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Abstract: Pancreatic cancer (PaCa) is among the most aggressive malignancies of the diges-
tive system. Inflammation plays a critical role in tumor growth and dissemination, with
soluble cytokines serving as messengers that facilitate interactions between immune and
cancer cells. The release of cell-free mitochondrial DNA (cf-mtDNA) into the bloodstream
has been identified as a potent proinflammatory trigger, acting as a mitochondrial-derived
damage-associated molecular pattern (mtDAMP). Whether a relationship exists between
circulating cf-mtDNA (ccf-mtDNA) unloading and inflammation in PaCa remains unclear.
In this study, we quantified ccf-mtDNA levels in plasma/serum samples from PaCa pa-
tients and healthy controls and examined their association with inflammatory markers.
Analyses were conducted on 14 participants: 3 controls (mean age: 52.0 &+ 16.0 years,
67% women) and 11 PaCa patients (mean age: 69.1 & 10.0 years, 27% women). Circulat-
ing levels of ccf-mtDNA in PaCa patients did not show differences compared to controls
(p = 0.06). In contrast, concentrations of interleukin (IL)-8, IL-17, and interferon-gamma
were significantly higher in PaCa patients. Stratification of PaCa patients based on the
median ccf-mtDNA concentration revealed significantly higher levels of IL-4, IL-9, mono-
cyte chemoattractant protein-1 (MCP-1), and macrophage inflammatory protein 1-beta in
those with ccf-mtDNA levels above the median (p < 0.05). Significant positive associations
were also observed between levels of ccf-mtDNA and IL-8, fibroblast growth factor, and
MCP-1. These results suggest a potential association between elevated ccf-mtDNA levels
and increased concentrations of proinflammatory cytokines, especially in PaCa patients
with an unfavorable prognosis. Further research with larger cohorts is required to validate
these findings and assess the prognostic value of these biomarkers.
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1. Introduction

Pancreatic cancer (PaCa) is one of the most lethal malignancies of the digestive tract,
owing to its often late-stage diagnosis, the absence of effective therapies, and the unpre-
dictable nature of disease progression [1,2]. Both local and systemic inflammation have
been implicated as factors that contribute to promoting PaCa growth and dissemination [3].
The relationship between inflammation and PaCa carcinogenesis is mediated by the in-
filtration of inflammatory cells into the tumor microenvironment (TME) [4]. In the PaCa
TME, M1 macrophages, dendritic cells (DCs), and effector CD4+ and CD8+ T lympho-
cytes are less abundant than myeloid-derived suppressor cells (MDSCs), M2-polarized
macrophages, and regulatory T lymphocytes (Treg) [5]. This immunological microenvi-
ronment favors tumor growth, and the TME may acquire additional immunosuppressive
properties. In this setting, cancer cell survival may be supported by a proinflammatory
environment, potentially leading to the establishment of a dynamic and metabolically
symbiotic TME [4]. Soluble inflammatory cytokines serve as key messengers for facilitating
interactions between immune and cancer cells [3]. Proinflammatory mediators such as
interleukin (IL)-1, IL-6, tumor necrosis factor-alpha (TNF-«), anti-inflammatory IL-10, and
transforming growth factor-beta (TGF-f3) are among the major inflammatory factors in this
immunomodulatory network [3].

The extracellular release of mitochondrial-derived damage-associated molecular pat-
terns (MtDAMPs), including circulating cell-free mitochondrial DNA (ccf-mtDNA), has
been described across various pathological conditions, including cancer, and is associated
with systemic sterile inflammation [6-9]. Despite the evolutionary compartmentalization
of DNA within the nucleus and mitochondria, the release and subsequent accumulation
of both nuclear and mtDNA in the cytosol has been documented in pathological condi-
tions. In particular, the cyclic GMP-AMP synthase-stimulator of the interferon genes
(cGAS-STING) pathway mediates the release of mtDNA into the cytosol, where it triggers
ferroptosis [6-8]. In this context, cytosolic and extracellular mtDNA becomes a potent
stimulator of inflammation, regulating biological processes integral to cell proliferation
and survival [6,7,9]. The inflammation induced by mtDNA release contributes to the
amplification of tissue and organ damage [8,10,11]. By acting as an mtDAMP, cf-mtDNA
promotes neutrophil migration and degranulation at sites of injury, thereby contributing to
cellular damage and the initiation of local inflammatory responses [11]. Interestingly, Gao
et al. [8] have demonstrated that M1 pancreatic resident macrophages secrete extracellular
vesicles (EVs) containing mitochondria, which exhibit proinflammatory properties and can
enter pancreatic 3 cells. These mitochondria-derived EVs induce lipid peroxidation and
mitochondrial damage [8].

Recently, the detection and quantification of ccf-mtDNA in biological fluids of cancer
patients have garnered significant interest as a potential approach for identifying diagnostic
and prognostic biomarkers. For instance, lower ccf-mtDNA levels have been reported in
the plasma of women with breast cancer compared with healthy controls [12]. In contrast,
elevated ccf-mtDNA levels have been observed in the serum of patients with bladder,
prostate, renal cell, and testicular cancers [13,14]. Increased ccf-mtDNA levels have also
been described in women with epithelial ovarian cancer relative to peers with benign ovar-
ian conditions and healthy controls [15]. However, no studies have investigated whether
the sterile inflammatory milieu of PaCa is linked to the release of cellular proinflamma-
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tory components, particularly ccf-mtDNA, or whether the nature of such components
contributes to distinct inflammatory profiles in PaCa patients. To address this gap in knowl-
edge, we quantified ccf-mtDNA levels in PaCa patients and examined their association
with patient inflammatory profiles.

2. Materials and Methods
2.1. Study Design and Participants

The study was conducted as a cross-sectional, case-control investigation within the
framework of the single-center EXOPanc study (Role of EXOsomes in Pancreatic Cancer
Progression), carried out at the S. Orsola—Malpighi Hospital in Bologna, Italy. The study
protocol was approved by the Area Vasta Emilia Centro (AVEC) Ethics Committee (Protocol
no. 262/2022/Sper/ AOUBo; approval date 4 April 2022). All participants were enrolled
at the time of pancreatic cancer (PaCa) diagnosis between 2022 and 2023 and provided
written informed consent prior to inclusion.

The patient cohort consisted of men and women aged 59 to 85 years, all diagnosed
with pancreatic adenocarcinoma G3 (histologic grading system) [16]. Healthy controls were
recruited from the general population during the same time period and had no current or
previous history of malignancy. All participants were anonymized using alphanumeric
codes (PCO01 to PC11 for PaCa patients, and CTRO1 to CTRO3 for healthy controls). The
study was conducted in accordance with the ethical standards established in the Declaration
of Helsinki.

2.2. Blood Collection and Processing

Blood samples were collected at the time of diagnosis using commercially available
collection tubes. Serum samples were obtained from patients PC01, PC02, and PC07-PC11,
as well as from healthy controls CTR01-CTR03. Following collection, blood samples
were allowed to clot at room temperature for 30 min. Samples were then centrifuged at
1100% g for 15 min at 4 °C, and the resulting supernatant (serum) was aliquoted and stored
at —80 °C until analysis. For patients PC03-PC06, blood was collected in EDTA tubes,
and plasma was separated accordingly. These samples were centrifuged at 3000x g for
10 min at 4 °C. The resulting plasma was collected in 0.5-mL aliquots and stored at -80 °C
until analysis. The use of either serum or plasma in this study was determined based on
sample availability.

2.3. Quantification of Circulating Cell-Free Mitochondrial DNA by Droplet Digital PCR

The ccf-mtDNA was quantified in plasma or serum samples using droplet digital PCR
(ddPCR), as previously described [17]. Briefly, each 20 uL reaction mixture contained 10 pL
of 2x ddPCR Supermix for Probes (No dUTP) (Bio-Rad Laboratories, Hercules, CA, USA),
0.9 uM of the forward primer (mtDNA-85F), 0.9 uM of the reverse primer (mtDNA-85R),
0.1 uM of the hydrolysis probe (FAM-mtDNA-85P) (Table 1), and 1 pL of the biological
sample, serving as the source of the mtDNA template.

The reaction mixture (20 uL) was used to generate droplets using the QX200 Droplet
Generator (Bio-Rad Laboratories, Hercules, CA, USA). PCR amplification of the target
mtDNA within the emulsified droplets was carried out under the following thermal cycling
conditions: 95 °C for 10 min; 40 cycles of 94 °C, 30 s each; 60 °C for 1 min; 98 °C for 10 min;
4 °C on hold. A ramp rate of 2 °C/s was applied between all steps.

Following amplification, fluorescence was measured using a QX200 Droplet Reader
(Bio-Rad Laboratories), detecting on average 10,000-20,000 droplets per sample. Each
droplet was analyzed individually using FAM fluorescence detection, allowing for the ab-
solute quantification of target mtDNA based on the ratio of PCR-positive to PCR-negative
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droplets. Data acquisition and analysis were performed using Bio-Rad QX Manager
1.2 Standard Edition software. The concentration of mtDNA in the original sample
(copies/pL) was determined by applying a fluorescence threshold for positive droplets,
established based on droplet clustering across all experimental samples and compared to a
negative control consisting of a serum- and plasma-free sample.

Table 1. Primer and probe sequences for the droplet digital PCR assay.

Primer Name Sequence
Forward mtDNA-85F 5-CTCACTCCTTGGCGCCTGCC-3’
Reverse mtDNA-85R 5-GGCGGTTGAGGCGTCTGGTG-3'
Probe FAM-mtDNA-85P FAM-5'-CCTCCAAATCACCACAGGACTATTCCTAGCCATGCA-3'-BHQ-1

Abbreviations: BHQ1, Black Hole Quencher-1; F, forward; FAM, 6-carboxyfluorescein; mtDNA, mitochondrial
DNA; R, Reverse.

2.4. Quantification of Circulating Inflammatory Markers

A panel of inflammatory biomolecules was quantified in duplicate using the Bio-Plex
Pro™ Human Cytokine 27-Plex Assay Kit (#M500KCAFQY, Bio-Rad Laboratories) on a
Bio-Plex® System equipped with Luminex xMAP® Technology (Bio-Rad Laboratories). The
inflammatory markers included in the panel are listed in Table 2. Data acquisition was
performed using the Bio-Plex Manager Software version 6.1 (Bio-Rad Laboratories) under
default instrument settings. To ensure the accuracy and reliability of the results, standard
curves were optimized for each analyte, and data quality was further refined by identifying
and excluding outliers.

Table 2. List of inflammatory biomolecules assayed by multiplex immunoassay.

Type Mediator
Cytoki IFN-7, IL-1B, IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8,
ytoxines IL-9, IL-10, TL-12, TL.-13, TL-15, IL-17A, TNF-o
Chemokines CCL11, IP-10, MCP-1, MIP-1, MIP-13, RANTES
Growth factors FGF-basic, G-CSF, GM-CSF, PDGF-BB, VEGF

Abbreviations: CCL, C-C motif chemokine ligand; FGEF, fibroblast growth factor; G-CSF, granulocyte colony-
stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; IEN, interferon; IL, interleukin;
IL-1ra, interleukin 1 receptor agonist; IP, interferon-induced protein; MCP-1, monocyte chemoattractant protein
1; MIP, macrophage inflammatory protein; PDGF-BB, platelet derived growth factor BB; RANTES, regulated
upon activation, normal T cell expressed and secreted; TNFE, tumor necrosis factor; VEGEF, vascular endothelial
growth factor.

2.5. Statistical Analysis

Data are presented as mean =+ standard deviation (SD). Normality was assessed by
the Kolmogorov-Smirnov test. For variables exhibiting a normal distribution, comparisons
between groups (controls vs. PaCa, or groups stratified by median ccf-mtDNA concentra-
tion) were performed using the unpaired Student’s t-test. For non-normally distributed
variables, the non-parametric Mann-Whitney U test was applied.

To explore the relationship between ccf-mtDNA concentrations and levels of inflam-
matory biomolecules, Spearman’s rank correlation analysis was conducted. Statistical
significance was set at an alpha level of 5% (p < 0.05). All analyses were performed using
GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, USA).
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3. Results
3.1. Characteristics of Study Participants

The main characteristics of the study participants are summarized in Table 3. The
study sample consisted of three healthy controls (mean age: 52.0 £ 16.0 years; 67% women)
and 11 patients diagnosed with PaCa (mean age: 69.1 = 10.0 years; 27% women). Among
the PaCa patients, four were diagnosed with stage II/III of the disease, while the remain-
ing seven presented with stage IV of the disease and distant metastases, mainly to the
liver. In most cases (64%), the primary tumor was located in the head of the pancreas,
with a mean lesion diameter of 35.7 mm. As mentioned earlier, blood samples were
collected at the time of diagnosis, prior to the initiation of chemotherapy or any tumor
cytoreductive procedures.

Table 3. Main characteristics of study participants (n = 14).

PaCa (n=11) Controls (n = 3)

Age (years), mean =+ standard deviation 69.1 £10.0 52.0 £16.0
Women, 1 (%) 3(27) 2 (67)
Size of primary lesion, mm 35.7 (15-59)
(mean diameter range)
Tumor stage, 1 (%)
II 1(9)
111 3(27)
v 7 (63)
Primary lesion location, 1 (%)
Pancreas head 7 (64)
Pancreas body 3(27)
Pancreas tail 1(9)
Distant metastases, 1 (%)

No 4 (36.4)

Yes 7 (63.6)

Presence of comorbidity *, 1 (%) 7 (63.6)

* Includes: diabetes, hypertension, hypercholesterolemia, renal failure, atrial fibrillation, dyslipidemia, hyper-
uricemia, obesity.

3.2. Circulating Cell-Free Mitochondrial DNA and Inflammatory Biomolecules in Pancreatic
Cancer Patients and Controls

PaCa patients exhibited a trend toward higher circulating levels of ccf-mtDNA com-
pared with controls (Figure 1A). However, this difference did not reach statistical signifi-
cance (p = 0.06). The absence of a statistically significant difference in ccf-mtDNA levels
between the two groups may be attributed to the highly heterogeneous distribution of ccf-
mtDNA concentrations within the PaCa patient cohort (Figure 1B). In contrast, circulating
levels of interleukin (IL)-8, IL-17, and interferon-gamma (IFN-) were significantly higher
in serum or plasma from PaCa patients relative to controls (Figure 1C-E).

3.3. Cytokine Signatures According to Cell-Free Mitochondrial DNA Circulating Levels

To explore the relationship between ccf-mtDNA and inflammatory biomolecules, PaCa
patients were stratified into two groups based on the median level of ccf-mtDNA (i.e., below
and above the median value).
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Figure 1. Circulating cell-free mitochondrial DNA (ccf-mtDNA) and inflammatory biomolecules.
(A) Levels of ccf-mtDNA and (B) interleukin-8 (IL-8), (C) IL-17, and (D) interferon-gamma (IFN-v)
in samples of PaCa patients (PC) and controls (CTRL); (E) Levels of ccf-mtDNA in the cohort of
PaCa patients.

Levels of anti-inflammatory IL-4 and those of proinflammatory IL-9, monocyte
chemoattractant protein-1 (MCP-1), and macrophage inflammatory protein 1-beta
(MIP-13) were significantly higher in participants with ccf-mtDNA concentrations above
the median value (Figure 2A-D). No significant differences were observed for the remaining
inflammatory markers between the two groups (Supplementary Figure S1).

To further explore the relationship between ccf-mtDNA and inflammatory biomolecules
in PaCa patients, Spearman’s correlation analysis was performed. The results revealed
a significant positive correlation between ccf-mtDNA levels and IL-8, fibroblast growth
factor (FGF), and MCP-1 (Table 4). Scatter plots are shown in Supplementary Figure S2.
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Figure 2. Cytokine levels in patients with pancreatic cancer. (A) Levels of interleukin-4 (IL-4),
(B) IL-9, (C) monocyte chemoattractant protein-1 (MCP-1), and (D) macrophage inflammatory
protein 1-beta (MIP-1p3) in samples of patients with pancreatic cancer. “Above” indicates above the
median value of circulating cell-free mitochondrial DNA (ccf-mtDNA) in the cohort of patients with
pancreatic cancer; “Below” indicates below the median value of ccf-mtDNA in the cohort of patients
with pancreatic cancer.
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Table 4. Correlation analysis between circulating levels of mitochondrial DNA and inflammatory markers.
mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA mtDNA
vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs. vs.
IL-1b IL-1ra IL-4 IL-5 IL-8 IL-9 IL-10 IL-13 IL-17A  Eotaxin FGFb G-CSF IFN-y IP-10 MCP-1 MIP-1a MIP-1b RANTES TNF-x
Spearman r 0.26 —0.01 0.46 0.51 0.70 0.37 0.20 —0.35 —0.07 0.25 0.69 —0.30 0.37 0.30 0.66 0.53 0.40 0.24 —0.08
95% CI —0.42 —0.62 —0.22 —0.15 0.15 to —0.35 —047 —0.80 —0.65 —0.42 0.14 to -0.70 —0.35 —0.38 0.09 to —0.13 —0.27 —0.44 —0.66
° to 0.75 to 0.61 to 0.84 to 0.86 0.92 to 0.79 to 0.72 t0 0.33 to 0.57 to 0.75 0.92 to 0.50 to 0.79 to 0.77 0.90 to 0.86 to 0.82 to 0.74 to 0.56
p value * 0.435 0.999 0.164 0.111 0.02 0.313 0.557 0.288 0.844 0.451 0.022 0.650 0.313 0.371 0.031 0.100 0.214 0.485 0.818
* Bold denotes statistical significance. Abbreviations: CI, confidence interval; FGF b, fibroblast growth factor basic; G-CSF, granulocyte colony-stimulating factor; IFN-, interferon -;

IL, interleukin; IL-1ra, interleukin 1 receptor antagonist; IP-10, interferon-induced protein 10; MCP-1, monocyte chemoattractant protein 1; MIP, macrophage inflammatory protein;
mtDNA, mitochondrial DNA; RANTES, regulated upon activation, normal T cell expressed and secreted; TNF-«, tumor necrosis factor-alpha.
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4. Discussion

To the best of our knowledge, this is the first study in which ccf-mtDNA was quantified
and correlated with inflammatory markers in blood samples from patients with PaCa.
Levels of ccf-mtDNA tended to be higher in PaCa patients compared with healthy controls.
However, the high heterogeneity of values in PaCa patients, likely due to interindividual
variability stemming from biological (e.g., response to stress, age, metabolic differences)
and clinical factors (e.g., tumor stage, comorbid conditions), as well as the small sample size,
prevented the difference from reaching statistical significance. In contrast, we observed
significantly higher circulating levels of IL-8, IL-17, and IFN-y in PaCa patients compared
with controls.

PaCa is characterized by a poor five-year survival rate, due to its aggressive nature,
rapid development of distant metastases, and limited improvements in surgical and medical
treatments over recent decades [18]. Therefore, recent research has focused on identifying
markers for early diagnosis and prognostication [19-23]. By exploring the potential of
ccf-mtDNA as a marker of tumor progression, we found that blood samples from patients
with stage IV PaCa and distant metastasis (PC04 and PC09) exhibited the highest levels of
ccf-mtDNA, while PC06, who had stage II cancer without distant metastasis, showed the
lowest ccf-mtDNA levels. This suggests that ccf-mtDNA levels may increase in advanced
stages of the disease. However, a larger cohort is needed to confirm the role of ccf-mtDNA
as a prognostic marker in PaCa.

The TME has gained significant attention as a contributor to the development and pro-
gression of PaCa [24]. Studies have identified a heterogeneous array of TME components
in epithelial cancers, including fibroblasts, extracellular matrix, immune and inflammatory
cells, blood and lymphatic vessels, and nerves, all of which influence the malignancy
phenotype [25,26]. The immune system plays a key role in the TME, contributing to cancer
development and progression. Furthermore, while treatments such as chemotherapy;, ra-
diotherapy, and targeted therapy effectively eliminate cancer cells, they can also induce
immunogenic cell death and inflammation as “byproducts” of cancer treatment [27,28].
Cells undergoing death release molecules into the surrounding environment, alerting
the immune system and inducing inflammation [29-31]. These molecules, known as
DAMPs, include a variety of chemically unrelated mediators such as high mobility group
box 1 (HMGBL1), S100 proteins, hyaluronan, heat shock proteins, ATP, and calreticulin.
These biomolecules are normally retained inside the cell, but are released following stress
or cell death, allowing the host to sense and respond to damage via specific DAMP recep-
tors [32]. Moreover, mtDNA has recently been recognized as a DAMP. Although defective
mitochondria and damaged mtDNA are degraded by mitophagy, mtDNA can escape this
process and act as a DAMP to regulate inflammatory responses by activating IFN genes,
toll-like receptor 9 (TLR9), and the nucleotide-binding domain, leucine-rich—containing
family, pyrin domain—containing-3 (NLRP3) inflammasome [33]. Thus, mtDNA integrity
may be compromised by oxidative stress due to its proximity to the electron transport chain,
a major source of reactive oxygen species, and the absence of protective histones [6,9,34].
This loss of integrity facilitates the release of mtDNA into the cytoplasm and extracellular
space, where it can trigger proinflammatory responses [6,9,34].

An interesting aspect of ccf-mtDNA concerns its fragmentation profiles. Recent stud-
ies on the fragmentomic features of cell-free DNA (cf-DNA) (e.g., fragment size, end
motifs, breakpoint motifs, nucleosome footprints) have shown their potential as biomarkers
in lung cancer [35], colorectal cancer [36], and hepatocellular carcinoma [37]. Cristiano
et al. [38] reported that cancer patients exhibit a distinct genome-wide fragmentation
profile of cf-DNA compared with healthy individuals. Liu et al. [39] demonstrated that
ccf-mtDNA is characterized by shorter fragments compared with circulating cell-free nu-
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clear DNA, due to differences in protein binding patterns [40]. Given the polyploidy of
mtDNA and sequence variability across individuals and tissues, it becomes clear why
the fragment size distribution of ccf-mtDNA varies among individuals. Avital et al. [41]
found that cancer patients release significantly shorter fragments of ccf-mtDNA and that
tumor-specific mutations were more strongly associated with shorter ccf-mtDNA frag-
ments, indicating that aberrant fragmentomic features may be the source of tumor-derived
ccf-mtDNA fragments.

Moreover, recent research has highlighted the role of acute psychological stress in
inducing the unloading of ccf-mtDNA into the bloodstream, suggesting that the release of
mtDNA may serve as a marker of the body’s response to stress [42-44]. Cancer diagnosis,
particularly PaCa, may induce varying degrees of psychological stress depending on an
individual’s resilience, which could partly explain the substantial interindividual variability
in ccf-mtDNA levels observed in our PaCa cohort.

Notably, we found that circulating ccf-mtDNA levels in PaCa patients were correlated
with IL-8 and FGF basic, both of which are angiogenic growth factors [45,46], as well as
MCP-1, a molecule that recruits macrophages to the TME and promotes angiogenesis in
various cancers [47]. Elevated IL-8 levels are also associated with sarcopenia and cancer
cachexia, and have been shown to serve as prognostic markers for PaCa [48]. Our analyses
also revealed an interesting relationship between ccf-mtDNA and anti-inflammatory IL-4,
which has been found at elevated levels in PaCa patients and is associated with poorer
prognosis [49]. IL-4 has been shown to enhance malignant PaCa cell phenotypes, promoting
epithelial-mesenchymal transition, eventually leading to increased cell proliferation and
migration [50]. While the role of IL-9 in PaCa remains unclear, anti-IL-9 antibody treatment
has been shown to inhibit PaCa growth in mice [51]. A recent study correlated serum cy-
tokine levels in PaCa patients before and after treatment with FOLFIRINOX (5- fluorouracil
with leucovorin, oxaliplatin, and irinotecan) [52]. The authors found that anti-inflammatory
cytokines, such as IL-1ra, IL-7, and MIP-1f3, were higher in responding patients, while
proinflammatory cytokines, such as IL-18 and IL-1f3, were elevated in patients with early
disease progression. However, only two out of 11 patients in our cohort received treatment.
Thus, although being aware that a limited number of patients were analyzed, we observed
elevated ccf-mtDNA levels along with an increase in inflammatory markers in 4 out of
11 patients, of whom 3 had an unfavorable prognosis.

While our study provides valuable insights into the potential role of ccf-mtDNA
and inflammation in PaCa, several limitations must be acknowledged. First, the study
is cross-sectional in design, which precludes causal inferences. Second, the study did
not incorporate deep-sequencing to elucidate the signaling pathways associated with
ccf-mtDNA release and develop mechanistic hypotheses. Third, the small sample size
and the exploratory nature of the study prevented stratification according to disease
stage and adjustment for potential confounders such as age, sex, and proinflammatory
pancreatitis. The cross-sectional nature of the study also limited our ability to explore
the relationship between ccf-mtDNA levels and patient survival. Lastly, multiple com-
parisons were performed, and, although the False Discovery Rate correction using the
Benjamini-Hochberg method was applied, the possibility remains that some significant
findings could have arisen by chance, while comparisons that did not reach statistical
significance may have lacked statistical power.
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5. Conclusions

This exploratory study identified an association between elevated levels of ccf-mtDNA
and proinflammatory cytokines in patients with PaCa and an unfavorable prognosis.
Larger, longitudinal studies are needed to validate these preliminary findings and to
further investigate the prognostic potential of these markers. Future research should also
include a cohort of participants with pancreatitis, a key contributor to PaCa due to its role
as precancerous lesion, for which ccf-mtDNA may be tested as a predictive biomarker.
Finally, the application of deep-sequencing techniques is crucial, as they would provide
insights into the signaling pathways associated with ccf-mtDNA release and elucidate the
mechanisms underlying its secretion.
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BHQ1 Black Hole Quencher-1
ccf-mtDNA Circulating cell-free mitochondrial DNA
CCL C-C motif chemokine ligand

cf-mtDNA Cell-free mitochondrial DNA
c¢GAS-STING  Cyclic GMP-AMP synthase-stimulator of interferon genes
CTR Control participant
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DAMP Damage-associated molecular pattern

DCs Dendritic cells

ddPCR Droplet digital PCR

EVs Extracellular vesicles

EXOPanc role of EXOsomes in Pancreatic cancer progression

F Forward

FAM 6-carboxyfluorescein

FGF Fibroblast growth factor

FOLFIRINOX  5- fluorouracil with leucovorin, oxaliplatin, and irinotecan

G-CSF Granulocyte colony-stimulating factor

GM-CSF Granulocyte macrophage colony-stimulating factor

HMGB1 High mobility group box 1

IL Interleukin

IL-1ra Interleukin 1 receptor agonist

P Interferon-induced protein

MCP-1 Monocyte chemoattractant protein 1

MDSCs Myeloid-derived suppressor cells

MIP Macrophage inflammatory protein

mtDAMP Mitochondrial damage-associated molecular pattern

NLRP3 Nucleotide-binding domain, leucine-rich-containing family, pyrin
domain—containing-3

PaCa Pancreatic cancer

PC Participant with pancreatic cancer

PDGEF-BB Platelet derived growth factor BB

R Reverse

SD Standard deviation

TGEF-3 Transforming growth factor beta

TLR9 Toll-like receptor 9

TME Tumor microenvironment

TNF-« Tumor necrosis factor-alpha

Treg Regulatory T-lymphocytes

VEGF Vascular endothelial growth factor
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