line to examine the effects of TNF-α stimulation on exosome secretion, MMP-9 
content, and EMT-related changes. Exosome isolation was performed from cell culture supernatants and patient serum samples. MMP-9 
content and activity were analyzed via zymography and immunoblotting. EMT markers and cytoskeletal morphology were assessed 
by immunofluorescence staining. Functional validation of patient-derived exosomes was carried out using THP-1 monocyte co-culture 
assays. Results: TNFα treatment significantly increased the secretion of exosomes from SKOV-3 cells and elevated the MMP-9 content in the 
conditioned media. Treated cells exhibited reduced E-cadherin expression and acquired a mesenchymal-like morphology, confirmed by 
phalloidin staining of the actin cytoskeleton. Exosomes isolated from ovarian cancer patient serum also showed elevated MMP-9 activity, 
supporting the in-vivo relevance of our in-vitro findings. Additionally, patient-derived exosomes were biologically active and capable 
of modulating immune responses in THP-1 monocytes. Conclusion: TNF-α may drive ovarian cancer progression by enhancing MMP-9-
enriched exosome secretion, promoting EMT and immune modulation. Targeting this pathway could offer new therapeutic strategies.
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INTRODUC TION
The prevalence of ovarian cancer (OC) is on the rise, with a 
high mortality rate. The Global Cancer Observatory reported 
324,603 new OC cases in 2022 globally. With a cumulative risk 
of incidence of 0.73, OC treatment is the most challenging.1 
In India, according to GLOBOCAN 2022, 47,333 (6.6%) new 
OC cases were reported, making it the third most common 
type of cancer among females. The National Cancer Registry 
Programme reported that OC rates are increasing in various 
geographical areas, including the North Eastern region of 
India, with 29% of cases being both localized and distant 
metastasis, and 41.9% being locally advanced/locoregional 
cases.2 Shih et al. determined two main categories of OC 
based on molecular pathways leading to OC. Firstly, the 
type I category comprised low-grade serous-papillary, 
endometrioid, and borderline tumors with lesser malignant 
potential, and secondly, the high-grade serous carcinomas 
(HGSOC) with high malignant potential.3 The most frequent 
genetic change in HGSOC involves p53 mutations, involving 
50 to 80% of this form of cancer.4 Thus, this alarming situation 
demands an absolute necessity for early-stage diagnosis 
with a proper treatment regimen for patients to improve 
their survival rate. 
Genetic and epigenetic changes drive OC cell transformation, 
indicating that the disease may originate from three main 
sites: the ovarian surface, fallopian tube, and mesothelium-
lined peritoneal cavity.5 The early stages of metastasis involve 

an epithelial-to-mesenchymal transition (EMT) of cancer cells, 
caused by alterations in cadherin and integrin expression 
levels and enhanced proteolytic pathways.5 Here, the crucial 
roles of matrix metalloproteinase (MMP) enzymes become 
evident, as they extensively remodel the extracellular matrix 
(ECM) by degrading components like collagen and gelatin, 
thus facilitating the migration of cancer cells to distant 
sites.6 Gelatinases, specifically MMP-2 and MMP-9, are 
heavily involved in solid tumor invasion, angiogenesis, and 
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metastasis, with MMP-2 linked to angiogenesis and MMP-9 
aiding in ECM breakdown, promoting tumor spread.7 Tumor 
necrosis factor alpha (TNF-α), a pro-inflammatory cytokine, 
is recognized as a key mediator in promoting both tumor 
growth and metastasis.8 However, resistance to TNF-α in OC 
complicates treatment options.9 Notably, TNF-α-resistant 
cell lines such as SKOV-3, often used as models for studying 
drug resistance, exhibit reduced sensitivity to TNF-α-induced 
apoptosis, which further supports tumor survival and 
progression.10 This resistance is worsened by mutations in 
the tumor suppressor gene p53, which is common in OC cells. 
p53 mutations hinder the cells’ ability to respond to DNA 
damage and stress signals, thereby intensifying resistance to 
TNF-α and resulting in a more aggressive tumor phenotype.11

In this context, cell-to-cell communication within the tumor 
microenvironment (TME) is also vital for the metastatic 
process, where a specific type of extracellular vesicle, namely 
exosomes, plays a crucial role alongside other regulatory 
factors like cytokines and chemokines. These exosomes, 
which are bioactive nano biomolecules, can travel to distant 
sites, creating a suitable TME for cancer cell proliferation 
by reprogramming various cells, such as transforming 
fibroblasts into cancer-associated fibroblasts, and evading 
immune surveillance.12 The release of exosomal cargoes like 
miRNAs, including non-coding miRNAs, upon internalization 
into recipient cells, alters the fate of the host cells, thereby 
facilitating the homing of migrating cancer cells.13

TNF-α is a vital cytokine involved in both survival and death 
signaling in cells.14,15 In SKOV-3 cells, resistance to TNF-α-
induced death poses a problem because it enables cancer 
cells to avoid the body’s normal mechanisms for eliminating 
damaged or abnormal cells, thereby supporting tumor 
progression, immune evasion, and treatment resistance. The 
presence of a p53 mutation and the activation of pro-survival 
pathways like NF-κB are essential factors that prevent SKOV-3 
cells from undergoing apoptosis in response to TNF-α, which 
ultimately benefits the cancer cells but impairs the body’s 
ability to control tumor growth.16

Exosomes released by chemoresistant cancer cells 
significantly influence the TME by transforming immune cells 
into an anti-inflammatory, immunosuppressive phenotype 
and establishing a tumor-supportive environment. This leads 
to increased immune evasion, tumor survival, metastasis, 
and therapy resistance.17,18 Using cargo such as immune 
checkpoint proteins, cytokines, miRNAs, and growth 
factors, these exosomes encourage the polarization of 
immune cells (e.g., M2 macrophages, Tregs) and support 
the tumor’s structural, metabolic, and immune-suppressive 
requirements.17,18 Understanding these exosomal roles could 
offer new insights into therapeutic strategies to overcome 
chemoresistance and improve cancer treatment outcomes.
In this research, we aimed to investigate the expression of 
TNF-α and MMP-9 in patients from Eastern India, focusing on 
their role in driving metastasis in OC under the influence of 
exosomes. Our clinical findings suggest a possible association 
of MMP-9 in the exosomes of late-stage OC patients and its 

role in intercellular communication. Additionally, in-vitro 
studies showed TNF-α-mediated upregulation of MMP-9 
in cell culture media and exosome content, as well as EMT 
in the TNF-α-resistant SKOV-3 cell line. This research could 
help illuminate the mechanisms by which these exosomes 
modulate MMP activity and promote metastasis, which can 
be targeted in future studies. Understanding the complex 
interactions between TNF-α, MMP-9, exosomes, and p53 
mutations is crucial for uncovering the mechanisms behind 
OC metastasis and therapy resistance. Targeting these 
pathways may provide promising therapeutic options to 
limit cancer spread, overcome TNF-α resistance, and improve 
patient outcomes.

MATERIALS AND METHODS 

Clinical Data and Sample Collection
OC patients at later stages who attended Chittaranjan 
National Institute, Regional Cancer Centre, Kolkata, India, 
for their treatment were considered in the study. The study 
has been approved by the Institute Ethics Committee (CNCI-
IEC-40104). The data set comprises clinical characteristics, 
including age, CA-125, ascites malignancy, metastasis, 
tumor stage, laterality of tumor, and chemotherapy. The 
clinicopathological information related to the patients was 
collected from the clinical database of the hospital and was 
kept confidential. The tissue samples from advanced-stage 
OC patients (N = 44) were collected during surgery at the 
Chittaranjan National Cancer Institute. Adjacent normal 
tissues from the respective patients were also collected. 
Patients’ details were anonymized, and samples were 
collected with informed consent forms from the patients.

Cell Culture and TNF-α Treatment
Human ovarian carcinoma SKOV-3 cells were obtained from 
ATCC and cultured in RPMI-1640 supplemented with 10% 
fetal bovine serum (FBS), 1% penicillin-streptomycin, and 
2mM L-glutamine. Cells were maintained at 37°C in a 5% 
CO₂ humidified incubator. For TNF-α treatment, SKOV-3 
cells were seeded at a density of 2 × 10⁵ cells/well in 6-well 
plates and allowed to grow to approximately 70 to 80% 
confluence. After 24 hrs of incubation, cells were treated 
with recombinant human TNF-α (10, 30, 50 ng/mL) for 12 and 
24 hours, depending on the experiment. Control cells were 
treated with an equivalent volume of vehicle (PBS).

Gelatin Zymography for Matrix Metalloproteinase 
Activity
To assess the activity of MMPs, gelatin zymography was 
performed as described previously.19 Briefly, conditioned 
media from TNF-α-treated and control SKOV-3 cells were 
collected after the respective incubation periods. The 
conditioned media were clarified by centrifugation at 2000 
rpm for 10 min at 4°C.
For zymography, equal volumes of conditioned media 
(20 µL) were mixed with non-reducing sample buffer 
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(without SDS) and subjected to electrophoresis on a 10% 
SDS-PAGE gel copolymerized with 1 mg/mL gelatin. Gels were 
electrophoresed at 90 V for 2 hours and then washed twice 
in 2.5% Triton X-100 for 30 min to remove SDS. The gels were 
incubated in zymography buffer (50 mM Tris-HCl, pH 7.5, 10 
mM CaCl₂, 0.02% NaN₃) at 37°C for 24 hours. After incubation, 
the gels were stained with 0.1% Coomassie Brilliant Blue R-250 
and destained to visualize the clear bands corresponding to 
gelatinase activity.
Protease activity was analyzed by measuring the intensity 
of the clear bands on the zymogram using ImageJ software. 
The size and intensity of the bands were compared between 
the TNF-α-treated and control groups.

Cell Lysate, Tissue Lysate and Exosomal Lysate 
Preparation and Western Blot
The preparation of cell lysate, tissue lysate, and exosomal 
lysate, followed by western blot analysis, was performed 
according to the protocols described previously.19 Briefly, the 
tissues were suspended in PBS containing protease inhibitors 
and minced at 4°C. The suspension was centrifuged at 12,000 
g for 15 minutes, and the supernatant was collected as PBS 
extracts. The pellet was further extracted in lysis buffer 
(10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton X-100, 
and protease inhibitors) and centrifuged at 12,000 g for 
15 minutes to obtain Triton X-100 (Tx) extracts. In-vitro cells 
were directly homogenized in lysis buffer containing a 
protease inhibitor cocktail and centrifuged at 12,000 g for 
15 minutes to obtain the whole cell extract. Proteins were 
estimated either by the Lowry method or the Bradford assay. 
Equal amounts of protein (70 µg) were separated by SDS-PAGE 
(10% gel) and transferred to PVDF membranes (Millipore), 
and in some cases, NCM membranes. The membranes were 
blocked with 5% non-fat milk in Tris-buffered saline with 0.1% 
Tween-20 (TBST) for 1-hour at room temperature (RT) and 
then incubated overnight at 4°C with primary antibodies: 
anti-MMP-9, Anti-TNF-α, anti-CD-63, and anti-TSG-101. 
After washing with TBST, membranes were incubated with 
appropriate HRP-conjugated secondary antibodies for 1 hr 
at RT. Protein bands were visualized using an ECL detection 
system (Bio-Rad), and densitometric analysis was performed 
using ImageJ software. A list of antibodies has been given in 
Supplementary Table S2.

EV Preparations and Treatments
Extracellular vesicles (EVs) were isolated and characterized 
based on established protocols and modifications specific to 
the SKOV-3 cell line and serum sample used in the study.22 
Exosomes were isolated from the conditioned media of the 
SKOV-3 OC cell line following a differential ultracentrifugation 
method. Briefly, the media was clarified by centrifugation at 
400 × g for 5 min to remove cellular debris, followed by a 
subsequent spin at 2,000 × g for 10 minutes, and at 10,000 × 
g for 30 minutes to remove large vesicles. The supernatant 
was then ultracentrifuged at 120,000 × g for 2 hours in a 
fixed-angle rotor (Beckman Coulter, Type 70.1 Ti Rotor). 

The resulting exosome pellets were resuspended in an 
appropriate buffer for further experiments.
Exosomes from serum samples of patients with OC and 
control individuals were isolated using the miRCURY 
Exosome Serum/Plasma Kit protocol. The isolation was 
performed according to the manufacturer’s instructions, 
with appropriate modifications to ensure the purity and yield 
of exosomes suitable for downstream applications such as 
immunoblot analysis.
The characterization of isolated EVs was performed using 
several methods such as atomic force microscopy (AFM), 
to assess the size and surface morphology of exosomes; 
dynamic light scattering (DLS) to determine the size 
distribution of exosomes; Immunoblot (Western Blot), to 
confirm the presence of exosomal markers, such as CD63 
and TSG101, using standard protocol for immunoblotting.
Serum samples were also isolated using ultracentrifugation 
for the treatment of macrophages, and serum samples 
were first centrifuged at 6,000 × g for 5 min to remove 
platelets and large cellular debris. The supernatant was then 
centrifuged at 10,000 × g for 30 min to remove any further 
smaller cellular debris. Finally, exosomes were isolated by 
ultracentrifugation at 120,000 × g for 3 hours. The exosome 
pellet was resuspended in incomplete media for subsequent 
treatment or experimentation, and the number of exosomes 
was calculated using NTA (Nano Tracker Analysis).

EV Treatments to PMA-induced THP-1 Cell-derived 
Macrophage Model
The isolated EVs from control individuals and patients with 
OC were resuspended in appropriate media and used for 
PMA-induced THP-1 cell-derived macrophage treatments 
at 0 and 5 hours to assess whether it is biologically active 
and have the potential to internalize into the recipient cells.

Immunohistochemistry
IHC analysis was performed on the slides, both adjacent 
normal and tumor tissues, where deparaffinization using 
xylene was done, followed by rehydration in alcohol gradient 
(100, 90, 70, 50%) for 5 minutes in each gradient. Antigen 
expression was enhanced upon treating the slides in 10 Mm 
citrate buffer solution (pH 6.0). 3% hydrogen peroxide diluted 
in 100% methanol was added to the slides for 15 min at RT 
in the dark. To stop the endogenous peroxidase activity, the 
slides were washed with 1x PBS for 5 min, followed by the 
addition of primary antibodies of TNF-α and MMP9 (1:500) 
overnight at 4°C. The next day, anti-rabbit HRP secondary 
antibody (1:1000) was added and incubated for 2 hrs at RT. 
The reaction was visualized by adding 3,3′-diaminobenzidine 
tetrahydrochloride (DAB) for 10 min, and finally, the slides 
were counterstained using Mayer’s haematoxylin. The 
slides were then dehydrated using gradient alcohol (50, 70, 
90, 100%) and covered with coverslips after DPX mounting. 
The images were captured under a brightfield compound 
microscope (Leica Microsystems: #Model DM1000) and 
analyzed using GraphPad Prism23
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Immunofluorescence
Immunofluorescence was performed as described previously. 
Briefly, 5000 SKOV-3 cells were seeded on a coverslip in a 35 
mm cell culture dish. The treatment of 50 ng/mL of rhTNF-α 
was given for 24 hours; then the media was discarded, and 
the cells were washed with PBS once. Cells were fixed with 
4% paraformaldehyde for 15 minutes at RT, followed by 
washing with PBS three times for 5 minutes each. Cells were 
blocked using blocking buffer (1 × PBS, 5% serum, 0.1% Triton 
X-100) for one hour. Cells were then incubated with antibody 
dilution buffer (1 × PBS, 1% BSA, 0.1% Triton X-100) containing 
MMP-9, N-cadherin, and E-cadherin antibody (1:100) for 
1.5 hours at RT. Subsequently, cells were incubated with 
TRITC-conjugated anti-rabbit (1:100) secondary antibodies 
in antibody dilution buffer for 1.5 hours at RT in the dark. 
Cells were then washed with 1 × PBS (3 times) for 5 min each. 
For phalloidin staining, after permeabilisation, cells were 
incubated with phalloidin. Cells were washed with 1 × PBS (3 
times) for 5 minutes, then nuclei were stained using Hoechst 
(2 µg/mL) for 15 minutes in the dark. Cells were then washed 
with 1 × PBS 6 times for 5 minutes each. Imaging was done 
at a 63x Leica confocal microscope.

Bioinformatics Analysis
Pan-cancer analysis of TNF expression was performed using 
UALCAN, a web-based tool that facilitates in-depth analysis 
of the TCGA database.

Statistical Analysis
All experiments were performed independently at least 
three times. Protein band intensities were quantified using 
densitometric analysis with Lab Image software (version 2.7.1, 
Kapelan GmbH, Germany). All data have been represented as 
mean ± standard deviation (SD). The statistical analysis used 
GraphPad Prism (version 5.01, San Diego, California, USA) 
software. An unpaired t-test with Welch’s correction was used 
to compare two experimental groups to determine statistical 
significance. A one-way ANOVA followed by Bonferroni’s 
multiple-comparison test was performed for comparisons 
involving more than two groups. A calculated probability of 
<0.05 indicates a statistically significant difference. 
The statistical analysis of the clinical records was performed 
using IBM SPSS 27 Statistics software. The frequency table 
was prepared using this software. The image analysis was 
performed using Fiji-ImageJ software (https://imagej.net/
Fiji). GraphPad Prism software (version 5.01) was used to 
prepare the graphs. A probability value <0.05 was considered 
statistically significant.24

RESULTS
A. IHC analysis of MMP-9; Graphical representation of the 
area of expression of MMP-9 in normal and tumor tissues. B.  
IHC analysis of TNF-α; Graphical representation of the area of 
expression of TNF-α in normal and tumor tissues C. MMP-9 
activity were assessed by gelatin zymography using OC 
patient derived tissue (n=9) compared with non-malignant 

ovary (n=6) (100 µg/lane) D. Representative western blots 
of TNF-α in OC patient derived tissue (n=7) compared with 
non-malignant ovary (n=6) (100 µg/lane) E. MMP-9 activity 
were assessed by gelatin zymography using OC patient 
derived serum (100 µg/lane) compared with individuals 
without cancer related complications (n=24 samples/group). 
F. Representative images from the western blot analysis and 
quantification of the protein signal of TNF-α and MMP-9 in 
serum of patients with OC (n=8) compared with individuals 
without cancer (n=8). Means ± SD. p <0.05 was accepted as 
the level of significance (Figure 1). 

MMP-9 Expression is Influenced by TNF-α Expression, 
as Indicated by their Higher Expression in Tumor 
Tissues and Serum as Compared to the Normal Tissues
TILs are generally higher in tumor tissues compared to normal 
tissues. We were motivated to investigate MMP-9 expression 
and activity in OC patients from the Eastern zone of India, 
where we observed that MMP-9 levels are higher in tissues 
than in normal tissues (Figure 1A). Analysis of gelatinolytic 
activity revealed that MMP-9 activity was increased in 
both tumor tissue lysates (Figure 1C) and patients’ serum 
(Figure 1E) compared to adjacent normal tissue lysates and 
serum from healthy volunteers. Since the inflammatory TME 
influences MMP activity due to elevated cytokine levels, we 
also observed that the pro-inflammatory cytokine TNF-α 
was elevated in tumor tissues compared to adjacent normal 
tissues (Figure 1B). Similar findings were seen in the protein 
expression of TNF-α, with higher levels in tumor tissues (Figure 
1D) and patients’ serum (Figure 1F). These results suggest that 
the upregulated expression of MMP-9 is modulated by TNF-α, 
which promotes ECM degradation, facilitating cancer cell 
migration by evading surrounding tissues at the primary site, 
thereby initiating EMT. Interestingly, Figure 1G shows pan-
cancer TNF-α expression from the TCGA database, where it 
is higher in OC. The induction of EMT was supported by our 
clinicopathological findings, which showed metastasis in 
95.5% of cases, with 43.2% of patients in stage III and 34.1% 
in stage IV, as detailed in Supplementary Table S1.

MMP-9 Activity and Expression Levels Increased in 
Exosomes Isolated from the Serum of Patients with OC
To assess whether MMP-9 is selectively enriched in circulating 
exosomes during OC, we examined its enzymatic activity 
and protein expression in serum-derived exosomes from OC 
patients and healthy controls. Successful isolation of exosomes 
was confirmed through NTA, showing a size range within 
the expected exosomal diameter (30–250 nm) (Figure 2A). 
AFM and DLS were used to evaluate the morphology and 
hydrodynamic size of the exosomes, respectively. Western 
blotting verified the presence of exosomal markers (e.g., 
CD63, TSG-101), indicating successful enrichment of serum 
exosomes (Figure 2B). Gelatin zymography was performed 
on serum-derived exosomal lysates (100 µg/lane) from 
13 OC patients and 9 healthy individuals. A prominent 
gelatinolytic band corresponding to pro-MMP-9 (~92 
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kDa) was observed in exosomes from OC patients, with 
markedly higher intensity compared to controls. These 
findings suggest significantly increased gelatinase activity, 
especially of MMP-9, in exosomal cargo from OC patients 
(Figure 2C). Western blot analysis further supported this, 
showing elevated expression of MMP-9 in exosomes from 
OC patient serum (n = 4) compared to controls (n = 4), using 
50 µg of protein per lane. Densitometric analysis confirmed 
a statistically significant increase in MMP-9 expression (p < 
0.05), as shown in Figure 2D.
A.  NTA of patients with OC and healthy individuals- derived 
exosomes (n = 2/sample). B. AFM, DLS, and western blot 
analysis of exosomal markers of serum-derived exosomes. C. 
MMP-2 and MMP-9 activity of patients (n = 13) and controls (n 
= 9) individuals in exosomal lysate (100ug/lane). D. Western 
blot analysis of MMP-2, MMP-9 expression normalized against 
TSG101 in exosomal lysate from control (n = 4) and patients 
with OC (n=4) (50µg/lane). Means ± SD. p<0.05 was accepted 
as the level of significance (Figure 2).

Recombinant human TNF-α is required for MMP-9 
upregulation in a time and dose-dependent manner 
in the SKOV-3 Cell line
To assess the effects of recombinant human TNF-α (rhTNF-α) 
on EMT induction and MMP activity, SKOV-3 cells were treated 
with varying doses of rhTNF-α (10–50 ng/mL) for 12 hrs and 
24 hrs (Figure 3A). Gelatin zymography revealed a dose- and 
time-dependent increase in MMP-9 enzymatic activity in the 
conditioned media of treated cells. The strongest induction 
was observed at 50 ng/mL after 24 hours of treatment, 
indicating TNF-α-mediated upregulation of secreted MMP-9. 
Phase-contrast microscopy showed a marked morphological 
shift in SKOV-3 cells treated with 50 ng/mL rhTNF-α for 24 
hours, transitioning from a cobblestone epithelial appearance 

to an elongated, spindle-shaped mesenchymal phenotype, 
consistent with EMT (Figure 3B). Immunofluorescence analysis 
further confirmed the induction of EMT markers following 
24 hours treatment with 50 ng/mL rhTNF-α (Figures 3C-G). 
Phalloidin staining highlighted reorganization of the actin 
cytoskeleton with stress fiber formation (Figure 3C). MMP-9 
expression was strongly upregulated and localized in the 
cytoplasm (Figure 3D). E-cadherin, an epithelial marker, 
showed a significant decrease in membrane staining, while 
mesenchymal markers (Figure 3E). N-cadherin and vimentin 
exhibited increased expression and cytoplasmic distribution. 
Merged images (third panels) confirmed co-localization 
patterns and changes in protein distribution (Figures 3F 
and G).
These findings demonstrate that TNF-α promotes EMT-like 
morphological changes and enhances the proteolytic activity 
of MMP-9 in SKOV-3 cells, supporting a potential role for 
TNF-α in driving tumor invasiveness and extracellular matrix 
degradation in OC.

TNF-α upregulates exosomal MMP-9 secretion and 
enhances metastatic phenotype in SKOV-3 cells and 
OC patient-derived exosomes
To assess whether TNF-α modulates exosomal MMP-9 
secretion and contributes to metastatic behavior, we analyzed 
exosomes derived from SKOV-3 cell-conditioned media 
after TNF-α stimulation. Exosomes isolated from rhTNF-α-
treated SKOV-3 cells were characterized using dynamic light 
scattering (DLS) and nanoparticle tracking analysis (NTA). 
DLS revealed a homogenous population of vesicles with 
an average diameter consistent with the expected size of 
exosomes (~100 nm). NTA confirmed a significant increase 
in exosome concentration upon TNF-α treatment, indicating 
enhanced vesicle secretion (Figures 4A and B). To assess the 

Figure 1: Increased expression of TNF-α and MMP-9 activity in OC patient-derived serum and tissue.
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uptake and potential functional relevance of these exosomes, 
confocal microscopy was performed on PMA-activated THP-1 
macrophages treated with PKH-26-labeled exosomes at 0 
and 5 hours. Time-course imaging demonstrated a robust 
internalization of exosomes by macrophages within 5 hours, 
suggesting active intercellular communication. Enhanced 
uptake of TNF-α-induced exosomes may contribute to the 
pro-metastatic microenvironment through modulation of 
recipient immune cells (Figure 4C). 
Collectively, these findings indicate that TNF-α promotes 
the release of MMP-9-enriched exosomes from SKOV-3 
cells, which may potentiate tumor-stroma interactions and 
metastatic behavior in the OC microenvironment.

DISCUSSION
OC remains a highly deadly gynecological cancer, mainly 
because it is often detected late, in over 70% of patients.25 
The current gold-standard biomarkers, CA125 and HE4, are 
useful for diagnosis and monitoring but are inadequate 
for early detection and do not offer detailed insights into 
tumor progression.26,27 This study explores the interaction 
between TNF-α, MMP-9, and EMT, with a particular focus 
on the exosomal pathway of MMP-9 transport and activity, 
especially in late-stage, TNFα-resistant ovarian tumors.
The TME of advanced OC is known to be rich in inflammatory 
cytokines and proteolytic enzymes, forming a niche that 
promotes tumor growth and metastasis.28,29 TNF-α is a 
central component in this inflammatory pathway, aiding 
not only immune cell infiltration but also encouraging 
EMT and matrix breakdown.10 Our immunohistochemical 
and serum-based analyses show increased TNF-α levels in 
late-stage OC, supporting previous research.29 Additionally, 
Kaplan-Meier plot analyses indicate that high levels of TNF-α, 
TNFR2, and MMP-9 are linked to poorer overall survival (OS) 

and progression-free survival (PFS), emphasizing their clinical 
significance.29

MMP-9, a type IV collagenase, promotes ECM remodeling 
and plays a role in various stages of tumor invasion and 
metastasis.31 Notably, MMP-9 is not only secreted in its 
soluble form but also transported via exosomes—small 
extracellular vesicles involved in intercellular communication 
within the TME.32 Our study shows for the first time that 
exosomal MMP-9 expression and activity are significantly 
higher in the serum of late-stage OC patients and in patient-
derived tumor tissues.
Using the SKOV-3 cell line, a TNFα-resistant, p53-mutant 
epithelial OC model, we mimicked the in vivo late-stage tumor 
condition. The p53 mutation in SKOV-3 disrupts apoptosis 
downstream of TNFα signaling, a phenomenon known to 
contribute to chemoresistance and tumor aggressiveness.16 

Interestingly, upon treatment with recombinant human 
TNF-α (rhTNFα), SKOV-3 cells displayed classical EMT features: 
morphological changes, downregulation of E-cadherin, and 
upregulation of N-cadherin and vimentin. These effects were 
abrogated by inhibition of the NF-κB pathway, confirming 
its role as a downstream effector of TNF-α-induced MMP-9 
expression. The TNF-α, NF-κB, MMP-9 axis has been reported 
in other tumor types, including colorectal and breast cancer,16 
but its mechanistic significance in exosome-mediated 
signaling in OC is novel.
Exosomes are small extracellular vesicles (30–150 nm) 
secreted by most cell types, including tumor cells, and play 
a crucial role in intercellular communication within the TME. 
While significant focus has been placed on exosomal miRNAs 
and mRNAs, the protein cargo of exosomes is increasingly 
recognized as an essential component influencing disease 
progression, especially in OC. Tumor-derived exosomes 
carry a unique set of proteins, including enzymes, adhesion 

Figure 2: Characterization of serum-derived exosomes and status of  MMP-9 expression and activity in exosomal cargo. Compared between 
patients with OC and healthy individuals.
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Figure 3: Recombinant human TNF-α induces EMT and expression of MMP-9 in SKOV-3 cell line A. Zelatin zymography of MMP-9 activity from 
rhTNF-α-treated cell conditioned media for 12h and 24h at 10 ng, 30 ng, and 50 ng. B. Phase contrast images for cell morphology at 50 ng of 
rhTNF-α treatment compared with control. C. Immunofluorescence study for Phalloidin, D. MMP-9, E. E-Cadherin, F. N-cadherin, G. Vimentin for 
rhTNF-α treatment (50 ng/ml) for 24 hrs in OC epithelial cells. The third panel shows the merged images. Means ± SD. p<0.05 was accepted as 

the level of significance

molecules, growth factors, and matrix metalloproteinases 
like MMP-9, which modify the extracellular environment 
and affect recipient cell behavior. Proteomic analyses of 
exosomes isolated from the serum, ascitic fluid, and tumor 
cells of OC patients have shown a consistent enrichment of 
proteins involved in EMT, immune evasion, angiogenesis, 
and ECM remodeling. For instance, exosomal proteins 
such as transforming growth factor beta (TGF-β1), CD44, 
fibronectin, integrins, and MMP family members have been 
demonstrated to promote tumor invasiveness and the 
formation of metastatic niches.33, 34 Tumor-derived exosomes 
carry TGF-β, which enhances Tregs activity and inhibits NK cell 
cytotoxicity, thereby contributing to an immunosuppressive 
microenvironment.35 In this context, the regulatory roles of 
exosomes are evident in the TME, as they carry cytokines 
that can induce inflammation, which in turn supports the 
metastatic process of cancer cells. Proteomic analyses have 
shown that exosomes transport TGF-β, TNF-α, interleukin 
(IL)-6, β-catenin, and even MMPs to promote EMT in cancer.36, 37 
The presence of tumor-promoting proteins in exosomes 
enables the functional reprogramming of surrounding 
non-cancerous cells, including fibroblasts, mesothelial 

cells, and immune cells, to establish a pro-tumorigenic 
microenvironment.38 Additionally, exosomal protein 
signatures have been proposed as non-invasive biomarkers 
for disease staging, chemoresistance, and recurrence in OC. 
This protein-rich exosomal cargo reflects the dynamic state 
of the tumor and offers insight into intracellular signaling 
and pathological remodeling, highlighting the functional 
importance of exosome-mediated protein transfer beyond 
the traditional role of nucleic acid transport.39,40

Exosomal MMP-9 is increasingly recognized as a 
multifunctional mediator of pathological remodeling 
across diverse disease contexts, reinforcing its emerging 
role in OC progression. In cancers such as breast, prostate, 
and glioma, MMP-9-enriched exosomes facilitate metastatic 
spread by degrading the ECM and enabling recipient cells 
to acquire invasive traits. These exosomes not only mediate 
direct ECM degradation but also induce a pro-inflammatory 
phenotype in stromal cells, enhancing tumor-stroma 
communication.38 Beyond oncology, MMP-9-containing 
exosomes have been implicated in neuroinflammatory and 
neurodegenerative diseases. For instance, in multiple sclerosis 
(MS), activated microglia release MMP-9 rich exosomes 
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Figure 4: TNF-alpha upregulates exosomal MMP-9 secretion and aggravates metastatic phenotype in SKOV-3 and patients with OC A, B. Exosome 
characterisation by DLS and NTA for SKOV-3 cell line treated cell conditioned media derived exosome. C. Confocal microscopy for exosomes stained 

with PKH-26 and treatment at 0 and 5 hours in PMA-activated THP-1 cell line.

that contribute to blood-brain barrier disruption and local 
inflammation. Similarly, elevated exosomal MMP-9 levels in 
the cerebrospinal fluid of Alzheimer’s patients are associated 
with synaptic remodeling and neuronal degeneration.41,42 
In cardiovascular conditions, exosomes from ischemic 
cardiomyocytes and macrophages in atherosclerotic plaques 
carry MMP-9, promoting adverse remodeling and plaque 
instability, respectively.43 In inflammatory diseases such as 
rheumatoid arthritis, synovial fibroblast-derived exosomes 
loaded with MMP-9 exacerbate cartilage degradation and 
joint inflammation.44,45 Environmental exposures also 
modulate MMP-9 exosomal content; bronchial epithelial 
cells exposed to cigarette smoke secrete exosomes 
enriched in MMP-9, contributing to ECM breakdown in 
chronic pulmonary conditions.46 Collectively, these findings 
underscore that exosomal MMP-9 is a common effector in 
tissue remodeling and inflammation, supporting its relevance 
in the altered TME of late-stage, TNF-α rich OC.
Our findings demonstrate that TNF-α stimulation enhances 
MMP-9 activity in the culture supernatant and increases 
exosome production in SKOV-3 OC cells. In parallel, OC 
patient samples revealed elevated TNF-α levels in both 
serum and tumor tissue, along with increased exosomal 
MMP-9 content. These observations suggest that chronic 
inflammatory signaling in the TME may contribute to 
sustained exosomal MMP-9 release in- vivo.
While we did not directly measure MMP-9 activity within 
exosomes derived from TNF-α treated SKOV-3 cells, the 
overall increase in MMP-9 secretion and exosome number 
under these conditions raises the possibility that TNF-α could 
also modulate exosomal MMP-9 content and/or activity. It is 
conceivable that prolonged exposure to TNF-α, as seen in the 
TME, facilitates both the production and selective packaging 
of MMP-9 into exosomes. This remains a testable hypothesis 
for future studies.

These findings have several implications. First, exosomal 
MMP-9 may contribute to tumor progression not only 
through its classical role in ECM degradation but also by 
acting as a signaling molecule that promotes EMT and primes 
pre-metastatic niches. Second, the observed TNF-α driven 
changes in exosome biogenesis and MMP-9 secretion in p53-
deficient SKOV-3 cells may reflect a tumor-specific adaptation 
to inflammatory stress, potentially exploitable for biomarker 
development or therapeutic targeting.
In summary, our study supports a model in which TNF-α 
enhances MMP-9 secretion and exosome production in OC, 
with potential implications for exosome-mediated tumor-
stroma communication and metastasis. Future investigations 
are needed to determine whether TNF-α directly influences 
the activity and functional impact of exosomal MMP-9 in 
this context.
Overall, our study underscores the critical role of TNFα-
induced MMP-9 expression and its exosomal trafficking in 
driving EMT and poor prognosis in late-stage, p53-mutant 
OC. The levels of TNF-α and MMP-9 were also higher in the 
serum and tissues, indicating that the exosomes in late-stage 
OC patients are oncogenic, influencing the inflammatory 
atmosphere and fueling EMT and angiogenesis by degrading 
connective tissue through MMP-9 actions. Targeting this 
pathway may offer a dual strategy to halt tumor progression 
and modulate the immunosuppressive TME.

CONCLUSION
TNFα increases MMP-9 secretion and exosome production 
in OC cells, with patient data indicating a role for exosomal 
MMP-9 in disease progression. Although exosomal MMP-9 
activity after TNFα treatment has not yet been directly 
tested, our findings support a model in which TNFα-driven 
inflammation may promote exosome-mediated EMT and 
immune modulation. This emphasizes the potential of 
targeting exosomal pathways in OC therapy.
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Supplementary Table S1: Frequency distribution of clinicopathological parameters

Clinicopathological parameters Number (%) Clinicopathological parameters Number (%)

Age 20-40 6 (13.6) Metastasis Yes 42 (95.5)

41-60 22 (50.0) No 2 (4.5)

>60 16 (36.4) Stage Stage I 0 (0.0)

CA-125 (U/mL) <=35 2 (4.5) Stage II 10 (22.7)

35.1-200 13 (29.5) Stage III 19 (43.2)

200.1-500 20 (45.5) Stage IV 15 (34,1)

>=500 9 (20.5) Laterality Unilateral 42 (95.5)

Ascites malignancy Yes 42 (95.5) Bilateral 2 (4.5)

Chemotherapy Yes 0 (0.0)

No 2 (4.5) No 44 (100.0)

SUPPLEMENTARY

Supplementary Table S2: List of antibodies used in this study

Antibody Catalogue No. Company

Anti-MMP-9 Sc-393859 Santa Cruz Biotechnology

Anti-GAPDH sc-47724 Santa Cruz Biotechnology

Anti-CD-63 NBP2-32830 Novus Biologicals

Anti-TNF-α CST #3707 Cell Signalling Technology

Anti-E-cadherin CST#3195 Cell Signalling Technology

Anti-N-cadherin CST#13116 Cell Signalling Technology

Anti- Vimentin CST#5741 Cell Signalling Technology

Anti- TSG101 A2216 ABclonal

Anti- actin Phalloidin Ab176757 Abcam

Alexa-fluor 647 A-21235 Ivitrogen

Alexa Fluor 488 A11034 Invitrogen

Anti-Mouse IgG, HRP-linked Antibody CST#7076 Cell Signalling Technology

Anti-Rabbit IgG, HRP-linked Antibody CST#7074 Cell Signalling Technology
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Supplementary Figure 1: Ponceau S staining of control and patient with ovarian cancer
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