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Abstract
Pancreatic cancer (PC) remains a highly lethal malignancy worldwide. Increasing evidence indicates that inflammation is a critical factor in the pathogenesis of pancreatic ductal adenocarcinoma (PDAC). Inflammatory cell infiltration within the PDAC tumor microenvironment promotes tumor growth and metastasis, while both local and systemic chronic inflammation is associated with an elevated risk of developing the disease. Given that the same immune cell populations are involved in mediating both inflammatory and immune responses, there exists a close interrelationship between inflammation and immunity in the context of PDAC. Various studies have reported the relationship between inflammation and PC. This review article provided a comprehensive summary of the roles of erythrocyte sedimentation rate, plasma viscosity, procalcitonin, calprotectin, haptoglobin, serum amyloid A, ferritin, and fibrinogen in the pathophysiological mechanisms underlying PC.
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Core Tip: Inflammation is a key contributor to the initiation, progression, and metastatic dissemination of pancreatic cancer. In pancreatic ductal adenocarcinoma, inflammatory cell infiltration within the tumor microenvironment significantly promotes tumor proliferation and metastatic potential. Moreover, both systemic and localized chronic inflammatory conditions have been identified as important risk factors in the development of pancreatic ductal adenocarcinoma. This article provided a comprehensive summary of the roles of erythrocyte sedimentation rate, plasma viscosity, procalcitonin, calprotectin, haptoglobin, serum amyloid A, ferritin, and fibrinogen in the pathophysiological mechanisms underlying pancreatic cancer.

INTRODUCTION
Pancreatic cancer (PC) is one of the most lethal malignancies with a poor 5-year survival rate of around 5%-9% that has remained almost still since the 1960s[1,2]. The vast majority of cases over 85% are attributed to pancreatic ductal adenocarcinoma (PDAC), which arises from the ductal epithelial cells, predominantly located in the head region of the pancreas[2]. PC is a general term that encompasses all malignant tumors originating in the pancreas, including both exocrine and endocrine types. Among these, PDAC is the most prevalent, accounting for approximately 90%-95% of all PC cases. PDAC specifically arises from the epithelial cells lining the pancreatic ducts, making it a subtype of exocrine PC. In contrast, other forms of PC include acinar cell carcinoma, mucinous cystic neoplasms, and pancreatic neuroendocrine tumors, each differing in cellular origin, biological behavior, and clinical course. PDAC is particularly aggressive, characterized by rapid progression, late diagnosis, and a poor prognosis, with a five-year survival rate of less than 10%. While PC as a whole includes tumors with varying degrees of malignancy and outcomes, PDAC is generally the most lethal and commonly referred to in clinical discussions and research due to its overwhelming predominance and clinical significance.
Malignant pancreatic tumors can have a variety of histological features, including: (1) Ductal adenocarcinoma; (2) Cystadenocarcinoma; and (3) Other malignant tumors (sarcomas, metastatic, etc.)[3]. PDAC is preceded by cystic lesions such as intraductal papillary mucinous neoplasm (IPMN), intraductal tubulopapillary neoplasm and mucinous cystic neoplasm, while pancreatic intraepithelial neoplasia is a non-cystic lesion. Radiological techniques are used to identify cystic lesions clinically, whereas pancreatic intraepithelial neoplasia are found under a microscope in tissues following pancreatic resection or biopsy[4]. There are several different types of IPMN, ranging from benign to malignant, and it is a precursor lesion for PC. Several cancers have been connected to increased systemic inflammation. Cancer-related inflammation is thought to contribute to the development of malignancy by providing growth factors, promoting angiogenesis and invasion, and inhibiting antitumor activity by altering the immune cell population[5].
The global incidence of PC is projected to increase; however, the rate of this rise varies across countries, with some nations exhibiting a decelerating or declining trend in incidence[6]. PDAC accounts for 90%-95% of all PC cases reported worldwide, making it the fourth most lethal kind of cancer[7]. PC currently ranks as the third leading cause of cancer-related mortality in the United States, with approximately 62200 new diagnoses and 48800 deaths reported annually. Among pancreatic malignancies, PDACs represent nearly 90% of cases[8]. In several Asia-Pacific countries, including Armenia, Japan, Kazakhstan, New Zealand, Australia, and South Korea, PC is associated with notably high mortality rates. Conversely, in other nations such as China, mortality due to PC is on an upward trajectory, suggesting that peak death rates may be observed in the coming years[9].
Countries with a high human development index consistently report higher incidence, prevalence, and mortality rates associated with PC. This pattern is similarly observed across the Asia-Pacific region, where nations with elevated human development index levels demonstrate a greater burden of disease. The rising incidence in the Asia-Pacific population is attributed in part to increased life expectancy and ongoing socioeconomic development. However, in many low- and middle-income countries within the region, limited cancer registry infrastructure contributes to significant underreporting of PC cases[10].
By 2040, the global prevalence of PC is expected to rise, with projections indicating a higher susceptibility among women. When accounting for percentage changes, regions characterized by lower socioeconomic status are predicted to bear a disproportionately greater burden of PC compared to more affluent areas[11].
PC incidence and death rates were expected to increase dramatically in the next years, according to GLOBOCAN 2020 statistics[12]. The estimates, encompassing 36 cancer types by sex and age across 185 countries and territories, are derived from the most reliable local data sources available - primarily population-based cancer registries for incidence data and national vital statistics for mortality. As reported in the most recent GLOBOCAN estimates, PC is associated with one of the lowest survival rates among all malignancies and currently ranks as the sixth leading cause of cancer-related mortality worldwide[13,14]. Less than 5% of PC patients, of both sexes, survive for five years[15]. Between 2009 and 2018, the incidence of PC has risen across all ethnic groups and in both sexes. The disease disproportionately affects minority populations, males, and individuals residing in rural areas. Furthermore, the incidence is notably higher among older adults, indicating an elevated risk within this demographic group[16]. A marked disparity in PC survival rates exists between rural and urban areas, which may be attributed to variations in healthcare infrastructure, differences in stage at diagnosis, and underlying socioeconomic and lifestyle-related factors[17]. Notwithstanding significant progress in the biology of cancer, PC incidence and mortality rates are still rising yearly[18].
Cytokines, which are low-molecular-weight proteins involved in regulating various biological functions such as immune response, inflammation, metabolism, cell proliferation, and differentiation, play a dual role in cancer biology. In addition to exerting direct effects on cancer cells, they actively modulate the tumor microenvironment (TME). Several cytokines have a critical impact on both cancer progression and the processes underlying cancer immunoediting[19].
PC, particularly PDAC, is a highly lethal malignancy. Its development and progression are driven by a combination of genetic mutations, epigenetic alterations, TME changes, and inflammatory signaling. In addition to innate and adaptive immune cells, interleukins (ILs) and related cytokines serve as a conduit for communication between non-immune cells and tissues. As a result, ILs are crucial for the development, progression, and control of cancer. These ILs properties can be utilized to improve immunotherapies to boost their effectiveness and lessen their side effects[20,21]. For many years, the link between inflammation and cancer has been recognized due to strong connections between carcinogenesis and chronic inflammatory illnesses[22].
In PC, inflammation is characterized by complex interactions among immune cells, inflammatory cells, cytokines, and chemokines. Both cancer cells and the surrounding stromal and inflammatory components contribute to the development of an inflammatory TME. Inflammation is intricately linked to immune function, with immune cells playing dual roles in mediating both inflammatory processes and immune responses. TME is defined by two predominant features: Tumor-promoting inflammation and tumor-suppressive immunity in PC[23].
The TME in PC comprises a diverse array of cell types and intricate signaling pathways that collectively facilitate tumor progression. A central component of this unique microenvironment is the symbiotic interaction between PC cells and pancreatic stellate cells (PSCs), which plays a pivotal role in shaping the TME. Pancreatic stellate cells contribute to several malignancy-associated processes, including resistance to apoptosis, enhanced invasion and metastasis, angiogenesis, and the establishment of an immunosuppressive milieu. Current therapeutic strategies predominantly target cancer cells, despite these cells constituting only a small fraction of the tumor mass. Increasing evidence underscores the importance of focusing research efforts on the cellular interactions within the TME, particularly during the early stages of tumorigenesis, to enable the development of more effective and comprehensive treatment approaches[24].
PDAC represents the most aggressive subtype of PC, characterized by extensive inflammation and desmoplasia. These features contribute to a hypoxic microenvironment, metabolic reprogramming, and immune suppression, all of which facilitate tumor progression and metastasis. A major barrier to effective treatment is the limited ability of current therapies to penetrate the dense and fibrotic stromal microenvironment. This stroma comprises a heterogeneous assembly of cancer cells, immune cells, cancer-associated fibroblasts (CAFs), vascular endothelial cells, and neuronal elements. Emerging evidence highlights that the dynamic interactions among these cellular components can exert both tumor-promoting and tumor-suppressive effects. The role of inflamed stroma in immune evasion, disease progression, metastasis, and resistance to therapy is likely influenced by the stage of tumor development and the biophysical characteristics of distinct tumor micro-niches. A deeper understanding of the stromal mechanisms driving tumorigenesis may reveal critical therapeutic windows, paving the way for the development of effective multimodal treatment strategies for PC[25]. The clinical translation of biomarkers in PC focuses on moving promising biomarkers from research laboratories to real-world clinical applications, such as early detection, diagnosis, prognosis, and treatment response prediction.

[bookmark: OLE_LINK13301][bookmark: OLE_LINK13302]METHODOLOGYS
Various studies have reported the relationship between inflammation and PC. This review article provided a comprehensive summary of the roles of erythrocyte sedimentation rate (ESR), plasma viscosity, procalcitonin (PCT), calprotectin (CP), haptoglobin (Hp or Hpt), serum amyloid A (SAA), ferritin, and fibrinogen (Fib) in the pathophysiological mechanisms underlying PC. To conduct this literature review, multiple databases such as Google Scholar, PubMed, and Science Direct were utilized. The search process was concluded on May 01, 2025. Various keywords, including PC, PDACs, inflammatory biomarkers, Fib, and pathogenesis and therapeutic approaches were employed. It should be noted that the clinical investigations were limited to articles published in English. While the focus was on more recent studies, no specific time limit was set. Furthermore, the reference lists of relevant articles were examined, leading to the discovery of additional related articles for comparison.

PATHOGENESIS OF INFLAMMATORY BIOMARKERS IN PC
Inflammation plays a pivotal role in the pathogenesis of various cancer types. It is believed to influence tumor initiation and progression through multiple mechanistic pathways, including the increased formation of DNA adducts, promotion of angiogenesis, and disruption of apoptotic signaling pathways[26].
Inflammation plays a critical role in the initiation, progression, and metastasis of PC. Several established risk factors, including alcohol consumption, tobacco use, diabetes, and chronic pancreatitis, are strongly associated with the development of chronic inflammatory conditions that contribute to pancreatic carcinogenesis. In murine models, oncogenic K-ras activation promotes spontaneous infiltration of immune cells, but additional chronic inflammatory damage accelerates tumor development. In PC, infiltrating immune cells produce immunosuppressive signals that inhibit antitumor T-cell responses, thereby facilitating tumor growth and progression. Understanding the mechanisms by which leukocytes contribute to PC pathogenesis is essential for developing novel therapeutic strategies[27].
Inflammatory infiltration within the TME of PDAC plays a significant role in tumor growth and metastasis. Both systemic and localized chronic inflammation have been implicated as risk factors for PDAC development. Given the overlapping roles of immune cell populations in inflammation and immune responses, these processes are closely interconnected. The PDAC microenvironment is characterized by an immunosuppressive profile, with an increased presence of myeloid-derived suppressor cells (MDSCs), M2-polarized macrophages, and regulatory T cells (Tregs), while M1 macrophages, dendritic cells (DCs), and effector CD4+ and CD8+ T lymphocytes are less prevalent. This immunosuppressive environment is primarily driven by soluble and exosome-associated cytokines, although direct, contact-dependent interactions between inflammatory and cancer cells also contribute. Among these factors, tumor necrosis factor-alpha (TNF-α) plays a pivotal role in promoting cancer risk, tumor progression, and cancer-associated cachexia[28].
Inflammation has been identified as a critical factor in the development and progression of various solid tumors, including PC. Both spontaneous and hereditary forms of chronic pancreatitis are associated with an increased risk of pancreatic malignancy. The inflammatory response contributes to increased cellular proliferation and genomic instability, thereby promoting the malignant transformation of pancreatic cells. Reactive oxygen species (ROS), cytokines, and inflammatory signaling mediators such as nuclear factor kappa B (NF-κB) and cyclooxygenase-2 (COX-2) play pivotal roles by enhancing cell cycle progression, suppressing tumor suppressor functions, and driving oncogene activation. Therapeutic strategies targeting inflammation, including anti-cytokine vaccines, thiazolidinediones, antioxidants, and inhibitors of NF-κB and COX-2, may hold promise for the prevention or treatment of PC. Advancing research on the molecular pathways linking pancreatic inflammation and carcinogenesis may yield novel anti-inflammatory agents or alternative approaches for early cancer detection and prevention. Pancreatic inflammation, driven by cytokines, ROS, and pro-inflammatory pathways, is considered a key contributor to the early onset of PC[29].
Tumor cells and associated stromal cells (e.g., CAFs, macrophages) secrete pro-inflammatory cytokines, including IL-6, which stimulate hepatic synthesis of acute-phase proteins like C-reactive protein (CRP). Tumor-associated macrophages and MDSCs within the TME produce IL-6. IL-6, in turn, drives the systemic acute-phase response, elevating CRP levels and promoting tumor-associated inflammation. Inflammation is recognized as a key contributor to carcinogenesis, mediated in part by pro-inflammatory markers such as IL-6 and CRP[30].
Additionally, the K-ras mutation represents a critical genetic event in the development of PC. This study aimed to evaluate and compare serum levels of IL-6 and CRP among patients with PDAC, chronic pancreatitis, and healthy controls (HCs), and to investigate potential associations between these inflammatory markers and disease status, overall survival (OS), and K-ras mutation status in PDAC patients[30]. The study cohort comprised 135 PDAC patients, 25 individuals with chronic pancreatitis, and 25 HCs. Serum IL-6 and CRP levels were quantified using enzyme-linked immunosorbent assay, while K-ras mutations were detected through polymerase chain reaction-restriction fragment length polymorphism analysis. Serum levels of both IL-6 and CRP were significantly elevated in PDAC patients compared to HCs[30].
Elevated IL-6 and CRP levels were associated with more advanced disease features, including locally advanced tumors, lymphatic invasion, distant metastasis, and higher tumor stage. Among patients with unresectable PDAC, increased IL-6 Levels correlated with the presence of K-ras mutations. These findings suggest that IL-6 and CRP may play key roles in PDAC progression, with elevated levels reflecting more aggressive tumor behavior. Moreover, the observed association between IL-6 and K-ras mutations implies potential molecular cross-talk contributing to the pathogenesis and advancement of PDAC[30].
In PC, elevated CRP and IL-6 levels are driven by tumor-derived and immune cell-mediated inflammation, activation of oncogenic signaling pathways, tissue necrosis, and systemic metabolic alterations. These biomarkers not only reflect disease burden but may also actively contribute to cancer progression and poor clinical outcomes. The primary limitation of this study is that it focused on a limited subset of cytokines, whereas multiple cytokines are known to play roles in inflammation and tumorigenesis. A broader cytokine profile analysis is necessary to achieve a more comprehensive understanding of their involvement in disease progression. Nevertheless, the findings indicate that elevated serum IL-6 levels are associated with more aggressive disease phenotypes and the presence of K-ras mutations in patients with unresectable PDAC[30].
Smoking, excessive body fat, chronic pancreatitis, and long-term diabetes are known risk factors for PC and are all characterized by elements of inflammatory processes. Prospective research on the association between inflammatory indicators and the risk of PC is, however, lacking. The risk of PC was not substantially correlated with any of the inflammatory markers, however, there was a marginally significant correlation between increased circulating soluble tumor necrosis factor-receptor 2 (sTNF-R2). However, in women, there was a significant correlation between elevated levels of sTNF-R1 and the risk of PC[31].
A greater body mass index and diabetes appeared to be associated with an increased risk for sTNF-R2. CRP and IL-6 do not appear to play a part in prospective analysis of PC risk, whereas sTNF-R1 appeared to be a risk factor in women and sTNF-R2 may operate as a mediator in the association between PC risk and overweight and diabetes. Proinflammatory proteins and cytokines’ significance in the pathophysiology of exocrine PC need more extensive prospective research[31].
Another study examined correlations between PC risk and common pre-diagnostic blood indicators of chronic inflammation (CRP, albumin, Hp, and leukocytes) in the Swedish Apolipoprotein-related MORtality RISk prospective cohort research. Serum levels of Hp, CRP, and leukocytes before diagnosis were linked to an increased risk of PC. Findings underscore the need to further explore this link and point to a potential involvement of chronic inflammation in the etiology of PC[32].
Inflammatory characteristics are believed to accelerate the growth of tumors, resulting in a worse median OS. Numerous minor investigations have concentrated on a broad spectrum of prognostic markers based on inflammation. The neutrophil to lymphocyte ratio (NLR), platelet to lymphocyte ratio (PLR), lymphocyte to monocyte ratio (LMR), and CRP to albumin ratio were among the inflammatory markers that were assessed using adequate data from 1294 out of 2323 patients who were diagnosed with PC at cancer centre between 2009 and 2021. The inflammatory benchmark index (IBI), a new composite score, was discovered. Advanced age, gender, tumor stage, cancer antigen 19-9 (CA19-9), NLR, LMR, PLR, CRP to albumin ratio, and IBI were shown to be prognostic indicators in univariate statistical analyses. Independent prognostic indicators in multivariate analyses included advanced age, gender, tumor stage, CA19-9, NLR, LMR, CRP to albumin ratio, and IBI. In addition to offering clinicians readily accessible predictive indicators and highlighting the role of inflammation in PC, these findings might also serve as helpful stratification criteria for studies that target patient inflammation or immune response[33].
PC is very difficult to diagnose early due to the absence of sensitive liquid biopsy techniques and reliable biomarkers. The authors tried to see if circulating inflammatory markers might also be used to diagnose PC in its early stages in addition to CA19-9. PC patients had considerably greater levels of circulating Fib, neutrophils, and monocytes, whereas their circulating albumin, prealbumin, lymphocytes, and platelets were significantly lower than those of HCs and other pancreatic tumors (OPT) patients. Patients with PC had significantly higher ratios of Fib to albumin (FAR), Fib to prealbumin (FPR), NLR, PLR, monocyte to lymphocyte (MLR), and Fib to lymphocyte (FLR) than patients with HC and OPT, and their prognostic nutrition index values (PNI) were lower[34].
Using the FAR, FPR, and FLR in conjunction with CA19-9 demonstrated the greatest diagnostic value in the training sets for separating individuals with early-stage PC from HC [area under the curve (AUC)] of 0.964 and early-stage PC from OPT (AUC of 0.924). When comparing patients with pancreatic head cancer and other pancreatic head tumors, the AUC was 0.915 for the combination of CA19-9, FAR, FPR, and FLR. When comparing patients with pancreatic body and tail cancer and other pancreatic body and tail tumors, the AUC was 0.894. To distinguish early-stage PC from HC and OPT, particularly early-stage pancreatic head cancer, a combination of FAR, FPR, FLR, and CA19-9 may be a useful non-invasive biomarker[34].
In addition to causing invasion and metastatic spread, inflammation accelerates tumor growth. CRP, CA19-9, and standard laboratory values were investigated in this retrospective analysis as preoperative predictive variables in patients with PC. Patients with CRP and CA19-9 levels below the cut-off values at 5 years were 45% disease-free and 49% alive. The equivalent survival rates for patients with neoadjuvant therapy were 52% and 45%, and for those having surgery upfront, they were 45% and 40%, respectively. This new prognostic score, which combines CA19-9 and CRP, is a helpful preoperative tool for predicting survival[35].
Before receiving first- and second-line palliative chemotherapy for patients with unresectable PC, there are few unequivocal indicators available for predicting prognosis. To determine the most effective prognostic inflammatory marker, it examined the correlations between six inflammatory markers and OS: Glasgow prognostic score, PNI, platelet-lymphocyte ratio, neutrophil-lymphocyte ratio, prognostic index, and CRP/albumin ratio. Higher CRP/albumin ratio patients had a worse OS than first-line patients with lower CRP/albumin ratio. Moreover, OS was better for patients with lower CRP/albumin ratio before second-line treatment than for those with greater CRP/albumin ratio. Consequently, CRP/albumin ratio may be a valuable biomarker for unresectable PC patient prognosis prediction in both first- and second-line treatment[36].
In summary, prediagnostic levels of circulating TNF-αR2, IL-6, and CRP were not linked to the risk of PC, indicating that systemic inflammation as indicated by circulating inflammatory components is unlikely to be a significant contributor to the development of PC[37].
Investigating the predictive importance of NLR, PLR, CRP, and CA19-9 in patients with PDAC was the goal of another study to better validate pre-operative risk classification and therapy. Individuals with radiographic lymph node metastases had statistically significantly higher levels of both CRP and CA19-9 than individuals without disease. In metastatic disease, NLR and CA19-9 levels were likewise elevated. It discovered a negative link between the survival time and the CRP and neutrophil count in every patient. Simple, reproducible, affordable, and widely accessible markers, preoperative CRP, CA19-9, and NLR can provide data on the survival and metastasis of solid organs and lymph nodes, provide prognostic hints, and aid in the clinical staging of PDAC patients[38].
[bookmark: OLE_LINK13306][bookmark: OLE_LINK13307][bookmark: OLE_LINK13308]Shadhu and Xi[39], in 2019, explain inflammation markers such as NF-κB, IL-6, toll-like receptors, transforming growth factor β (TGF-β), TNF-α, IL-1-α, IL-4, IL-8, IL-1β, COX-2, serine protease inhibitor Kazal type-1 gene, ROS, C-X-C motif chemokine ligand 12. This article provided a comprehensive summary of the roles of ESR, plasma viscosity, PCT, CP, Hp, SAA, ferritin, and Fib in the pathophysiological mechanisms underlying PC as explained in Figures 1, 2, 3, and -4. The Circulating levels of inflammatory biomarkers in the pathogenesis of PC are explained in Figure 1.

ESR
The ESR, also known as the sed rate, is a commonly utilized hematological test that provides a non-specific indicator of systemic inflammation. It measures the rate at which erythrocytes settle in a column of anticoagulated whole blood under standardized conditions over one hour. Changes in blood composition, especially the presence of acute-phase reactants, are reflected in the ESR, which is an indirect indicator of systemic inflammation. Cytokine signaling, particularly that of IL-6, TNF-α, and IL-1, is the main cause of its rise. Hepatocytes are stimulated to create acute-phase proteins such as Fib, CRP, and SAA[40].
By encouraging the production of rouleaux and changing the surface charge and aggregation characteristics of erythrocytes, these proteins hasten the sedimentation of red blood cells. Immunomodulatory processes also affect ESR because persistent infection or inflammation increases immune cell activation and inflammatory mediator production, maintaining the acute-phase response. It is a clinical biomarker used to detect and monitor systemic inflammatory activity associated with various pathological conditions, including autoimmune disorders, infections, and malignancies. In a reported case, a 63-year-old male presented with a two-month history of fatigue, nocturnal sweating, and persistent daily fevers. Laboratory findings demonstrated elevated serum CRP levels, increased ESR, and leukocytosis. Imaging via computed tomography revealed the presence of a tumor situated between the duodenum and the pancreatic head[41]. ESR is a helpful, although generic, indicator of continuing inflammatory or immunological processes because it captures the physiologic interaction between immune activation and hepatic protein synthesis, despite its lack of specificity.

Plasma viscosity
Systemic inflammation causes an increase in plasma viscosity, a measure of the fluid’s resistance to flow that reflects changes in the concentration and make-up of plasma proteins, especially acute-phase reactants. IL-6, IL-1, and TNF-α are examples of inflammatory cytokines that cause the liver to create more Fib, immunoglobulins, and other acute-phase proteins, which thicken and make plasma stickier. In addition to directly influencing viscosity, these proteins also have an impact on immunological and vascular reactions. Elevated plasma viscosity is therefore a result of cytokine-driven hepatic protein synthesis and reflects the body’s immune-modulatory response to inflammation, infection, or malignancy. While less commonly used than other inflammatory markers like CRP or ESR, plasma viscosity provides a sensitive and stable indicator of chronic inflammatory states[42].
Plasma viscosity is a hematological parameter used to assess blood thickness, which can provide insights into inflammatory processes. Inflammatory responses increase plasma protein levels, leading to elevated blood viscosity. PDAC remains one of the most lethal malignancies, largely due to the presence of a dense fibrotic stroma generated by tumor-associated stromal (TAS) cells, which supports tumor cell survival and impedes therapeutic efficacy. In this study, the authors developed a three-dimensional in vitro model that replicates the mechanical characteristics of the PDAC TME, offering a valuable platform for investigating disease pathophysiology. Using mesoscale indentation techniques, viscoelastic properties - specifically Steady-State Modulus and viscosity were quantified across resected PDAC tumors, chronically inflamed chronic pancreatitis regions, and histologically normal pancreatic tissue. Both tumors and pancreatitis exhibit elevated Steady-State Modulus values compared to normal tissue, indicating increased stiffness[43].
Notably, pancreatitis samples demonstrated significantly lower viscosity relative to both normal and tumor tissues. To recapitulate these biomechanical alterations in vitro, PDAC and TAS cells were isolated from patient tumors, and TAS cells were cultured within collagen hydrogels supplemented with PDAC cell-conditioned medium. After seven days, TAS-laden hydrogels cultured in a control medium exhibited mechanical properties similar to those of normal pancreatic tissue, whereas those exposed to a conditioned medium developed increased stiffness, mirroring tumor-like mechanical behaviour. Collectively, these findings establish a physiologically relevant in vitro model that emulates the in vivo stiffening observed in PDAC and highlights the potential of incorporating viscosity parameters into elastography techniques to improve the diagnostic distinction between between pancreatic cancer and pancreatitis[43].

PCT
PCT is a 14.5 kDa peptide consisting of 116 amino acids. It is composed of three parts: Calcitonin carboxyl-terminus peptide 1, sometimes referred to as katacalcin (21 amino acids), immature calcitonin (33 amino acids), and the amino terminus (57 amino acids). It reported the first instance in which closely monitored the shift in the serum PCT level and lesion size in a patient with PCT-secreting metastatic PanNET (G2). Following therapy, the patient’s pancreatic bulk and many liver lesions decreased, and their serum PCT level significantly dropped as well. However, more research is required to determine if PCT alterations and the clinical course of PanNET patients are related[44]. Similar processes create acute phase proteins such as CRP and PCT. One of the main sources of PCT production seems to be the liver. PCT might therefore be regarded as an acute phase protein. PCT’s apparent diagnostic capacity to distinguish bacterial infection from other sources of inflammation may be explained by its distinct kinetics rather than a radically different afferent route[45].

Calprotectin
Approximately 60% of the soluble cytosol proteins in human neutrophil granulocytes are composed of CP, a 36-kDa protein that binds calcium and zinc. As dietary practices became more Westernized globally, the prevalence of inflammatory bowel disorders increased. Both Crohn’s disease and ulcerative colitis are long-term, crippling illnesses that affect people with significant morbidity and pose problems for healthcare systems worldwide. Since CP was discovered and described in the 1980s, fecal CP has become a very reliable, non-invasive biomarker for assessing intestinal inflammation. Faecal CP depicts the progression of human inflammatory bowel disorders and distinguishes between inflammatory and non-inflammatory gut disorders. The biological roles of the CP subunits S100A8 and S100A9 during the coordination of an inflammatory response at mucosal surfaces throughout organ systems have been clarified by recent research[46].
Inflammation and disease management in PDAC are closely related. Recent findings have identified damaged-associated molecular patterns in PDAC tissue, which are known to trigger inflammation in the innate immune system. One damaged-associated molecular pattern known to be a possible mediator of the disease control process in a variety of cancers is CP. The effects of circulating CP on disease control in patients receiving first-line treatment for advanced PDAC are examined. During first-line treatment for advanced PDAC, the disease control rate (DCR) was linked to a drop in the amount of circulating CP. In advanced PDAC, the innate immune system contributes to the effectiveness of chemotherapy[47].
There are data available for individuals with pancreatic illnesses, however fecal CP determination is helpful in the diagnosis of certain inflammatory gastrointestinal disorders. Assessing fecal CP determined whether intestinal inflammation was present in pancreatic disease patients. Low fecal elastase-1 concentration was the only variable independently linked to a high fecal CP concentration, according to the multivariate analysis, while the presence of diarrhoea and low fecal elastase-1 concentration were significantly associated with abnormally high fecal CP concentration in univariate analyses. The intestinal ecology may be altered by pancreatic insufficiency, which might lead to intestinal inflammation[48].
Current biomarkers for PCs have low sensitivity and specificity, and the surgical excision of these tumors is linked to substantial morbidity and death. Since serum levels of CP and calgranulin C are potential biomarkers of some cancers and major surgery complications, the current study examined the levels of both proteins in patients who had surgically removed benign and malignant pancreatic tumors. In comparison to the HCs, patients with malignant and benign tumors had substantially greater baseline blood levels of CP and calgranulin C. Benign tumor patients had considerably greater blood levels of both proteins than individuals with malignant tumors[49].
Following surgery, CP and calgranulin C blood levels were considerably higher than baseline, and this increase lasted for the duration of the seven-day follow-up period. Interestingly, the blood levels of both proteins were considerably greater in the 37 patients who developed postoperative pancreatic fistulas (POPFs) than in the patients who recovered without any problems from the first day of the postoperative period. Furthermore, the serum levels of CP and calgranulin C showed a strong predictive value for the onset of POPF; these two proteins’ predictive values outperformed those of the white blood cell count and the serum level of CRP. The findings imply that serum levels of CP and calgranulin C may be biomarkers for pancreatic tumors, surgical damage to the pancreatic tissue, and the emergence of POPFs[49].

Hp
To eliminate the hemoglobin that is outside of your red blood cells, your liver produces a protein called Hp or Hpt. Oxygen is transported from your lungs to the rest of your body by the protein hemoglobin, which is found in red blood cells. IL-6-type cytokines and other inflammatory mediators greatly stimulate the hepatic production of Hp, a member of the evolutionarily conserved group of acute phase plasma proteins (APPs). Whether in connection with infections or a disease state like cancer, the function of inflammatory mediators in guiding host immune activity is increasingly being researched. It is unclear how these mediators’ downstream targets, the APPs, contribute to this tightly controlled immune response. The idea that Hp may have a regulatory role in immune function stems from the close relationship between inflammation and the cytokine-induced increase of Hp expression, which is known to be essential for immune system regulation. Consistent with plasma Hp’s suggested anti-inflammatory properties during an acute phase reaction[50].
Effective circulating biomarkers for pancreatic adenocarcinoma (PA) are lacking, which hinders timely and accurate diagnosis. The widely used biomarker, CA19-9, cannot be improved by a single test to successfully distinguish PA from benign diseases. To ascertain if the combination of Hp, SAA and CA19-9 would enhance the diagnosis of PA more than CA19-9 alone, the study set out to validate two acute phase proteins, Hp and SAA, as biomarkers for PA. Serum levels of Hp and SAA were considerably higher in PA patients than in HC participants and CP patients[51].
In contrast to individuals with other benign conditions, PA patients’ sera had substantially higher levels of Hp, whereas SAA did not reach significance in the same comparison. AUC = 0.792 for Hp and AUC = 0.691 for SAA were shown to be superior diagnostic markers across a range of threshold cutoffs, according to receiver operating characteristic analysis. When using certain cutoffs to reduce overall misclassification, Hp produced a sensitivity of 82.7% and a specificity of 71.1%, whereas SAA produced a sensitivity of 34.7% and a specificity of 90.2% when separating PA patients from all non-PA controls. The sensitivity and specificity of CA19-9 in the same sample collection were 77.3% and 91.1%, respectively. With a sensitivity of 81.3% and a specificity of 95.5%, the panel diagnostic screen that included data from Hp, SAA, and CA19-9 outperformed CA19-9 alone in terms of overall accuracy. In a panel diagnostic screen, these findings show that Hp and SAA help differentiate PA from benign diseases and HCs. For a more accurate diagnosis of PA, this study advocates using a combination of biomarkers[51].
Certain malignant transformations have been shown to alter oligosaccharide structures; as a result, these changes may serve as tumor markers for specific cancer types. The conditioned medium of the PC cell lines includes several fucosylated proteins. Using Aleuria aurantica lectin, which is specific for fucosylated structures, it conducted western blot analysis to find fucosylated proteins in the serum of patients with PC[52].
PC was discovered to have a highly fucosylated protein of about 40 kD, which an N-terminal analysis identified as the beta chain of Hp. Although other illnesses such as hepatocellular carcinoma, liver cirrhosis, gastric cancer, and colon cancer have been shown to have fucosylated-Hp (Fuc-Hpt), the prevalence of PC was noticeably greater. When PC reached an advanced stage, Fuc-Hpt was more commonly seen; following surgery, it vanished. Alpha 1-3/alpha 1-4/alpha 1-6 fucosylation of Hp was shown to be elevated in PC, according to a mass spectrometry study of Hp that was separated from the blood of individuals with the disease and the medium from a PC cell line, PSN-1[52].
Hp secretion was significantly elevated when the conditioned medium from PC cells was used to cultivate the Hep3B hepatoma cell line. These results imply that Fuc-Hpt may be a new PC marker. There were two potential outcomes for the fucosylation of Hp. Two theories exist: First, PC cells themselves create Fuc-Hpt; second, PC produces a factor that causes the liver to make Fuc-Hpt[52].
Fucosylation is a crucial glycosylation implicated in inflammation and cancer. Numerous investigations have shown that a range of cancer patients had markedly elevated blood levels of Fuc-Hpt. Three distinct phenotypes of Hp have been identified based on its genetic background: Hpt1-1, Hpt2-1, and Hpt2-2. The occurrence of several human illnesses is linked to the normal levels of serum Hpt, which vary depending on the Hpt phenotype. Here, it used two types of enzyme-linked immunosorbent assay (ELISA) to examine the impact of Hpt phenotype on measured Fuc-Hpt. Remarkably, for both ELISA types, it was discovered that serum Fuc-Hpt levels were much lower in the Hpt1-1 phenotype. In patients with PC, it found that serum Fuc-Hpt levels were considerably elevated for Hpt2-1 and Hpt2-2. The findings suggest that the Hpt phenotype is essential for the therapeutic use of Fuc-Hpt as a cancer diagnostic[53].
The glyco-biomarker of PC Fuc-Hpt is well-established. A new anti-glycan antibody [10-7G monoclonal antibody (mAb)] that selectively detects Fuc-Hpts, such as proHpt, was recently developed by us. Patients with PC had higher serum concentrations of the 10-7G value, as determined by ELISA, than did HCs. Which particular tissue or cell type creates proHpt, or Fuc-Hpts, is yet unclear, nevertheless. It used 10-7G mAb to perform immunohistochemistry (IHC) and ELISA studies on tissue samples from PC in this investigation[54].
One pancreatic tissue segment out of twenty-one had direct 10-7G mAb staining of pancreatic cells. On the other hand, 12 out of 21 sections showed positive immune cell staining. Serum 10-7G median value was somewhat higher in IHC-positive patients, but there was no significant difference in 10-7G expression between the positive and negative staining IHC groups. The greatest amounts of proHpt were detected by Western blot using 10-7G mAb in differentiated THP-1 cells (a human acute monocytic leukaemia cell line), a human acute monocytic leukaemia cell line, out of all the leukemic cell lines that were tested. Remarkably, either hypoxic circumstances or IL-6 therapy resulted in a significant increase in proHpt synthesis in vitro. The findings indicate that immune cells, particularly macrophages, within the pancreatic tissue microenvironment are a source of Fuc-Hpt and its precursor form, proHpt. These fucosylated variants are specifically recognized by the 10-7G mAb, suggesting their potential utility as biomarkers for the detection of PC[54].
A mass spectrometric technique was created to use fucosylated glycans as possible indicators for PC and to clarify the N-glycan structures of serum glycoproteins. To compare the N-glycans from the blood of 16 patients with PC with those from 15 people with benign conditions - five normals, five with CP, and five with type II diabetes - this technique was used to measure Hp in human serum. A mAb was utilized to extract Hp from just 10 μL of serum, and desialylated N-glycans were subjected to quantitative permethylation before MALDI-QIT-TOF MS analysis[55].
Eight desialylated N-glycan structures of Hp were found, and PC samples were the first to describe a bifucosylated triantennary structure. Samples from PC had higher levels of core and antennary fucosylation than samples from benign circumstances. A substantial difference was found between the benign conditions examined and patients with PC at all stages, according to the estimated fucosylation degree indexes. According to this study, a blood test based on mass spectrometric analysis of Hp fucosylation patterns might be a novel way to diagnose PC[55]. The overall summary of Hp causes in pathogenesis in PC is shown in Figure 2.

SAA
SAA, an acute-phase reactant, plays a significant role in both acute and chronic inflammatory processes and is widely utilized in clinical laboratories as a biomarker of inflammation. Although both SAA and CRP are commonly used acute-phase proteins, SAA demonstrates superior diagnostic sensitivity in specific clinical scenarios, including viral infections, severe acute pancreatitis, and renal transplant rejection. Its utility is particularly notable in immunocompromised patients, individuals with cystic fibrosis receiving corticosteroid therapy, and preterm neonates with late-onset sepsis. However, for broader inflammatory and infectious conditions, particularly bacterial infections, the combined use of SAA with other APPs such as CRP and PCT enhances diagnostic sensitivity and provides a more comprehensive assessment of the inflammatory status. This integrative approach can better inform clinical decisions, particularly regarding antibiotic management. Despite its promise, the diagnostic implications of various SAA isotypes remain incompletely understood due to the limited availability of clinically validated data, as current knowledge is largely based on experimental studies. Moreover, existing A-SAA assays, which utilize polyclonal antibodies, lack isotype specificity and may cross-react with multiple inflammatory conditions. Consequently, in clinical practice, SAA measurement is often interpreted alongside other biomarkers to improve diagnostic accuracy and clinical utility[56].
SAA is a major acute-phase protein produced predominantly by the liver in response to pro-inflammatory cytokines, particularly IL-6, IL-1β, and TNF-α. Persistently elevated SAA levels, especially in chronic inflammatory diseases, can lead to secondary amyloidosis, where misfolded SAA fragments deposit as amyloid fibrils in organs, disrupting normal function. Thus, SAA is both a marker and mediator of inflammation, linking cytokine signaling, acute-phase protein synthesis, and immune system activation[57]. SAA is an excellent indicator of inflammation in the body and has been shown to rise quickly by up to 1000 times in response to acute inflammation[58]. Several cytokines, such as IL-1, IL-6, and TNF-α, promote the development of SAA, an acute-phase hepatic protein released during acute infections and tissue damage[59]. A higher level of SAA protein is seen in cancer patients at an early stage in a variety of common cancers, including melanoma, lung, ovarian, renal, uterine, and nasopharyngeal cancer[60].
SAA might be a valuable cancer biomarker. Finding a predictive biomarker is crucial to assisting patients with advanced PC (APC) in selecting the best chemotherapy treatments. The purpose of another study was to ascertain if baseline SAA levels were related to treatment response, progression-free survival (PFS), and OS in patients with APC who were receiving chemotherapy. The results of the multivariate analysis demonstrated that SAA was an independent predictor of both OS and PFS. Extended OS and PFS were linked to low SAA. In contrast to patients who received nab-paclitaxel plus gemcitabine (AG) or SOXIRI, those with a low SAA who received modified FOLFIRINOX had longer OS and PFS. There was no significant difference between the three chemotherapy regimens in patients with a high SAA. Because baseline SAA can be easily and quickly analyzed from peripheral blood, it may be a valuable clinical biomarker for patients with APC, both as a prognostic biomarker and as a guide for choosing chemotherapy treatments[61].
The detection and tracking of human PC depend on new biomarkers. Serums obtained from naked mice that had human PC cells transplanted in their pancreas were examined using Surface Enhanced Laser Desorption Ionization mass spectrometry in our earlier work. The amount of SAA was strongly connected with the tumors’ gradual development. Yokoi et al[62] investigated the potential correlation between patient plasma levels of SAA and the stage of PC. SAA levels in the plasma of patients with PC were substantially greater than those of normal volunteers, and they tended to rise as the disease progressed. In particular, the SAA level in stage IV B patients was substantially greater than that of normal volunteers and stage I patients. An immunohistochemical examination of a pancreatic tumor sample showed more SAA expression in the carcinomas’ malignant epithelium and less desmoplastic fibroblast staining. Patients with APC may benefit from SAA as a biomarker[62].
PDAC cells interfere with the immune response and interact with the host system. The host cells produce mediators as a result of this communication, which fosters the expansion of PDAC cells and the development of premetastatic niches. Despite advancements, little is known about the precise processes and contributing elements of immune regulation in the development of PDAC. To create PDAC mouse models (WT-KPCL and KOSAA-KPCL), male C57BL/6 mice aged eight weeks were given intraperitoneal injections of luciferase-expressing KPC cells (KPCL). Phosphate-buffered saline was given to the control groups, KOSAA and WT. As the tumor grew, KPCL mice lost a lot of weight and developed skeletal muscle and adipose tissue loss, which is a marker of PC[63].
According to a comparative analysis, tumor mice had 86 upregulated and 35 downregulated circulating proteins out of 734 total. It was shown that the most highly expressed proteins in tumor mice’s plasma were SAA 1 and 2, which were remarkably 1024 times more plentiful than in controls. It assessed SAA1, 2, and 3 expressions in adipose tissue, liver, muscle, and tumor to identify the primary source of SAA in tumor animals. It is noteworthy that in WT-KPCL, adipose tissue contributed significantly to SAA levels. However, it could not find SAA expression in the KOSAA-KPCL tumor tissue, suggesting that KPCL cells are a very small source of SAA. It investigated the function of SAA in PDAC cell proliferation in vivo since we were intrigued by these results. SAA-KO mice (KOSAA-KPCL) and controls (WT-KPCL) were given injections of luciferase-expressing KPCL. Interestingly, bioluminescence imaging showed that the pancreas of rats lacking SAA had a sharp increase in KPCL. A considerably greater risk of liver metastases - 62.5% higher in KOSAA-KPCL than in WT-KPCL - supported this[63].
The protein SAA binds retinol, and retinoic acid is essential for the immune system. In the tumor tissue separated from KOSAA-KPCL, it observed a substantial drop in CD8 expression, together with a lower quantity of retinoic acid in the plasma of KOSAA-KPCL animals. These findings imply that during PDAC cell development, SAA regulates the immune response. Through immunological regulation, adipose tissue is probably a key source of SAA, and its absence promotes the proliferation and metastasis of PDAC cells. These results imply that SAA may be used therapeutically to treat PC[63].
PDAC is characterized by a dense desmoplastic stroma, predominantly composed of CAFs, which are known to contribute to tumor progression, therapeutic resistance, and immunosuppressive mechanisms. In this study, the transcriptional profiles of platelet-derived growth factor receptor alpha-positive CAFs isolated from genetically engineered mouse models of PDAC were compared to those of normal pancreatic fibroblasts to identify genes associated with their tumor-promoting functions[64].
The analysis revealed Saa3, a member of the SAA apolipoprotein family, as the most differentially expressed gene and a central mediator of the tumor-supportive activity of platelet-derived growth factor receptor alpha-positive CAFs. Functionally, Saa3-proficient CAFs enhanced tumor cell growth in orthotopic models, whereas Saa3-deficient CAFs suppressed tumor progression. Saa3 was also found to be critical for the bidirectional interaction between CAFs and tumor cells; deletion of Saa3 in tumor cells rendered them unresponsive to the growth-inhibitory effects of Saa3-null CAFs. Consequently, germline deletion of Saa3 did not impede PDAC development in vivo. The tumor-promoting effects of Saa3 in CAFs were mediated via Mpp6, a member of the palmitoylated membrane protein subfamily within the membrane-associated guanylate kinase family. The translational analysis demonstrated that SAA1, the human ortholog of murine Saa3, is upregulated in CAFs from human PDAC samples and elevated stromal SAA1 expression is associated with poorer patient survival outcomes. These findings suggest that targeted inhibition of SAA1 in CAFs may represent a novel therapeutic strategy for PDAC[64]. The overall summary of SAA causes in pathogenesis in PC is shown in Figure 3.

Ferritin
Ferritin is primarily known as an intracellular iron storage protein, but it also functions as an acute-phase reactant that is upregulated during inflammation. Its expression is strongly induced by pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α as part of the cytokine-mediated acute-phase response[65].
During systemic inflammation or infection, ferritin synthesis increases in hepatocytes and macrophages, leading to elevated serum levels. This response serves a dual purpose: It sequesters iron away from pathogens (limiting microbial growth) and reflects immune-modulatory activity, as ferritin itself can influence immune responses by modulating T-cell activity and suppressing pro-inflammatory cytokine production in some contexts. Elevated ferritin levels are commonly observed in inflammatory conditions, infections, malignancies, and autoimmune diseases, and in severe cases such as macrophage activation syndrome or cytokine storms, it can signal hyperinflammation. Therefore, ferritin serves both as a marker of inflammation and an active participant in immune regulation and iron homeostasis[66].
Although serum ferritin (SF) is another well-known inflammatory measure, it is not clear if it either causes or reflects inflammation or if it is a part of an inflammatory cycle. SF is a sign of cellular damage because it is produced by damaged cells. Although SF is thought to be a harmless protein, it has lost (dumped) the majority of its usual iron complement, which is very hazardous when unliganded[67].
SF is elevated in patients with PC. PC was associated with a significantly higher SF level than controls (P < 0.01), calcifying (P < 0.05), non-calcifying (P < 0.05), and recurrent (P < 0.01) CP. 10 out of 36 patients with CP and 10 out of 26 patients with non-pancreatic illnesses had elevated SF levels, however, whereas 6 out of 22 patients with PC had ferritin levels within the normal range. Despite being often elevated in PC, the findings imply that SF is not a reliable indicator of PC[68].
Ferritin and carcinoembryonic antigen (CEA) were highlighted as clinically beneficial in the detection of PC. CEA was shown to be elevated in 51% of PC patients, as well as aberrant in 31% of extra-pancreatic illnesses and 22% of CP patients. It was discovered that the CEA was higher in people with metastatic PC than in those with localized tumors. With IgG for liver cirrhosis and alkaline phosphatase for extra-pancreatic gastrointestinal cancers, CEA was associated with the participants’ ages in all of the materials. In addition to being elevated in 73% of patients with PC, ferritin was also abnormal in 38% of patients with extra-pancreatic illnesses and 40% of patients with CP[69].
All of the patients with CP who were examined after a relapse had high blood ferritin levels. It may be inferred that because of their low sensitivity and specificity, ferritin and CEA are not reliable indicators of PC. Several variables impact both of them: Ferritin is determined by the presence of acute inflammation and cell necrosis, while CEA is mostly determined by age and liver dysfunction[69].
To examine the various hepatic alterations that impact SF in chronic pancreatic and other digestive disorders, SF, prealbumin, pscudocholinesterase, a-I-antitrypsin, and caeruloplasmin were measured in control subjects and patients with PC, CP, or extra-pancreatic disease primarily of gastrointestinal origin. Comparing extra-pancreatic illness and PC to controls, elevated levels of circulating ferritin were observed. Ferritin was shown to be correlated with the other proteins under investigation as well as with alkaline phosphatase, alanine aminotransferase, and total bilirubin. It concluded that liver alterations, with cholestasis most likely being the main cause, are substantially responsible for the rise in SF in chronic pancreatic and other gastrointestinal disorders[70]. SF may be a useful indicator for predicting the outcome of hypofractionated radiation treatment for PC[71].
Some malignancies, such as breast and pancreatic tumors, have higher blood levels of ferritin, an iron-storing protein. Through iron transport, immunological control, and angiogenesis, ferritin has been demonstrated to contribute to carcinogenesis as well as the proliferation and survival of cancer cells. Ferritin might be a useful biomarker for assessing PC patients’ chances of survival. Patients with increased SF had a worse OS rate when examined continuously. Upon categorical analysis, individuals with greater ferritin levels had a lower OS rate[72].
Ferritin was moving toward significance in multivariate analysis with pretreatment SF, tissue inhibitor of metalloproteinase 1, urokinase-type plasminogen activator (uPA), and vascular endothelial growth factor, whereas tissue inhibitor of metalloproteinase 1 was the sole significant predictive predictor. In a phase III study of metastatic PC, pretreatment SF was associated with a noticeably worse OS. For PC, the pretreatment SF level is a useful prognostic biomarker that should be assessed as a predictor of response to new treatment approaches[72].
Detecting malignant IPMNs is facilitated by elevated SF. One potential diagnostic for detecting cancer in IPMNs is SF[73]. One of the worst conditions without an early warning sign is PC. SF and possible genes that may contribute to ferritin and PC risk were examined to see if they were indicators of PC risk. A set of genes that showed high correlations between ferritin and PC was investigated using an Oncomine database as a platform. Here, it demonstrates that elevated SF levels can signal a risk for PC, pointing to SF as a novel tumor marker that could aid in the detection of PC. Furthermore, it discovered that the expression of ferroptosis genes and iron homeostasis genes are significantly changed with pancreatic tumor grades. This may help explain the differential expression of ferritin linked to the prognosis of PC[74].
The growth and spread of pancreatic tumors are influenced by inflammation linked to cancer. Additionally, current research has linked the inflammatory TME to resistance-inducing and therapeutic response modulation. Another study examined the predictive and prognostic significance of the inflammatory biomarkers SF and CRP in patients with APC. In a categorical analysis, OS was worse for individuals with greater ferritin (> median) or CRP (> 25th percentile). Furthermore, there was no correlation between the two biomarkers, indicating separate production and release processes[75].
However, only individuals with elevated levels of both inflammatory biomarkers showed a substantial decline in OS when patients were assessed based on their ferritin and CRP levels. For individuals with inoperable pancreatic tumors, SF and CRP are independent predictors of a reduced survival time. Furthermore, the assessment of patients using both biomarkers revealed that, while being independent, their prognostic significance represented the overall level of inflammation linked to cancer. Therefore, more research should be done on SF and CRP as clinical indicators[75].

Fib
Fib is a soluble plasma glycoprotein produced by the liver and functions as a key acute-phase protein. Blood clotting, fibrinolysis, cellular and matrix interactions, inflammation, wound healing, and neoplasia are all significant processes in which fibrin and Fib have overlapping functions. Fibrin synthesis itself and the complimentary interactions between certain binding sites on Fib and extrinsic molecules such as proenzymes, clotting factors, enzyme inhibitors, and cell receptors play a major role in regulating these activities. Within the N-terminal E domain, disulfide bridging connects two sets of three polypeptide chains, A alpha, B beta, and gamma, to form Fib[76].
Fib synthesis markedly increased in response to pro-inflammatory cytokines, especially IL-6, as well as IL-1β and TNF-α. As part of the cytokine-driven acute-phase response, Fib plays a dual role in hemostasis and immune modulation. In the coagulation cascade, it is converted to fibrin by thrombin to form blood clots, aiding in tissue repair and limiting pathogen spread. Elevated Fib levels during inflammation increase plasma viscosity and promote erythrocyte aggregation, contributing to raised ESR. Beyond its coagulative role, Fib interacts with immune cells via integrin receptors, facilitating leukocyte adhesion, migration, and cytokine release, thereby enhancing the inflammatory response. It also participates in wound healing and modulates vascular permeability. Thus, Fib is a central mediator linking cytokine signaling, acute-phase protein production, and immune system activation in both inflammatory and thrombotic pathways. Fib caused the creation of the proinflammatory cytokines TNF-α and IL-6 in peripheral blood mononuclear cell (PBMC) in a dose-dependent manner and markedly raised mRNA levels. Both fibrin and Fib were equally successful in encouraging PBMC to produce cytokines. The findings provide evidence that fibrin and Fib may actively regulate inflammation by causing PBMC to produce proinflammatory cytokines[77].
Although there is no unique biomarker for the early detection of PDAC, early detection is crucial since PDAC can be fatal. It previously used matrix-assisted laser desorption/ionization time-of-flight mass spectrometry to identify Fib α chain as a viable biomarker for distinguishing between individuals with and without PDAC. Chung et al[78] confirmed serum Fib’s clinical utility as a PDAC biomarker. There was a substantial difference in mean Fib levels between the PDAC and control groups. When comparing blood Fib levels to distinguish PDAC patients from control patients using receiver operating characteristic analysis, the overall sensitivity and specificity were 67.4% and 83.6%, respectively, using a threshold value of 427 ng/mL. PDAC patients with distant metastases had substantially higher serum Fib levels than those without. Serum Fib levels and carbohydrate antigen 19-9 levels did not correlate well, but when combined, these two indicators improved survival prediction. A potential biomarker for PDAC diagnosis and prognosis prediction is serum Fib levels[78].
Although the FPR, a new immune-nutritional biomarker, has been linked to prognosis in many cancer types, its function in predicting the prognosis of resectable PC remains unclear. The FPR cutoff value of 0.29 was ideal. According to multivariate analysis, the following factors independently predicted OS: Tumor node metastasis stage, CEA, CA19-9, FPR, and managing nutritional status. The five previously mentioned parameters were used to create the nomogram. The nomogram’s predictive and discriminative capabilities were superior to those of the traditional tumor node metastasis stage, according to decision curve analysis and time-dependent AUC. For individuals with PC that is treatable, FPR is a viable biomarker for prognostic prediction. When developing personalized treatment plans and predicting survival, practitioners can benefit from the nomogram based on FPR[79].
An association between plasma Fib and PC has not been demonstrated in a large-scale clinical investigation, even though variations of plasma Fib have been reported in a small number of pancreatic malignant tumors. Patients with PC had considerably greater levels of plasma Fib than those with benign pancreatic tumors. In PC, 41.1% of patients had hyperfibrinogenemia (> 4.20 g/L), while in benign pancreatic illness, no favourable outcomes were found[80].
In PC with an advanced tumor stage, plasma Fib levels were elevated. In PC, the percentage of positive hyperfibrinogenemia cases increased as the tumor stage progressed. Compared to the group that did not have distant metastases, the distant-metastasis group had significantly higher levels of plasma Fib. Both univariate and multivariate analysis showed that distant metastases of PC were strongly correlated with high plasma Fib levels. The PC tumor stage was positively correlated with plasma Fib levels. Higher preoperative levels of plasma Fib may be a good indicator of distant metastases in PC in humans[80].
One of the worst prognoses of any solid cancer is that of PDAC, which has an extremely low overall and PFS rate. Clinically, tumors from PDAC patients exhibit elevated expression levels of many coagulation systems (such as tissue factor) and fibrinolytic system components, such as urokinase plasminogen activator (uPA) and uPA receptor (uPAR). Furthermore, individuals with distant metastases of PC exhibit higher levels of circulating Fib and the fibrin breakdown product D-dimer in their plasma[81].
Another study hypothesis was that the growth of PDAC tumors would be disrupted by targeting the components of the plasminogen activation pathway. Individual components of the fibrinolytic system (uPA and uPAR) were removed utilizing clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9) technology on PC cell lines from the KPC animal model (K-rasLSL.G12D/+; p53LSL.R172H/+; Elas-CreER). Compared to Cas9 control tumors, KPCL with uPA and uPAR knocked out had noticeably smaller tumors. KPC murine PC cells injected orthotopically in Plg-/-mice showed significantly reduced tumor growth when compared to WT mice. This suggests that the pro-tumor effect of tumor cell-derived uPA/uPAR expression was linked, at least in part, to plasmin(ogen) activation to enhance PDAC tumor progression[81].
It employed Plg or Fib-specific antisense oligonucleotide (ASO) therapy to precisely reduce plasminogen or Fib levels in mice with human PDAC tumors to further examine the role of Plg or Fib in the microenvironment in PDAC development. In both orthotopic and subcutaneous animals with human malignancies, treatment with Plg-ASO or Fib-ASO dramatically reduced tumor burden. The therapy with Plg-ASO and Fib-ASO also reduced the burden of spontaneous metastases. Reduced metastatic load of the main tumor, particularly to the lungs, was demonstrated by histological examination of liver and lung tissue from mice treated with Plg-ASO. Likewise, the metastatic load in the liver and lung tissues was considerably reduced in mice treated with Fib-ASO. According to the findings, tumor development and metastasis are inhibited when there is less Plg or Fib in the blood. Together, the PA system plays a role in tumor development and metastasis. According to the Plg depletion results, the surprising discovery that plasmin target fibrin(ogen) depletion in the microenvironment also significantly lowers primary tumor growth and metastasis raises the possibility that plasmin(ogen) promotes PDAC progression through fibrin(ogen)-independent mechanisms[81].
It has been difficult to find serum indicators for PC. CA19-9 is the most widely used, yet its sensitivity and specificity are not very high. It looked for possible serum indicators for PC using large-scale proteomics. All pancreatic tumors had a similar overexpression of 154 proteins. Among them, Fib γ stood out as being overexpressed in PC tissue by IHC (67% vs 29%, P < 0.05) and serum by enzymatic analysis (54.1 ± 64.1 compared to 0.0 ± 0.0 mg/dL, P < 0.05) in comparison to normal pancreas. Mass spectrometry and two-dimensional gel electrophoresis were used in proteomic research to successfully identify 154 putative serum indicators for PC. Fib γ, a protein linked to the hypercoagulable condition of PC, was able to distinguish between cancer and normal sera among individuals. In PC, Fib may serve as a tumor marker[82].
Chang et al[83] aimed to clarify the role of the preoperative Fib to FPR, which has not been well investigated in the past, in forecasting the prognosis of PDAC. The ideal FPR threshold of 14.77 was established, which made it easier to stratify patients into groups with low and high FPR values. The high FPR cohort’s patients showed notably worse OS and recurrence-free survival (RFS) rates than their low FPR counterparts. For both RFS and OS, multivariate Cox regression analysis highlighted FPR as an independent predictive factor. Clinical utility and predictive accuracy were better with FPR than with the NLR. RFS and OS in PDAC patients having radical resection may be independently predicted by the preoperative Fib to FPR. FPR could be a useful supplement to the existing prognostic models, possibly assisting in the formulation of treatment choices and patient care plans for PDAC[83].
Patients with PC had higher Fib levels. Invasiveness and lymphatic metastasis may be linked to higher Fib expression. Blood loss during surgery was not decreased by using vitamin K in perioperative care[84].
Examining the predictive significance of the serum Fib to prognostic nutritional index (Fbg/PNI) ratio in patients having resection for pancreatic ductal adenocarcinom was assessed. The univariate study of OS and disease-free survival (DFS) revealed that Fbg/PNI was a significant predictive predictor. Fbg/PNI was still significant in multivariate analysis for tumor differentiation, nodal involvement, and OS. Using multivariate analysis, Fbg/PNI represented a significant independent prognostic predictor of poor DFS. Intending to cure PC, preoperative Fbg/PNI represents a new substantial independent prognostic predictor for OS and DFS[85].
Surgery is a crucial therapy for PDAC; the prognostic indicators currently in use are insufficient. The usefulness of the FA score (Fib/albumin ratio) in forecasting PDAC postoperative outcomes was assessed. All patients with extended survival times had FA < 130, whereas none of the patients with FA ≥ 130 lived for more than 3 years. All other indices were not as good in predicting postoperative outcomes as the FA score. Recurrence-free and OS were considerably worse in patients with FA ≥ 130 than in those with FA < 130. For predicting the postoperative results of PDAC, the FA score is helpful. By identifying patients who are expected to have poor postoperative prognoses before surgery, adjuvant or neoadjuvant treatment may improve results[86]. Fib, CA19-9, and D-dimer can all be employed as markers for tracking disease recurrence in patients with resectable PC after surgery, but only preoperative D-dimer can predict survival[87].
One of the main drivers of the development and spread of cancers, including PC, is the systemic inflammatory response. Neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio, monocyte-to-lymphocyte ratio, and FAR were the prognostic factors determined and compared in this study between resectable PC and locally progressed or metastatic PC. The OS of patients with resectable PC who had low preoperative MLR and PLR was considerably higher. Low FAR, MLR, NLR, and PLR were substantially linked to a lower chance of dying for individuals with locally advanced or metastatic PC. MLR and FAR were independent predictors of whether PC was metastatic or locally progressed. In resectable PC and locally progressed or metastatic PC, the prognostic functions of FAR, MLR, NLR, and PLR were distinct. The predictive value of FAR was highest in cases with locally progressed or metastatic PC. In locally progressed or metastatic PC, low FAR was positively connected with OS, which might be utilized to forecast the prognosis[88].
Coagulation and fibrinolysis abnormalities are commonly seen in cancer patients. In several cancer forms, new information revealed a correlation between tumor stage and prognosis with plasma D-dimer and Fib levels. The predictive significance of Fib and plasma D-dimer in digestive malignancies is investigated[89]. In intestinal cancer, elevated plasma D-dimer levels were higher than Fib and were associated with poorer OS. The most detrimental effects of increased Fib and plasma D-dimer on OS were found in colorectal cancer. High plasma D-dimer was more predictive of non-metastatic patients, but it had a more unfavorable prognostic effect on metastatic patients as compared to non-metastatic patients with digestive cancer. Pretreatment Fib and plasma D-dimer were both strong indicators of poor survival in individuals with digestive cancer who had various characteristics. To confirm their effects on cancer prognosis, more research is necessary[89]. The overall summary of Fib causes in pathogenesis in PC is shown in Figure 4.

THERAPEUTIC IMPLICATIONS
PC remains a highly lethal malignancy, largely due to challenges in early detection and the limited effectiveness of conventional therapeutic modalities. While surgical resection combined with chemotherapy offers potential curative outcomes when the disease is diagnosed at an early stage, a significant proportion of patients exhibit resistance or limited response to standard treatments. Notably, advancements in targeted therapies designed to interfere with specific molecular pathways critical for tumor growth and invasion have demonstrated encouraging potential in improving treatment efficacy. These therapies represent a novel and evolving class of cancer treatment that selectively targets oncogenic drivers within pancreatic tumor cells. Continued progress in diagnostic techniques, surgical innovations, and therapeutic strategies is anticipated to significantly improve patient survival[90].
In such cases, a multidisciplinary treatment approach is essential to optimize clinical outcomes and extend survival. Surgical resection remains the cornerstone of treatment for localized tumors, and recent advancements in minimally invasive surgical techniques have significantly enhanced both the safety and efficacy of these procedures. Systemic chemotherapy has also demonstrated a substantial impact on OS, and the incorporation of neoadjuvant therapy - often in combination with radiation has further improved outcomes by increasing resectability and targeting micrometastatic disease. In the context of metastatic PC, molecular profiling has facilitated the introduction of targeted therapies tailored to specific genetic alterations, yielding promising clinical responses. Additionally, novel immunotherapeutic strategies, including immune checkpoint inhibitors, PARP inhibitors, and cancer vaccines, have emerged as valuable treatment options, contributing to improved survival metrics. Despite the historically poor prognosis associated with PC, recent advances in systemic therapy and personalized medicine are reshaping the therapeutic landscape and enhancing patient outcomes[91].
Cytokines within the TME serve as key effectors and signaling molecules that mediate interactions between inflammatory and stromal components in PC. Targeting cytokine signaling pathways has emerged as a promising therapeutic strategy for inhibiting tumor progression[23].
The critical role of cytokines in PC is supported by clinical trial data. Bruton tyrosine kinase (BTK), a non-receptor tyrosine kinase of the Tec family, is predominantly expressed in mast cells and myeloid cells within the peritumoral inflammatory stroma. BTK signaling plays a crucial role in sustaining TME. Inhibition of BTK has been shown to induce phenotypic reprogramming of M2-like macrophages into a pro-inflammatory M1-like phenotype, thereby enhancing CD8+ T cell-mediated cytotoxic responses. Overman et al[92] conducted a randomized Phase II clinical trial to assess the therapeutic potential of BTK inhibition using acalabrutinib - administered either as monotherapy or in combination with the anti-programmed cell death 1 (PD-1) antibody pembrolizumab - in patients with APC. The study confirmed the safety of both treatment regimens and observed a reduction in granulocytic MDSCs (CD15+ MDSCs). However, clinical efficacy remained limited, with an overall response rate and DCR of 0% and 14.3%, respectively, for acalabrutinib monotherapy, and 7.9% and 21.1%, respectively, for the combination therapy[92].
In a separate phase IIa trial, the CXCR4 antagonist BL-8040 (motixafortide) was evaluated in combination with pembrolizumab and chemotherapy in patients with metastatic PC. This regimen led to enhanced infiltration of CD8+ effector T cells into tumors, as well as reductions in both MDSCs and circulating Tregs. The combination demonstrated improved therapeutic benefit, with an overall response rate of 32%, a DCR of 77%, and a median duration of response of 7.8 months, indicating a promising immunotherapeutic approach in the management of APC[93].
In recent years, the United States Food and Drug Administration (FDA) has authorized several innovative immunotherapies. Among these are: (1) Immunomodulatory antibodies that block checkpoints in patients with a variety of cancers, such as solid tumors with high microsatellite instability, non-small cell lung cancer, melanoma, Hodgkin’s disease, etc.; and (2) T cell immunotherapy for B cell malignancies that is altered by chimeric antigen receptor (CAR) T cell immunotherapy[94,95].
Approved immune checkpoint inhibitors include antibodies that block PD-1, programmed cell death ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated protein 4. The use of PC immunotherapy in combination with anti-PD-1 (pembrolizumab and nivolumab) immunotherapy for all solid tumors with high microsatellite instability or mismatch repair deficiency was recently authorized by the FDA[96].
Single-agent Treg inhibitors have demonstrated limited efficacy in the treatment of PC. To investigate the immunomodulatory effects within the TME, Lutz et al[97] evaluated an irradiated, granulocyte macrophage-colony-stimulating factor-secreting allogeneic PC vaccine, administered either alone or in combination with low-dose cyclophosphamide aimed at Treg depletion. The study revealed that the addition of cyclophosphamide to granulocyte macrophage-colony-stimulating factor-secreting allogeneic PC vaccine shifted the intratumoral immune balance toward a more favorable effector T-cell response by reducing Treg-mediated immunosuppression[97].
Arshad et al[98] reported that in patients with APC undergoing treatment with gemcitabine and intravenous omega-3 fish oil, a reduction in pro-angiogenic and pro-inflammatory factors was linked to improved clinical outcomes. This therapeutic effect was associated with decreased levels of CAFs, suggesting a potential mechanism underlying the enhanced prognosis[98]. A phase I/II clinical trial was conducted to evaluate the safety and efficacy of the toll-like receptor 2/6 agonist macrophage-activating lipopeptide-2 in combination with gemcitabine in patients with pancreatic carcinoma. The findings demonstrated a significant improvement in mean survival, attributed to macrophage-activating lipopeptide-2-mediated activation of monocytes, macrophages, and previously anergic DCs[99].
Mayanagi et al[100] conducted a phase I pilot study to evaluate the feasibility and immunogenicity of DC vaccination using Wilms tumor gene 1 peptide-pulsed DCs in combination with gemcitabine in patients with APC. The study demonstrated that this therapeutic approach is both feasible and capable of eliciting robust anti-tumor T-cell responses[100].
Conventional therapeutic strategies have shown limited efficacy in patients with PDAC, prompting increased interest in immunotherapeutic approaches, which have yielded promising outcomes in preclinical models. However, despite these encouraging findings, significant biological and clinical barriers continue to constrain the translation of immunotherapy into effective treatment for PDAC. It is essential to recognize that each immunotherapeutic modality presents distinct advantages and limitations. In a comprehensive review, Farhangnia et al[101] examined a broad spectrum of immunotherapeutic strategies, including oncolytic virus therapy and various forms of adoptive cell transfer, such as T-cell receptor-engineered T cells, CAR T-cell therapy, CAR natural killer cell therapy, and cytokine-induced killer cell therapy. The review also addressed the potential of immune checkpoint blockade, immunomodulatory agents, cancer vaccines, and interventions targeting the tumor-associated myeloid cell compartment. Additionally, innovative technologies such as CRISPR/Cas9 gene editing and modulation of the gut microbiome were discussed in the context of enhancing immunotherapeutic efficacy in PDAC[101].
DNA methyltransferase inhibitors represent a pivotal advancement in targeting aberrant epigenetic regulation in cancer. Agents such as decitabine can reverse hypermethylation-mediated silencing of tumor suppressor genes, thereby reinstating their expression and contributing to anti-tumor effects. In this study, decitabine, a DNA methyltransferase 1 inhibitor, was encapsulated within polylactic-co-glycolic acid (PLGA) nanoparticles (NPs) to form Dec@PLGA. These NPs were subsequently coated with a hybrid vesicle composed of an anti-PD-L1 (aPD-L1) antibody and macrophage membrane (aMM), resulting in the formulation of Dec@PLGA@aMM. This targeted nanoplatform significantly suppressed tumor growth by restoring tumor suppressor gene activity and modulating the tumor immune microenvironment. In vivo, studies demonstrated that Dec@PLGA@aMM achieved a statistically significant reduction in tumor volume compared to control groups including PBS, PLGA@MM, aPD-L1, PLGA@aMM, free decitabine, Dec + aPD-L1, and Dec@PLGA@MM. These findings underscore the synergistic potential of combining epigenetic reprogramming via decitabine with immune checkpoint blockade through PD-L1 inhibition[102]. By altering the typical immune cell phenotype and encouraging the growth of immature myeloid cells into MDSCs, inflammatory tumor stroma can cause immunosuppression. Inflammatory cytokines and MDSCs may therefore cooperate during the malignant development of PDAC. Additionally, based on the stage and grade of cancer, the immunosuppression that MDSCs induce may change[103].
Although gemcitabine is the standard chemotherapeutic agent used in its management, its clinical utility is hindered by considerable systemic toxicity. Previous clinical trials investigating the combination of gemcitabine with erlotinib have yielded limited therapeutic benefits and raised concerns regarding adverse effects. To address these limitations, the encapsulation of chemotherapeutic agents within PLGA NPs has emerged as a promising strategy, offering controlled drug release and targeted delivery to minimize off-target toxicity. Moreover, surface modification of these NPs with macrophage-derived membranes enhances immune evasion and tumor-targeting capabilities. In this context, a novel nanoplatform was developed comprising gemcitabine-loaded PLGA NPs cloaked with macrophage membranes (MPGNPs), aiming to enhance tumor-specific accumulation and reduce systemic toxicity. The co-administration of MPGNPs with erlotinib demonstrated a synergistic inhibitory effect on PC cell proliferation both in vitro and in vivo. Mechanistically, this combinatorial approach exerted its anti-tumor effects through simultaneous modulation of the phosphoinositide 3-kinase/protein kinase B/mammalian target of rapamycin and rat sarcoma virus/rapidly accelerated fibrosarcoma/mitogen-activated protein kinase /extracellular-signal-regulated kinase signaling cascades. Additionally, the macrophage membrane coating facilitated immune evasion and passive tumor targeting by circumventing phagocytic clearance. The findings by Cai et al[104] provide compelling preclinical evidence supporting the therapeutic potential of combining MPGNPs with erlotinib for the treatment of PC.
Another study reported the design and synthesis of hollow-structured copper sulfide (CuS) NPs loaded with an ataxia telangiectasia mutated (ATM) kinase inhibitor and functionalized with an anti-TGF-β antibody on their surface (CuS-ATMi@TGF-β NPs). These engineered NPs exhibited excellent photostability, efficient drug release, and the capacity to elevate local temperature under near-infrared irradiation, enabling controlled, near-infrared-responsive activation. The CuS-ATMi@TGF-β NPs demonstrated selective tumor targeting, resulting in marked inhibition of tumor growth through a synergistic therapeutic approach combining low-temperature photothermal therapy and chemotherapy. This nanoplatform not only facilitated effective tumor ablation at sub-lethal thermal levels - minimizing collateral damage to surrounding healthy tissues - but also enhanced therapeutic specificity and immune modulation via surface conjugation with the anti-TGF-β antibody. This modification contributed to improved tumor selectivity and promoted anti-tumor immune responses, highlighting the multifunctional therapeutic potential of CuS-ATMi@TGF-β NPs in precision cancer therapy[105].
PC, despite accounting for only approximately 3% of all new cancer diagnoses, is projected to become the second leading cause of cancer-related mortality shortly. Advancements in patient survival are anticipated to result from improved identification of risk factors, earlier detection, enhanced integration of locoregional and systemic treatment modalities, and the development of more effective pharmacological agents driven by a refined understanding of the tumor’s molecular biology[106].
For patients with unresectable, non-metastatic disease, combined modality approaches - including primary chemotherapy followed by radiotherapy - have demonstrated encouraging therapeutic potential. In medically fit individuals, novel multi-agent chemotherapy regimens have led to modest but meaningful improvements in OS, with additional benefits observed in quality of life. Furthermore, the early application of these regimens has been associated with increased rates of complete surgical resection in patients with borderline resectable or locally advanced disease. In the metastatic setting, second-line therapies - particularly oxaliplatin-based combinations have shown favorable impacts on both survival and quality of life, although newer agents continue to be investigated. Alongside traditional surgery and radiation, emerging locoregional treatment strategies are expanding therapeutic options for patients who are not candidates for radical resection. However, unlike in other malignancies, targeted therapies have not yet demonstrated significant efficacy in PC, either as monotherapies or in combination with chemotherapy, and are thus not currently incorporated into standard clinical practice. Similarly, despite their success in other cancer types, immunotherapeutic agents have not yet proven effective in the treatment of PC and remain outside the current therapeutic landscape[106]. Given that population-wide screening for PC is not currently cost-effective, the identification of hereditary and genetic risk factors specific to the Asia-Pacific population could facilitate targeted surveillance and early detection in high-risk cohorts[10].

CLINICAL IMPLICATIONS AND FUTURE PERSPECTIVES
Inflammatory biomarkers play a crucial role in the clinical management of PC, particularly PDAC, due to their involvement in tumor initiation, progression, and systemic effects. Key clinical implications include: Inflammatory biomarkers such as CRP, SAA, and various cytokines (e.g., IL-6, TNF-α) may assist in identifying patients at high risk or with early-stage disease, especially when combined with imaging and conventional tumor markers like CA19-9.
The ESR, a non-specific marker of systemic inflammation, has limited diagnostic specificity in PC but may offer clinical utility as a prognostic and potentially predictive biomarker. Elevated ESR levels have been associated with more advanced disease, increased tumor burden, and worse OS, reflecting the pro-inflammatory TME that supports cancer progression. While ESR alone is insufficient for diagnosis due to its elevation in numerous benign and malignant conditions, it can contribute to risk stratification when used alongside other markers such as CA19-9 or CRP. Additionally, persistently high ESR may indicate a poorer response to therapy and an increased likelihood of recurrence, suggesting a possible predictive role. Overall, ESR is a simple, cost-effective test that, while non-specific, may provide valuable prognostic insights into the management of PC.
Plasma viscosity, a measure of blood flow resistance influenced by plasma proteins and inflammation, has potential clinical utility in PC primarily as a prognostic biomarker. While not specific enough for diagnostic use on its own, elevated plasma viscosity levels have been linked to systemic inflammation and hypercoagulability commonly seen in cancer patients, including those with pancreatic malignancies. Higher plasma viscosity may correlate with advanced disease stage, greater tumor burden, and poorer overall prognosis. Some studies suggest it could also serve as a predictive marker, with elevated levels potentially indicating reduced responsiveness to treatment or increased risk of postoperative complications. When combined with other inflammatory or tumor-specific markers, plasma viscosity may enhance risk stratification and guide therapeutic decision-making, offering a low-cost, non-invasive adjunct in the clinical management of PC.
PCT, a biomarker typically elevated in bacterial infections, has emerging clinical relevance in PC, particularly in distinguishing infection-related complications from cancer-related inflammation. While its diagnostic utility for PC itself is limited, elevated PCT levels can aid in identifying infectious complications such as cholangitis or pancreatic abscesses, which are common in advanced disease or post-interventional settings. Prognostically, higher PCT levels have been associated with worse clinical outcomes, reflecting a heightened systemic inflammatory response or occult infection that may complicate cancer progression. As a predictive biomarker, PCT may help guide antibiotic stewardship and monitor treatment response in infected patients, but its role in predicting chemotherapy response or long-term survival remains unclear. Overall, PCT is a valuable adjunctive biomarker in the supportive care of PC patients, especially for managing infectious complications and tailoring clinical interventions.
CP, a calcium-binding protein released predominantly by activated neutrophils, has shown potential clinical utility in PC, particularly as a marker of inflammation associated with tumor progression. Although its diagnostic specificity is limited, elevated serum or fecal CP levels have been observed in patients with PC and may help differentiate malignant from benign pancreatic conditions when used in conjunction with established markers like CA19-9. As a prognostic biomarker, higher CP levels correlate with more aggressive disease, systemic inflammation, and poorer OS, reflecting the tumor-promoting role of chronic inflammation. Emerging evidence also suggests a potential predictive role, as elevated CP may indicate resistance to treatment or a higher likelihood of disease recurrence. Overall, while not yet widely adopted in clinical practice, CP holds promise as a non-invasive adjunctive biomarker for risk assessment and monitoring in PC.
Hp, an acute-phase glycoprotein involved in binding free haemoglobin and modulating inflammation, has demonstrated potential clinical utility in PC, particularly as a prognostic and possibly diagnostic biomarker. Elevated serum Hp levels have been observed in PC patients and are associated with tumor progression, systemic inflammation, and poorer OS, supporting its role as a prognostic indicator. While Hp alone lacks the specificity required for reliable diagnosis, when combined with established markers like CA19-9, it may enhance diagnostic accuracy, especially in distinguishing malignant from benign pancreatic conditions. Additionally, changes in Hp levels during treatment may offer predictive insight into therapeutic response and disease monitoring. Overall, Hp reflects the inflammatory and metabolic alterations associated with PC and holds promise as part of a multi-marker panel for improving clinical assessment and management.
SAA, an acute-phase reactant produced predominantly by the liver in response to inflammation, has demonstrated promising clinical utility in PC, particularly as a prognostic and potential diagnostic biomarker. Elevated SAA levels have been consistently associated with advanced disease stages, increased tumor burden, systemic inflammation, and reduced OS, underscoring its value in prognostication. While not specific enough for standalone diagnosis, SAA, when used in combination with conventional markers like CA19-9, may enhance diagnostic sensitivity, especially in early or ambiguous cases. Additionally, dynamic changes in SAA levels during therapy may reflect treatment response or disease progression, suggesting a possible predictive role. Given its close relationship with tumor-associated inflammation, SAA represents a valuable, non-invasive biomarker that can aid in risk stratification, monitoring, and potentially guiding therapeutic decisions in PC.
Ferritin, an intracellular iron-storage protein and acute-phase reactant, has shown clinical relevance in PC, primarily as a prognostic biomarker with potential diagnostic and predictive implications. Elevated SF levels are frequently observed in PC patients and are associated with systemic inflammation, greater tumor burden, and poorer OS, making it a useful indicator of disease severity and prognosis. Although ferritin lacks specificity for diagnostic use, when combined with other markers such as CA19-9, it may improve diagnostic accuracy in differentiating malignant from benign pancreatic conditions. Additionally, rising ferritin levels during treatment may reflect disease progression or therapeutic resistance, indicating a possible predictive role. Overall, ferritin serves as a cost-effective, non-specific marker that reflects the inflammatory and metabolic alterations in PC, with potential utility in comprehensive biomarker panels for risk assessment and clinical monitoring.
Ferritin serves as a clinically important biomarker for the assessment of various iron-related disorders. It is routinely employed in the diagnostic evaluation of common conditions such as iron-deficiency anemia, as well as hereditary and acquired iron-overload syndromes, including hereditary hemochromatosis and iron accumulation secondary to chronic transfusion therapy. SF is typically included as part of a broader panel of laboratory tests used to diagnose and monitor these conditions and is often considered the most informative single marker in many clinical contexts. However, its interpretation must be approached with caution due to potential confounding factors. Additionally, markedly elevated SF levels may serve as an important diagnostic indicator of rare but severe autoimmune or systemic inflammatory diseases[66].
Fib, a key coagulation factor and acute-phase protein, has demonstrated significant clinical utility as a biomarker in PC, primarily in prognostic and emerging predictive contexts. Although its diagnostic specificity is limited when used alone, elevated plasma Fib levels, especially when combined with CA19-9, may enhance diagnostic accuracy. More robustly, Fib serves as a prognostic biomarker, with higher pre-treatment levels correlating with advanced disease stage, greater tumor burden, metastasis, and poorer overall and PFS. Additionally, elevated Fib may predict reduced responsiveness to chemotherapy and higher recurrence rates post-surgery, suggesting a potential predictive role. Mechanistically, Fib promotes tumor progression through angiogenesis, immune evasion, and a pro-thrombotic TME. Thus, while not suitable as a standalone diagnostic tool, Fib is a valuable marker for risk stratification and treatment planning in PC.
As of now, there are no inflammation-specific biomarkers that are approved for routine clinical use in the diagnosis, prognosis, or monitoring of PC. While markers such as IL-6 and CRP have been extensively studied and are often elevated in patients with PDAC, they lack the specificity and validation required for clinical approval. These inflammatory markers are influenced by a variety of non-malignant conditions, including infections and systemic inflammatory responses, which limits their diagnostic accuracy. In contrast, CA19-9 remains the only FDA-approved serum biomarker currently used in clinical practice for PC, primarily for monitoring disease progression, treatment response, and recurrence, rather than for early diagnosis. Although inflammatory biomarkers show promise as prognostic indicators and may help stratify disease severity or predict outcomes when used alongside established markers, their use remains largely confined to research settings. Ongoing studies are investigating whether combining inflammatory markers with genetic or tumor-specific biomarkers could enhance diagnostic and prognostic precision, but more evidence and regulatory validation are needed before they can be integrated into standard clinical protocols. Inflammation biomarkers are not yet formally integrated into standard treatment algorithms for PC; however, they are increasingly being explored in clinical trials and research studies as potential tools for prognostic stratification and treatment response prediction. Biomarkers such as IL-6, CRP, and systemic inflammatory indices like the NLR and Glasgow prognostic score prognostic score have shown associations with disease stage, aggressiveness, and OS in PDAC. Some clinical trials and retrospective studies incorporate these markers to identify high-risk patients, guide neoadjuvant therapy decisions, or assess immunotherapy responses, particularly in the context of the TME and cancer-associated inflammation. Despite promising findings, these markers are not yet part of evidence-based guidelines from bodies, due to the lack of large-scale prospective validation. As research progresses, particularly in the era of precision medicine and immuno-oncology, inflammation biomarkers may become part of integrated biomarker panels used to personalize treatment approaches for PC.
Also, elevated levels of inflammatory markers, including NLR, CRP, and SAA, have been associated with poor prognosis, advanced disease stage, and reduced OS in PDAC patients. Dynamic changes in inflammatory biomarkers during treatment may reflect tumor response or resistance to chemotherapy, targeted therapy, or immunotherapy, aiding in real-time monitoring of therapeutic efficacy. Inflammatory profiles can help stratify patients for specific therapies, such as immunomodulatory treatments, by indicating the degree of immune suppression or systemic inflammation. These biomarkers provide insight into the inflammatory landscape of the TME, which is essential for developing novel therapeutic strategies targeting stromal or immune components. Furthermore, a deeper understanding of the molecular mechanisms underlying PC development and progression is essential for the identification of novel targets and the development of more effective, personalized treatment approaches[90].

CONCLUSION
PC cells, stromal cells, and cytokines collectively contribute to the establishment of an inflammatory and immunosuppressive TME. Emerging evidence underscores the importance of the intricate crosstalk between inflammatory processes and stromal elements within the pancreatic TME. Tumor-associated inflammation encompasses complex interactions among diverse immune cell populations, inflammatory cells, cancer cells, chemokines, and cytokines. Inflammation plays a critical role in the initiation, progression, and metastasis of PC. Inflammatory infiltration within the TME of PDAC plays a significant role in tumor growth and metastasis. Both systemic and localized chronic inflammation have been implicated as risk factors for PDAC development. However, this article concluded that the ESR, plasma viscosity, PCT, CP, Hp, SAA, ferritin and Fib play significant roles in the pathogenesis of PC as explained in Figures 1, 2, 3, and -4. This inflammatory milieu plays a pivotal role in the initiation, progression, malignant transformation, metastasis, and therapeutic resistance including resistance to chemotherapy, radiotherapy, and immunotherapy of PC. A deeper understanding of the interplay between inflammatory processes and stromal components within the TME is essential for unravelling the mechanisms underlying immune tolerance in PC. Furthermore, a deeper understanding of the molecular mechanisms underlying PC development and progression is essential for the identification of novel targets and the development of more effective, personalized treatment approaches. Inflammatory biomarkers hold significant clinical value in enhancing diagnostic accuracy, predicting outcomes, guiding treatment decisions, and developing personalized therapeutic approaches in PC.
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Figure 1 Circulating levels of inflammatory biomarkers in the pathogenesis of pancreatic cancer. Designed by the authors with the help of articles which are already cited in the references, (↑) increased levels (↓) decreased levels, (↨ not sure), (?) Not determined yet.
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Figure 2 Haptoglobin causes pathogenesis in pancreatic cancer. Designed by the authors with the help of articles which are already cited in the references, haptoglobin phenotypes. Hp or Hpt: Haptoglobin.
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Figure 3 Serum amyloid A causes pathogenesis in pancreatic cancer. Designed by the authors with the help of articles which are already cited in the references. SAA: Serum amyloid A; PDAC: Pancreatic ductal adenocarcinoma; CAFs: Cancer-associated fibroblasts; MAGUK: Membrane-associated guanylate kinase.
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Figure 4 Fibrinogen causes pathogenesis in pancreatic cancer. Designed by the authors with the help of articles which are already cited in the references, pancreatic cancer. PC: Pancreatic cancer; Fbg/PNI: Fibrinogen to prognostic nutritional index.
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Possible main pathways and mechanisms of haptoglobin's role in pancreatic cancer
Hp might bind to CD163 on macrophages — promotes M2 macrophage polasization, M2 macrophages support
angiogenesis, ibrosis gnd imarune evasion.

‘Hp might enhance tumor cell migration and invasion
-

May facilitate epithelial-mesenchymal transition by upregulating mesenchymal markers.

Elevated Hp reflects chronic inflammation, a hallmark of pancreatic cancer

B —

serum fucosylated haptoglobin levels were

Haptoglobin plays an active role in pancreatic cancer
considerably elevated for Hpt2-1 and Hpt2-:

pathogenesis, not merely as a marker of inflammation but as
a functional player in

| +  Immune suppression,
«  Angiogenesis,

«  Tumor growth,

+  Oxidative stress regulation.

Alpha 1-3/alpha 1-4/alpha 1-6 fucosylation of
haptoglobin was shown to be elevated in pancreatic
cancer.

Haptoglobin secretion was significantly elevated e
when the conditioned medium from pancreatic cancer

cells was used to cultivate the Hep38 hepatoma cell

line.

‘The findings indicate that immune cells, particularly macrophages, within
the pancreatic tissue microenvironment are a source of fucosylated
haptoglobin and its precursor form, propt.

These fucosylated variants are specifically recognized by the 10-76
monoclonal antibody, suggesting their potential utility as biomarkers for the
detection of pancreatic cancer.

These results imply that fucosylated haptoglobin
may be a new pancreatic cancer marker.
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Serum amyloid A causes pathogenesis in pancreatic cancer

(SAA is now recognized as an active participant in tumor progression, pasticularly in modulating
the tumor microenvironment, immune escape, and metastasis.)

Not just an inflammatory marker; also acts as a multifunctional pro-
tumorigenic agent.

It enhances tumor growth, invasion, angiogenesis, and helps cancer
escape immune surveillance.

5233 was also found to be critcal for the bidirectional interbction
between CAFs and tumor cells; deletion of 5223 in tumor cells rendered
them unresponsive to the growth-inhibitory effects of Szad-null CAFs.

Consequently, germline deletion of 5333 did not impede PDAC
development in vivo.

‘The tumor-promoting effects of 5323 in CAFs were mediated via Mpp6,
a member of the palmitoylated membrane protein subfamily within the
MAGUK (membrane-associated guanylate kinase) family.

L 4

Translational analysis demonstrated that S441, the human ortholog of
murine 5323, is upregulated in CAFs from human PDAC samples, and
elevated stromal 5441 expression is associated with poorer patient
survival outcomes.

A

SAA plays 2 regulatory role in modulating the immune response
during the progression of PDAC.

Adipose tissue serves as a principal source of SAA, and that SAA
deficiency promotes increased PDAC cell proliferation and metastasis,
likely through alterations in immune system activity.

Immunohistochemical examination of pancreatic tumor specimens
demonstrated strong expression of SAA within the malignant
epithelial cells, with comparatively weaker staining observed in the
surrounding desmoplasti fibroblasts.

‘SAA may serve as a potential biomarker for the clinical monitoring of
patients with advanced-stage pancreatic cancer.
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Fibrinogen is not just a marker but a functional

With an advanced tumor stage, plasma fibrinogen levels were mediator in PC pathogenesis, influencing multiple
clevated. ~r halimarks of cancer including
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‘The pancreatic cancer tumor stage was positively correlated
with plasma fibrinogen levels.

Higher preoperative levels of plasma fibrinogen may be a
good indicator of distant metastases in PC.

Fibrinogen v, a protein linked to the hypercoagulable condition of
pancreatic cancer

fibrinogen may serve as a tumor marker.

. ) Elevated levels of circulating fibrinogen and the fibrin degradation
Fibrinogen to prognostic nutritional index (Fba/PNI) ratio was stil product D-dimer in plasma, with increased correlation in patients
significant in multivariate analysis for tumor differentiation, nodal with distant metastasis,

involvement, and overall survival.

[
Invasiveness and lymphatic

etastasis may be linked to the
higher fibrinogen expression.




