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Editorial on the Research Topic 
Emerging trends in cancer research: diagnostic and therapeutic breakthroughs


The Research Topic “Emerging Trends in Cancer Research: Diagnostic and Therapeutic Breakthroughs” synthesizes recent advances in oncology, highlighting strategies for early detection, improved prognostic tools, analysis of the complex tumor microenvironment (TME), and development of precision therapies. Despite extensive efforts, cancer remains a major global health challenge, encompassing diverse pathologies with different cellular origins. Hepatocellular carcinoma (HCC), for example, ranks as the third leading cause of cancer-related mortality worldwide, causing over 800,000 deaths annually (Alemayehu et al. and Sung et al., 2021), while cutaneous melanoma (CM) is a highly aggressive skin malignancy, with incidence rates rising dramatically in recent decades (Dudin et al. and Siegel et al., 2022). Addressing these persistent challenges requires breakthroughs in molecular science and integrated clinical strategies. The papers compiled here reflect this imperative, emphasizing minimally invasive molecular diagnostics, immunotherapy targeting the tumor microenvironment (Wan et al., 2025), and advanced genomic approaches to guide personalized treatment. Collectively, they aim to overcome key limitations in late-stage diagnosis and therapy resistance, advancing more effective and precise interventions for cancer management (Alemayehu et al.).
Significant efforts are focused on improving diagnostic and prognostic precision through molecular profiling and liquid biopsy technologies. The value of circulating biomarkers is well illustrated, exemplified by a systematic review and meta-analysis demonstrating that circulating microRNAs hold promise as non-invasive diagnostic biomarkers for hepatocellular carcinoma (Alemayehu et al.). For colorectal cancer (CRC), where early-stage symptoms are often lacking (Bray et al., 2024), novel markers like cystatin S (CST4) are emerging. CST4 demonstrates stability post-chemotherapy and significantly enhances diagnostic sensitivity for malignant colorectal lesions when combined with conventional tumor markers (CEA, CA125, CA724), representing a 28.4% increase in sensitivity over CST4 alone (Han et al.).
The increasing need for detailed genetic information drives the application of advanced sequencing methods, including Next-Generation Sequencing (NGS) and Third-Generation Sequencing (TGS), to unravel circulating tumor DNA (ctDNA) mutations in liquid biopsies (Da Silva et al.). The requirement for molecular precision is underscored by cases illustrating diagnostic pitfalls, where malignancies like pulmonary Ewing sarcoma (ES) can be misdiagnosed as more common entities such as Small Cell Lung Cancer (SCLC) based solely on histopathology, necessitating early molecular testing for accurate diagnosis and management selection (Waary et al.). Moreover, prognostic models are being refined using routinely available markers, such as assessing uric acid (UR) and the Neutrophil/Lymphocyte Ratio (NLR) in CRC. Elevated UR and NLR levels were found to be independent risk factors for bone metastasis, reflecting the role of systemic inflammation in disease progression (Chen et al.).
Omelianenko et al. investigated the tumor immune microenvironment (TIME) in thyroid adenoma (TA) and carcinoma (TC) to explore its potential diagnostic value in cytopathology. In a pilot study of 72 cases (36 TA, 36 TC) with histological confirmation and preoperative Bethesda III–V cytology, the authors quantified CD8+, CD68+, and CD163+ immune cells and assessed STAT6 and SMAD4 expression. TC exhibited a highly immunogenic profile with abundant CD8+ lymphocytes and macrophages, whereas TA showed low immune infiltration. Immune cell counts in cytology specimens correlated strongly with histological findings. These results suggest that immune cell density in thyroid cytology may serve as an additional criterion for differentiating benign and malignant lesions.
Case report of Yang et al. focuses on a metastatic squamous cell carcinoma of unknown primary (SCCUP) in a 70-year-old female presenting with elevated CA 19–9 and a diaphragmatic mass. Despite extensive evaluation, including PET-CT and a 90-gene expression assay, the primary tumor remained unidentified. The patient underwent surgical resection followed by systemic therapy, achieving 14 months of disease-free survival. This case highlights diagnostic limitations, the potential of multimodal therapy, molecular–clinical discordance, and the need for international collaboration and comprehensive genomic profiling in CUP management.
In therapeutic breakthroughs, a key focus is the multifaceted interplay within the tumor microenvironment (TME) (Anderson and Simon, 2020; Ragunathan et al., 2020). A prominent area involves targeting Tumor-Associated Macrophages (TAMs), which exhibit plasticity, polarizing into M1 (anti-tumor) or M2 (pro-tumor/metastasis promoting) phenotypes (Bai et al.). Therapeutic strategies aim to reprogram M2-TAMs toward the anti-tumor M1 phenotype, utilizing agents like CSF1R inhibitors or blockers targeting the CD47/SIRPα axis, or through common drugs like Metformin, which disrupts M2 polarization by activating the AMP-activated protein kinase (AMPK) pathway (Bai et al.). This emphasis on immunomodulation was heavily featured at the 8th Cancer Immunotherapy and Immunomonitoring (CITIM) conference, which highlighted the critical roles of chronic inflammation, Myeloid-Derived Suppressor Cells (MDSCs), and the emerging understanding of the neuro-metabolic-immune regulation of cancer (Rostyslav Bilyy).
Cutting-edge strategies include novel chemical agents designed to induce immunogenic cell death and prolonged immune stimulation (Arkhypov et al., 2025) and delivery systems critical for overcoming treatment obstacles, particularly in challenging diseases like Triple-Negative Breast Cancer (TNBC) (Tiwari et al.). Extracellular vesicles (EVs) are identified both as essential players in promoting TNBC progression and drug resistance (e.g., through carrying EGFR or lncRNA XIST) and as promising drug carriers for targeted therapies due to their low toxicity and ability to traverse biological barriers, Tiwari et al.
Finally, innovation in clinical safety includes the development of a novel sealant combining an absorbable gelatin sponge (mechanical occlusion) with Agkistrodon acutus-derived hemocoagulase (local coagulation, Chen et al.). This dual mechanical and pharmacological barrier significantly reduced the rate of intervention-requiring pneumothorax in pulmonary biopsies (from a literature rate of 22.1% to 2.38%) and introduced a precision-stratified safety protocol based on D-dimer levels to manage hemorrhage risk, Chen et al.
Collectively, these findings underscore a concerted movement toward integrative cancer management, where precise molecular information and sophisticated TME modulation techniques are combined to deliver more effective, personalized, and safer patient care, Alemayehu et al.
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Introduction: Hepatocellular carcinoma (HCC), the most common type of liver cancer, is a major global health problem, ranking as the third leading cause of cancer-related death worldwide. Early identification and diagnosis of HCC requires the discovery of reliable biomarkers. Therefore, the study aimed to assess the diagnostic accuracy of miRNAs for HCC. The protocol was registered on PROSPERO website with the registration number CRD42023417494.
Method: A literature search was conducted in PubMed, Scopus, Embase, Wiley Online Library, and Science Direct databases to identify pertinent articles published between 2018 and 30 July 2023. Stata 17.0 software was employed to determine the pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic ratio (DOR), and area under the curve (AUC) for evaluating the accuracy of miRNAs in diagnosing HCC. The assessment of heterogeneity among studies involved the use of the Cochran-Q test and I2 statistic tests. Due to the observed significant heterogeneity, the random-effect model was chosen. Subgroup analysis and meta-regression analysis were also undertaken to explore potential sources contributing to heterogeneity. Deeks’ funnel plot was used to assess publication bias. In addition, Fagan’s nomogram and likelihood ratio scattergram were utilized to assess the clinical validity of miRNAs for HCC.
Result: Twenty-four articles were included, involving 1,668 individuals diagnosed with HCC and 1,236 healthy individuals. The findings revealed pooled sensitivity of 0.84 (95% CI: 0.80–0.88), specificity of 0.81 (95% CI: 0.77–0.84), PLR of 4.36 (95% CI: 3.59–5.30), NLR of 0.19 (95% CI: 0.15–0.25), DOR of 22.47 (95% CI: 14.47–32.64), and an AUC of 0.89 (95% CI: 0.86–0.91) for the diagnosis of HCC using miRNAs. Furthermore, results from the subgroup analysis demonstrated that superior diagnostic performance was observed when utilizing plasma miRNAs, a large sample size (≥100), and miRNA panels.
Conclusion: Hence, circulating miRNAs demonstrate substantial diagnostic utility for HCC and can serve as effective non-invasive biomarkers for the condition. Additionally, miRNA panels, miRNAs derived from plasma, and miRNAs evaluated in larger sample sizes (≥100) demonstrate enhanced diagnostic efficacy for HCC diagnosis. Nevertheless, a large pool of prospective studies and multi-center research will be required to confirm our findings in the near future.
Keywords: miRNAs, non-coding RNAs, diagnostic biomarkers, hepatocellular carcinoma, HCC, liver cancer, meta-analysis

INTRODUCTION
Hepatocellular carcinoma (HCC) stands as a formidable global health challenge, representing the most common primary malignancy of the liver accounting for approximately 90% of cases (Singal et al., 2023). It is ranked as the seventh most frequently occurring cancer, and the third leading cause of cancer-related mortality worldwide with over 800,000 deaths annually (Arnold et al., 2020; Sung et al., 2021). The World Health Organization (WHO) forecasts that the annual death rate from HCC will spike to more than 1 million individuals by the year 2030 (World Health Organization, 2020).
Despite therapeutic strategies are nowadays advanced, the prognosis for HCC remains suboptimal mainly due to late-stage diagnosis and limited therapeutic options (Guan et al., 2021). This is evidenced by poor overall prognosis worldwide, with global age-standardized incidence and mortality at 9.5 and 8.7 per 100,000 person-years, respectively (Rumgay et al., 2022). Moreover, mainly attributable to the absence of obvious clinical symptoms in patients with early HCC, early diagnosis of HCC is still very difficult and insufficient.
Currently, HCC screening primarily relies on cross-sectional imaging such as magnetic resonance imaging (MRI), computed tomography (CT) scanning, ultrasonography (US), contrast-enhanced ultrasound (CEUS), and some tumor markers, particularly α-fetoprotein (AFP) (Frenette et al., 2019). However, such screening techniques still have major shortcomings in detecting early onset HCC (Sherman, 2014). For instance, low (more than 40%) AFP positivity rate frequently observed for early liver cancer, and as a result of which the American Association for the Study of Liver Diseases (AASLD) and the European Association for the Study of the Liver (EASL) (European Association for the Study of the LiverEuropean Organisation For and Research And Treatment Of Cancer, 2012) have excluded AFP as a diagnostic marker for HCC (Bae, 2012; Parra et al., 2023). Furthermore, pathological tests are invasive and can lead to complications (Martins-Filho and Alves, 2019). Therefore, there is an urgent need for robust, less invasive, and reliable biomarkers that can facilitate early diagnosis, prognosis, and therapeutic monitoring in HCC patients.
Recently, there has been a growing interest in the role of microRNAs (miRNAs) as diagnostic biomarkers for numerous cancers, including HCC. MicroRNAs are a class of small (approximately 19–24 nucleotides), non-coding RNAs that play critical roles in the post-transcriptional regulation of gene expression (Armand-Labit and Pradines, 2017). Their dysregulation has been implicated in the initiation and progression or pathogenesis of different diseases, making them promising targets for biomarker discovery (Valihrach et al., 2020; Kim and Croce, 2023). The stability of circulating miRNAs in body fluids such as blood, plasma serum and urine, and their non-invasive potential make them preferable diagnostic biomarkers unlike tissue-based biomarkers (Wang et al., 2012). This is particularly vital in HCC, where tissue sampling may become invasive and risky, and pose challenges. The ability of circulating miRNAs to indicate the molecular changes in the cancer microenvironment embraces their remarkable utilization in clinical settings (Gramantieri et al., 2021).
Several studies have emphasized the altered expression patterns and dysregulation of specific circulating miRNAs in the development, progression and metastasis of HCC, signifying their utility as promising diagnostic biomarkers (Jin et al., 2019; Fang et al., 2022; Lv and Sun, 2023), but comprehensive and up-to-date evidence-based data is still lacking. In this systematic review and meta-analysis, we aimed to comprehensively evaluate the current state of evidence regarding the diagnostic potential of circulating miRNAs as reliable, non-invasive and clinically applicable biomarkers for the detection of HCC intending to provide an input in addressing the unmet needs in early detection of HCC.
The findings hold significant relevance and applicability in the clinical setting, particularly for improving the early detection of HCC, which is crucial for enhancing patient outcomes, given the disease is often diagnosed at advanced stages when treatment options are limited. Furthermore, the non-invasive nature of circulating miRNA testing makes it particularly appealing for widespread clinical use. Additionally, the clinical utility of circulating miRNAs in HCC diagnosis is underscored by their potential integration into routine screening or diagnostic protocols. By incorporating these biomarkers into existing diagnostic algorithms, the accuracy and effectiveness of HCC detection could be enhanced, ultimately leading to improved patient management and outcomes.
METHODS AND MATERIALS
Registration
This research follows the guidelines outlined in the Preferred Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) statement (Page et al., 2021). The study protocol was registered in the Prospective Register of Systematic Reviews (PROSPERO) under the registration identifier CRD42023417494.
Search strategy and data sources
Two independent researchers (EA and MAB) carried out a comprehensive literature search to collect studies that assessed the diagnostic value of circulating miRNAs for HCC. Various electronic bibliographic databases, including PubMed, Scopus, Embase, Wiley Online Library, and Science Direct, were utilized for this purpose. Additionally, a direct search on Google was performed to identify any relevant studies that might have been omitted during the electronic database searches by checking the bibliographies of the identified studies. The final search was conducted on 30 July 2023. The search strategy incorporated Medical Subject Heading (MeSH) terms and keywords, such as “Serum” OR “plasma” OR “circulating” AND “miRNAs” OR “microRNAs” OR “miRNA” OR “microRNA” OR “miR” AND “diagnosis” AND “hepatocellular carcinoma” OR “HCC”. The detailed search strategy is available in the Supplementary Table S1.
Inclusion and exclusion criteria
This review considered specific types of studies, namely, observational studies (including case-control, cross-sectional, and cohort studies) published in peer-reviewed journals since 2018, which explored the utility of circulating miRNAs as a diagnostic tool for distinguishing HCC patients from healthy individuals and examined miRNAs in plasma or serum. In addition, the studies had to provide essential data such as sensitivity, specificity, and sample sizes, enabling the calculation of key diagnostic metrics like true positives (TP), false positives (FP), false negatives (FN), and true negatives (TN). On the other hand, the review excluded review articles, case reports, narrative reviews, conference abstracts, editorials, commentaries, letters to the editor, author replies, studies that did not involve human subjects, and studies lacking the necessary data to calculate TP, FP, TN, and FN. These inclusion and exclusion criteria were employed to guide the selection of studies for the review.
Study selection and data extraction
The studies gathered from the databases mentioned earlier, as well as from direct google search, were imported into EndNote 20 software to identify and eliminate duplicate entries. Subsequently, a thorough screening process was carried out for each selected paper, involving the evaluation of the title, abstract, and full text by two independent reviewers (EA and AF), in accordance with the predetermined eligibility criteria. In cases where discrepancies or disagreements arose between the two reviewers, a discussion took place, and a third reviewer (AG) was involved as needed to make the final determinations regarding which articles would be included in the review.
The selected papers underwent a thorough assessment, during which essential information was collected and organized into an extraction table using Microsoft Office Excel software. This process involved identifying key details, such as the first author, publication year, country of the study, extracted miRNAs, miRNA expression, type of specimen used, internal reference control, sample sizes for both HCC patients and healthy individuals, diagnostic methods, and cut-off values. Additionally, diagnostic parameters including sensitivity, specificity, and the area under the curve (AUC) were extracted by two independent investigators (AW and HE). To ensure accuracy and consistency, the findings were meticulously cross-checked by the two reviewers, and any discrepancies between the data extractors were resolved through discussion and consensus with the involvement of a third reviewer (GMB), thus verifying the integrity of the collected data.
Quality assessment
The quality of the included studies was assessed using the modified Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) tool (Freeman et al., 2017), which was carried out with the assistance of Review Manager 5.4 software. Two independent investigators (ZM and EA) conducted this assessment. The QUADAS-2 tool comprises four domains, namely, patient selection, index test, reference standard, and flow and timing. It entailed evaluating the clinical applicability of selected patients, the performance of the index test, and the standard of the reference. The risk of bias was categorized as high, low, or unclear based on this evaluation.
Data analysis
The data analysis was performed using Stata version 17.0 software. To assess the heterogeneity among the studies, Cochrane Q test and I2 statistics were employed. Considerable heterogeneity was identified when the I2 test statistics values exceeded 50% and the p-value was less than 0.05 (Higgins et al., 2003). The available data were transformed into diagnostic parameters, including TP, FP, FN, and TN. These parameters were used to calculate the pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic odds ratio (DOR), and area under the curve (AUC) using a random-effects model (Jackson et al., 2010). The AUC and DOR from the summary receiver characteristic curve (SROC) were used to evaluate the overall diagnostic accuracy of circulating miRNAs in diagnosing HCC. The existence of a threshold effect was established through an analysis of the Spearman correlation coefficient and visual inspection of the SROC curve. A p-value of less than 0.05 derived from the Spearman correlation coefficient, coupled with the presence of the characteristic “shoulder-arm” shape in the SROC curve, indicated the presence of a threshold effect. Subgroup analyses and meta-regression analyses were conducted to investigate the primary sources of heterogeneity. Deeks’ funnel plot asymmetry was employed to assess the presence of publication bias, where a p-value greater than 0.10 indicated the absence of publication bias. Moreover, sensitivity analysis was performed to assess the robustness and reliability of the results. Additionally, the Fagan plot and likelihood ratio scattergram were used to evaluate the clinical utility of miRNAs in distinguishing HCC patients from healthy individuals.
RESULTS
Study selection process
A total of 1,266 records were retrieved from various online databases such as PubMed, Scopus, Embase, ScienceDirect, and Wiley library. Initially, 351 duplicated studies were removed, followed by excluding 141 articles based on their publication year. Subsequently, 724 studies including irrelevant ones like reviews, conference proceedings, and commentaries were excluded after reviewing their titles and abstracts. Then, 50 full-text articles were thoroughly assessed against specific criteria, resulting in the exclusion of 26 studies for various reasons. Ultimately, after this rigorous process, 50 studies from 24 articles were deemed suitable and met the criteria for inclusion in the meta-analysis. The visual representation outlining our screening process can be found in Figure 1.
[image: Flowchart depicting the selection process of studies for a systematic review and meta-analysis. It includes stages: Identification, Screening, and Included. Initially, 1,247 records were identified through databases like PubMed and Scopus. After removing 492 duplicates, 774 records were screened by title, 640 excluded, leaving 134 for abstract screening. After excluding 84 at the abstract stage, 50 records were assessed for eligibility. Finally, 26 were excluded for reasons like full-text unavailability and insufficient information, resulting in 24 studies included in the review.]FIGURE 1 | The PRISMA flow diagram illustrates the flow of study selection, detailing the number of studies identified, included, and excluded at each stage of the selection process according to predefined criteria.
Characteristics, and quality assessment of included studies
Table 1 presents the fundamental characteristics of the literature encompassed in this analysis. The table includes data from 24 papers, which collectively involved 1,668 individuals diagnosed with HCC and 1,236 healthy individuals. These papers were published between 2018 and 2023, with thirteen originating from China (Xu L. et al., 2018; Lv et al., 2018; Chen and Wang, 2019; Han et al., 2019; Ning et al., 2019; Zhang et al., 2019; Cao and Wang, 2020; Wu et al., 2020; Zeng et al., 2020; Chen et al., 2021; Zhao et al., 2021; Fang et al., 2022; Wu et al., 2022), eight from Egypt (Shaheen et al., 2018; El Mahdy et al., 2019; Elmougy et al., 2019; Aly et al., 2020; Elhendawy et al., 2020; Wahb et al., 2021; Elfert et al., 2022; Youssef et al., 2022), one from India (Yousuf et al., 2022), one from Germany (Loosen et al., 2021), and one from Italy (Moshiri et al., 2018). In terms of sample types, eighteen studies utilized serum samples, while six studies used plasma samples for miRNA extraction. Methods for determining miRNA expression varied among the studies: one utilized next-generation sequencing, one used quantitative PCR, one employed droplet digital PCR, while the remaining twenty-two studies utilized quantitative real-time PCR. Regarding miRNA profiling, 44 studies reported on single miRNAs, while 6 studies focused on miRNAs panels. Among the findings, twenty studies reported an upregulation in miRNA expression, whereas twenty-four studies reported a downregulation.
TABLE 1 | Intervening characteristics of the included studies.
[image: A detailed table lists various studies on microRNA expressions in different countries from 2018 to 2022. The columns include data on authors, year, country, specific microRNAs, expression levels, specimen types, methods, references, participant details, clinical settings, and diagnostic metrics such as sensitivity and specificity. Each row corresponds to a different study, covering a range of cases, controls, and outcomes related to healthy controls and hepatocellular carcinoma contexts. The table captures variations in microRNA expression across studies and their diagnostic implications.]The assessment of the 24 studies’ quality was conducted using the QUADAS-2 tool. Given the significance of patient selection in experimental integrity, the data utilized in this meta-analysis predominantly originated from validated groups. Overall, the included studies exhibited satisfactory and qualifying methodological standards. Figure 2 provides a detailed breakdown of the quality assessment criteria.
[image: Bar and matrix chart showing risk of bias and applicability concerns in various studies. On top, bar chart segments in green, yellow, and red represent low, unclear, and high bias risk and applicability concerns. Below, a matrix with colored circles shows the bias and concern level for different aspects like patient selection and index test across multiple studies. Each row corresponds to a study and each column to an assessment criterion, indicated by the legend.]FIGURE 2 | The risk of bias assessment of included studies using the QUADAS-2 tool evaluates the quality of diagnostic accuracy studies across four domains: patient selection, index test, reference standard, and flow and timing.
Overall diagnostic accuracy of circulating miRNAs in diagnosing HCC
The presence of a threshold effect of heterogeneity was evaluated using both the Spearman correlation coefficient and the SROC curve. The findings from the Spearman correlation coefficient (with a rho value of 0.15 and a p-value of 0.28) and the absence of the characteristic “shoulder-arm” shape in the SROC curve indicated that there is no evidence of a threshold effect of heterogeneity. In addition, the I2 values for sensitivity, specificity, PLR, NLR, and DOR were 82.2%, 74.28%, 65.07%, 78.88%, and 100%, respectively. With I2 results exceeding 50% and p-values for all parameters below 0.001, it strongly suggests the presence of substantial non-threshold effect heterogeneity in this study. Therefore, a random-effects model was employed for the meta-analysis.
The findings revealed that circulating miRNAs demonstrated strong diagnostic potential for detecting HCC. The combined sensitivity and specificity were 0.84 (95% CI: 0.80–0.88) and 0.81 (95% CI: 0.77–0.84), respectively (Figure 3). Additionally, the pooled PLR and NLR were 4.36 (95% CI: 3.59–5.30) and 0.19 (95% CI: 0.15–0.25), respectively (Figure 4). Furthermore, the DOR was 22.47 (95% CI: 14.47–32.64) (Figure 5). In assessing diagnostic accuracy, the SROC curve was generated, resulting in an AUC of 0.89 (95% CI: 0.86–0.91) (Figure 6). These results indicate that circulating miRNAs exhibit high diagnostic accuracy in identifying HCC, as an AUC greater than 0.7 is indicative of a strong predictive capability.
[image: Forest plot with two panels comparing sensitivity and specificity across multiple studies. Each panel shows study names with corresponding horizontal lines and markers indicating confidence intervals and central estimates. The combined results are displayed at the bottom of each panel, with summary estimates for sensitivity and specificity marked by vertical dashed lines.]FIGURE 3 | A forest plot illustrating the pooled sensitivity and specificity estimates of miRNAs for diagnosing HCC across multiple studies, providing an overview of the diagnostic performance of miRNAs.
[image: Forest plots display DLR positive and negative values for various studies, with confidence intervals and a summary measure. Each study's point estimate and interval are shown, illustrating variability and overall effect size.]FIGURE 4 | A forest plot showing the pooled PLR and NLR estimates of miRNAs for diagnosing HCC, providing insights into the diagnostic utility of miRNAs.
[image: Forest plots with two panels displaying diagnostic scores and odds ratios with confidence intervals for multiple studies. Each study is listed with bars representing data distribution, centered around a vertical line indicating the combined data. The left panel shows diagnostic scores, while the right panel shows odds ratios.]FIGURE 5 | A forest plot illustrating the pooled DOR estimates of miRNAs for diagnosing HCC, offering a comprehensive evaluation of the overall diagnostic performance of miRNAs.
[image: Scatter plot displaying sensitivity versus specificity with several data points. A solid curve represents the summary ROC curve with confidence and predictive contours. The summary operating point is highlighted in red. The plot includes axes from 0 to 1, with details in the legend concerning sensitivity, specificity, and areas under the curve.]FIGURE 6 | The SROC curve, accompanied by the 95% confidence contour and 95% prediction contour, provides a graphical representation of the overall diagnostic accuracy of miRNAs in distinguishing HCC.
Clinical applicability of miRNAs for HCC diagnosis
The Fagan nomogram and likelihood ratio scattergram were used to evaluate the clinical value of miRNAs in HCC diagnosis. The Fagan’s nomogram showed encouraging outcomes, revealing post-test probabilities of 0.52 and 0.5 for PLR and NLR respectively, under a pre-test probability set at 20% (Figure 7B). Furthermore, a scattergram depicting the likelihood ratios (PLR and NLR) was generated to assess the clinical utility of miRNAs in HCC diagnosis. The findings indicated that the studies conducted by Han et al. (miR-148a) (Han et al., 2019) and Moshiri et al. (miR-101-3p, miR-1246, and miR-106b-3p) (Moshiri et al., 2018) laid over on a left upper quadrant (PLR >10 and an NLR <0.1) (Figure 7A).
[image: Scatter plot and line graph depicting positive versus negative likelihood ratios. Panel A shows a scatter plot with various test data points, including a summary point with confidence intervals. The legend distinguishes different categories, like exclusion and confirmation. Panel B illustrates a line graph depicting the relationship between likelihood ratios and post-test probabilities. It includes a reference line for prior and post-test probabilities. Both panels have detailed scales and axes indicating specific statistical metrics.]FIGURE 7 | Assessment of the clinical applicability of miRNAs for the diagnosis of HCC. (A) Likelihood ratio scattergram visually represents the relationship between pre-test and post-test probabilities of HCC diagnosis based on miRNA test results. (B) Fagan’s nomogram, a graphical tool for estimating the post-test probability of HCC given a specific pre-test probability and miRNA test result.
Subgroup analysis, meta-regression and sensitivity analysis
Because significant heterogeneity (I2 > 50% and p < 0.05) was observed across all diagnostic performance parameters (including sensitivity, specificity, PLR, NLR, DOR, and AUC), meta-regression and subgroup analyses were performed. These analyses aimed to investigate the sources of heterogeneity among the studies by exploring various study characteristics. These characteristics encompass ethnicity, biological specimen, regulation mode, miRNA profiling, method of identification, internal reference, sample size, cut-off value establishment, and the classification of HCC patients.
In the subgroup analysis, plasma-derived miRNAs demonstrated superior diagnostic performance for HCC compared to serum-derived miRNAs. Plasma-derived miRNAs showed higher sensitivity (0.84, 95% CI: 0.75–0.90), specificity (0.86, 95% CI: 0.76–0.92), PLR (6.0, 95% CI: 3.3–11.0), NLR (0.19, 95% CI: 0.12–0.31), DOR (32, 95% CI: 13–79), and AUC (0.92, 95% CI: 0.89–0.94) compared to serum-derived miRNAs (sensitivity: 0.85, 95% CI: 0.80–0.89; specificity: 0.79, 95% CI: 0.75–0.82; PLR: 4.0, 95% CI: 3.3–4.8; NLR: 0.19, 95% CI: 0.14–0.26; DOR: 20, 95% CI: 14–30; AUC: 0.87, 95% CI: 0.84–0.90). Furthermore, within the subgroups categorized by miRNA profiling, miRNA clusters exhibited higher accuracy in HCC detection compared to individual single miRNAs. MiRNA clusters displayed a sensitivity of 0.88 (95% CI: 0.79–0.94), specificity of 0.88 (95% CI: 0.76–0.94), PLR of 7.1 (95% CI: 3.5–14.6), NLR of 0.13 (95% CI: 0.07–0.24), DOR of 53 (95% CI: 19–144), and an AUC of 0.94 (95% CI: 0.92–0.96).
Regarding sample size, miRNAs demonstrated the highest overall diagnostic accuracy when the sample size was ≥100, with a sensitivity of 0.90 (95% CI: 0.83–0.94), specificity of 0.81 (95% CI: 0.75–0.85), PLR of 4.7 (95% CI: 3.5–6.2), NLR of 0.13 (95% CI: 0.08–0.21), DOR of 37 (95% CI: 19–71), and an AUC of 0.91 (95% CI: 0.88–0.93) compared to cases with a sample size <100. Additionally, miRNAs proved to be highly effective in diagnosing undefined HCC in comparison to HCV-related HCC. For undefined HCC, the diagnostic values were as follows: sensitivity of 0.83 (95% CI: 0.78–0.86), specificity of 0.80 (95% CI: 0.75–0.84), PLR of 4.2 (95% CI: 3.3–5.3), NLR of 0.22 (95% CI: 0.17–0.27), DOR of 19 (95% CI: 14–28), and an AUC of 0.88 (95% CI: 0.85–0.91) (Table 2).
TABLE 2 | Subgroup analysis of the diagnostic accuracy of miRNAs in HCC.
[image: A table displaying study results categorized by subgroup, including ethnicity, specimen type, regulation mode, miRNAs profile, references, methods, sample size, cut-off value, and participants. Each category lists the number of studies and contains statistical data such as sensitivity, specificity, positive likelihood ratio, negative likelihood ratio, diagnostic odds ratio, and area under the curve with 95% confidence intervals. Specific numerical values are provided for each subgroup category.]The outcomes of the meta-regression analysis revealed that for both sensitivity and specificity, sources of heterogeneity included ethnicity, biological specimen, regulation mode, miRNA profiling, internal reference, sample size, cut-off value determination, and the classification of HCC patients (p < 0.05). In contrast, the method of identification was identified as a source of heterogeneity specifically for specificity (p < 0.05) (Figure 8).
[image: Forest plot showing univariable meta-regression and subgroup analyses for sensitivity and specificity (95% confidence intervals). Variables include ethnicity, specimen, regulation, miRNAs, reference, methods, sample size, cutoff value, and participants, each with "Yes" and "No" categories. Significant differences are marked with asterisks indicating levels of statistical significance (*p<0.05, **p<0.01, ***p<0.001).]FIGURE 8 | The results of meta-regression analysis examining the relationship between sensitivity and specificity of miRNA-based diagnostics for HCC, exploring potential sources of heterogeneity across included studies.
The sensitivity analysis can be observed in Figure 9A. Examination of goodness-of-fit and bivariate normality indicated the strength and reliability of the bivariate mixed-effects model for conducting meta-analysis (Figure 9A (a and b)). Moreover, the identification of outliers pointed to potential sources of heterogeneity in the form of two studies conducted by Xu et al. (miR-125b) and Elfert et al. (miR-122, miR-483, and miR-335) (Figure 9A (d)). Upon removing these outliers, we observed no substantial alterations in the overall sensitivity (0.82, 95% CI: 0.78–0.85), specificity (0.80, 95% CI: 0.76–0.84), PLR (4.1, 95% CI: 3.3–4.9), NLR (0.23, 95% CI: 0.19–0.28), DOR (18, 95% CI: 13–24), and AUC (0.88, 95% CI: 0.84–0.90). This suggests that the sensitivity of the studies included was consistently low, and the results became more resilient and trustworthy.
[image: Panel A contains four diagnostic plots: (a) QQ plot for goodness-of-fit, (b) QQ plot for bivariate normality, (c) influence analysis plot, (d) outlier detection plot. Panel B shows a forest plot with circles representing studies and a regression line, plotting diagnostic odds ratio against 1/root(ESS).]FIGURE 9 | Sensitivity analysis and assessment of publication bias. (A) Sensitivity analysis evaluates the robustness of pooled estimates by examining the impact of various factors or assumptions on the overall findings. (B) Deek’s funnel plot is used to detect publication bias by examining the relationship between study size and effect size estimates.
Publication bias
The Deeks’ funnel plot asymmetry test was executed (Figure 9B) to evaluate the presence of publication bias. The resulting p-value of 0.13 indicates that there was no evidence of publication bias within the included studies.
DISCUSSION
Hepatocellular carcinoma is a widespread cancer within the digestive system and stands as a primary contributor to global cancer-related fatalities. Challenges persist in detecting the disease at its early stages, coupled with the substantial risk of tumor recurrence and metastasis following surgery. Consequently, HCC continues to pose a significant threat to both human health and survival (Villanueva, 2019). The disease begins gradually and progresses slowly, resulting in atypical early clinical signs. A considerable number of individuals with HCC receive inadequate diagnoses until the disease reaches its mid-to-late stages, leading to the loss of the optimal treatment period (Yang and Heimbach, 2020). Current diagnostic methods for HCC, such as imaging techniques and serum biomarkers, often have limitations in terms of accuracy and invasiveness (Bialecki and Di Bisceglie, 2005). Therefore, there is an urgent need for the identification of non-invasive biomarkers for the detection of HCC.
MiRNAs exhibit resilience in circulation through the formation of inclusion bodies and exosomes, allowing for their extraction and examination from biological fluids like serum and stool samples (Valihrach et al., 2020). Disruption in their expression is a common occurrence in cancer (Shaker et al., 2022). This dysregulation leads to a distinct expression profile that is advantageous for early cancer detection. Specifically, miRNAs linked to tumor growth are often overexpressed, while suppressors are frequently under-expressed (Shaker et al., 2021). In recent years, the role of miRNAs in HCC has garnered increasing attention, attributed to their involvement in key signaling pathways implicated in hepatocarcinogenesis (Ruiz-Manriquez et al., 2022). These miRNAs play crucial roles in modulating various cellular processes integral to HCC pathogenesis, including cell proliferation, apoptosis, migration, invasion, angiogenesis, and drug resistance (Xu X. et al., 2018). Circulating miRNAs, protected from RNases, display notable stability (Cui et al., 2019). This stability persists even in challenging conditions such as boiling, extended storage, numerous freeze–thaw cycles, and exposure to extremely low or high pH (Drees and Pegtel, 2020). These characteristics suggest that miRNAs are widely distributed and hold promise for effective early detection of HCC (Shen et al., 2013). Consequently, this systematic review and meta-analysis aimed to assess the diagnostic accuracy of circulating miRNAs in detecting HCC.
In the present study, a total of 24 articles, involving 1,668 HCC patients and 1,236 healthy controls were included. The results indicate that the pooled sensitivity, specificity, PLR, NLR, DOR, and AUC of miRNAs in the diagnosis of HCC were 0.84 (95% CI: 0.80–0.88), 0.81 (95% CI: 0.77–0.84), 4.36 (95% CI: 3.59–5.30), 0.19 (95% CI: 0.15–0.25), 22.47 (95% CI: 14.47–32.64), and 0.89 (95% CI: 0.86–0.91), respectively. The PLR value of 4.3 suggests that the likelihood of a positive miRNA determination in patients with HCC is approximately 4.3 times higher compared to healthy controls. On the other hand, the NLR of 0.19 indicates that cases with negative test results have about a 19% chance of developing HCC. The DOR serves as an index indicating the discriminatory performance of a test (Glas et al., 2003), and a DOR value exceeding 1 signifies a superior diagnostic test. With a DOR of 22.47, the miRNA exhibits a substantial ability to effectively differentiate between HCC patients and healthy controls. Additionally, the AUC value is a valuable indicator for evaluating a system. An ideal test demonstrating perfect discrimination achieves an AUC of 1.0 (Nahm, 2022). As the AUC value approaches 1.0, the overall effectiveness of the test increases. In this study, miRNA emerges as a best tool for screening HCC patients compared to healthy controls, boasting an AUC value of 0.89, which is in close proximity to 1.0. This suggests that miRNAs possess a relatively high capability to distinguish between HCC patients and healthy controls.
In a meta-analysis conducted by Jiang et al., the effectiveness of miRNAs as diagnostic markers for HCC was explored. The reported diagnostic values of miRNAs are as follows: sensitivity of 0.84 (95% CI, 0.79–0.88), specificity of 0.87 (95% CI, 0.83–0.90), a DOR of 36 (95% CI: 20–64), and an AUC of 0.92 (95% CI, 0.90–0.94). These findings highlight the potential diagnostic value of miRNAs for individuals with HCC (Jiang et al., 2019). Discrepancies in certain pooled diagnostic values between our results and those of Jiang et al. could be attributed to variations in diagnostic criteria, demographic differences, adjustments in sample size, and differences in study design. Additionally, discrepancies may arise from variations in miRNA expression patterns, biological diversity, and temporal changes in the characteristics of HCC, all contributing to differences in the reported pooled diagnostic accuracy.
Due to the presence of heterogeneity among the included studies, subgroup analysis and meta-regression analysis were conducted to investigate potential confounding factors. Subgroup analysis indicated that plasma-derived miRNAs exhibited better diagnostic performance (AUC: 0.92) for HCC compared to serum-derived miRNAs (AUC: 0.87). Our findings align with those reported in a meta-analysis conducted by Wu et al. (Wu et al., 2023). Differences in miRNA concentration between serum and plasma can be attributed to various factors, including platelet contamination along with red and white blood cells (Wang et al., 2012), hemolysis (Kirschner et al., 2011), and the presence of qPCR inhibitors (Kaudewitz et al., 2013). Additionally, beyond sample contamination by miRNA from red blood cell rupture, the miRNA profile in serum and plasma may be influenced by platelet content or activation. Activated platelets are known to release miRNAs incorporated into microparticles or the effector protein Argonaute 2 (Ago2) (Laffont et al., 2013). In serum, platelet-derived miRNAs may be released during the coagulation process, and in the case of plasma, there might be residual contamination even after careful serial centrifugation to deplete platelet content (Binderup et al., 2018).
Furthermore, miRNA panels (AUC: 0.94) demonstrated superior accuracy in detecting HCC compared to single miRNAs (AUC: 0.88). This heightened accuracy could be attributed to the involvement of multiple gene mutations and epigenetic genetic abnormalities in the development of HCC (Stavast and Erkeland, 2019). Consequently, miRNA panels may emerge as more suitable diagnostic biomarkers for HCC, reflecting a future trend in development. Interestingly, our results revealed a significant difference in diagnostic ability between groups with a sample size of ≥100 (AUC: 0.91) and <100 (AUC: 0.87). Thus, validating these findings will necessitate large sample sizes and extensive studies.
The paramount value of biomarkers lies in their contribution to clinical decision-making. Likelihood ratios (Rubinstein et al., 2018) serve as valuable tools for clinicians, offering insights into the likelihood that a patient with a positive or negative test actually has HCC or not. In this study, we summarized PLR and NLR to assess the clinical applicability of miRNAs for diagnosing HCC. A PLR >10 and NLR <0.1 indicate high diagnostic accuracy. Our findings highlight that specific miRNA panels, including miR-101-3p, miR-1246, and miR-106b-3p from Moshiri et al.’s (Moshiri et al., 2018) study, and miRNA-148a from Han et al.’s (Han et al., 2019) study, exhibit high diagnostic accuracy and clinical applicability. These miRNAs exert profound effects on HCC pathogenesis, offering intricate correlations and multifaceted functions. MiRNA-148a emerges as a potent tumor suppressor within HCC, orchestrating anti-tumor activities such as inhibiting cell proliferation, inducing apoptosis, and impeding tumor growth (Babu and Muckenthaler, 2019). Its ability to counteract HCC metastasis through the inhibition of the epithelial-mesenchymal transition process and the suppression of the Wnt/β-catenin signaling pathway underscores its pivotal role in mitigating disease progression (Zhang et al., 2014). Similarly, miR-101-3p functions as a tumor suppressor, exerting inhibitory effects on HCC proliferation, metastasis, and stemness properties through the regulation of oncogenic pathways (Su et al., 2009). In contrast, miR-1246 and miR-106b-3p demonstrate oncogenic potential in HCC, promoting tumor progression by enhancing cell proliferation, migration, invasion, and metastasis (Yau et al., 2013; Chuma et al., 2019). Additionally, Fagan’s nomogram reveals promising outcomes, with post-test probabilities of 0.52 and 0.5 for PLR and NLR, respectively, when the pre-test probability was set at 20%. This result suggests that when samples test positive for the presence of miRNAs, patients have a 52% probability of developing HCC. In contrast, the post-test probability of disease is reduced to 5% when the samples test negative for miRNAs. Consequently, miRNAs exhibit a certain diagnostic potential in distinguishing patients with HCC from healthy controls, making them a suitable screening method for HCC.
This meta-analysis has several strengths. It highlights those circulating miRNAs exhibit high diagnostic value in distinguishing healthy controls from patients with HCC, contributing valuable insights for the development of biomarkers in HCC diagnosis. Moreover, the inclusion of studies with high methodological quality minimizes the risk of bias, and the analysis encompasses a more comprehensive list of miRNAs. The incorporation of subgroup analysis and meta-regression analysis addresses the observed heterogeneity in the studies. However, certain limitations exist. Firstly, due to constraints in sample sizes and data within the included studies, the diagnostic efficacy of miRNA in different clinical stages and metastasis of HCC has not been thoroughly analyzed. Second, variations in cutoff values of miRNAs among the studies could contribute to heterogeneity. Third, the lack of consensus on a unified internal reference may result in inconsistent results in miRNA relative quantitative analysis. Fifth, the representation of only some countries may limit the global applicability of miRNAs’ diagnostic performance for HCC. Sixth, the relatively small sample size in each study may affect statistical power. Seventh, the absence of a large number of similar miRNAs for pooling results prevents the identification of specific single miRNA or miRNA panels as the optimal diagnostic biomarkers for HCC. Therefore, while these findings offer valuable insights, caution is warranted in interpretation. The results should be further validated through well-designed studies with larger sample sizes in the future to enhance their reliability and generalizability.
In conclusion, our findings highlight the robust diagnostic potential of circulating miRNAs in detecting HCC. With a combined sensitivity of 0.84 and specificity of 0.81, along with a pooled PLR of 4.36 and a NLR of 0.19, the DOR stood at 22.47. Evaluation of diagnostic accuracy via the SROC curve yielded an AUC of 0.89. These compelling results affirm that circulating miRNAs demonstrate high diagnostic accuracy in identifying HCC, as an AUC exceeding 0.7 signifies a robust predictive capability. Moreover, miRNA panels, plasma-derived miRNAs, and miRNAs analyzed in studies with a large sample size (≥100) demonstrate heightened diagnostic potency in HCC diagnosis. However, to validate and strengthen our findings, a comprehensive collection of prospective studies and multi-center research is essential in the near future.
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Identifying mutations in cancer-associated genes to guide patient treatments is essential for precision medicine. Circulating tumor DNA (ctDNA) offers valuable insights for early cancer detection, treatment assessment, and surveillance. However, a key issue in ctDNA analysis from the bloodstream is the choice of a technique with adequate sensitivity to identify low frequent molecular changes. Next-generation sequencing (NGS) technology, evolving from parallel to long-read capabilities, enhances ctDNA mutation analysis. In the present review, we describe different NGS approaches for identifying ctDNA mutation, discussing challenges to standardized methodologies, cost, specificity, clinical context, and bioinformatics expertise for optimal NGS application.
Keywords: precision medicine, ctDNA mutation, non-targeted next-generation sequencing, targeted next-generation sequencing, bioinformatics

BACKGROUND
Cancer is a multifaceted and constantly evolving disease, which has a progression of genetically distinct clones that guide its course (Lomakin et al., 2022). In the era of precision medicine, the identification of mutations within cancer-associated genes assumes paramount significance, as it serves as a compass guiding the therapeutic journey for patients (Malone et al., 2020).
As a groundbreaking stride, liquid biopsies have risen as a complementary approach to traditional tissue biopsies, offering molecular insights into tumors that can revolutionize early cancer detection, patient stratification, treatment efficacy assessment, and post-treatment vigilance. Unlike tissue biopsies, this minimally invasive approach stands out for its increased uniformity, mitigating sampling bias across diverse tumor regions (Martins et al., 2021). Central to this methodology are mainly circulating tumor DNA (ctDNA) and circulating tumor cells (CTCs) (Jiang et al., 2021).
In particular, ctDNA corresponds to DNA fragments at about 160–200 base pairs (bp) that contain tumor-specific mutations which potentially represent the real-time status of the tumor genome (Chen and Zhao, 2019; Noguchi et al., 2020; Yu et al., 2022). Consequently, the assessment of ctDNA at specific time points—such as the clinical management and the detection of minimal residual disease (MRD)—has emerged as a pivotal factor in prognostication for a multitude of cancer types, encompassing breast cancer, colorectal cancer and leukemia (Parikh et al., 2021; Fürstenau et al., 2022; Turner et al., 2023).
The ctDNA concentrations represent about 0.01% of cell-free DNA (cfDNA); these low percentages lead to challenges in acquiring enough quality material for detection, especially at the early stages of tumor development (Huerta et al., 2021). According to individual tumor features, a specific analysis methodology is required, and the technique’s sensitivity for identifying ctDNA mutations is inversely proportional to the tumor stage (Elazezy and Joosse, 2018; Oliveira et al., 2020; Sanz-Garcia et al., 2022) (Figure 1).
[image: Diagram illustrating the relationship between cancer stage and sensitivity. It shows different sequencing methods: Tam-Seq (0.01-2%), TEC-Seq (0.05-0.1%), Safe-SeqS (0.05%), CAPP-Seq (0.1%), WGS, and WES (5-10%). Sensitivity increases from left to right.]FIGURE 1 | Sensitivity and applicability of techniques for identifying ctDNA mutations, the early stage of cancer requires more sensitive next-generation sequencing techniques to detect mutations in ctDNA. MRD, minimal residual disease; TEC-Seq, Targeted error correction sequencing; Safe-SeqS, Safe-Sequencing System; CAPP-Seq, Cancer Personalized Profiling by Deep Sequencing; WGS, Whole-Genome Sequencing; WES, Whole Exome Sequencing.
In 2016, the U.S. Food and Drug Administration (FDA) and the European Medicines Agency approved the first ctDNA-based test to prescribe EGFR inhibitors in patients with non-small cell lung cancer (NSCLC) - Cobas EGFR mutation test v2 (Kwapisz, 2017; U.S Food and Drug Administration, 2022; U.S Food and Drug Administration, 2023). This ctDNA EGFR mutation testing leads to cost reductions and enables more effective treatment, resulting in a positive economic impact. Table 1 shows other current ctDNA tests approved for application in the clinical management of different cancer types.
TABLE 1 | FDA approved tests for identifying mutations used in liquid biopsy.
[image: A table lists FDA-approved diagnostic tests with details from 2016 to 2023. Columns include Year, Name Test, Technology, Company, Biomarker, Molecular Alteration, and Cancer Type. Tests use PCR or NGS technology. Biomarkers like EGFR, PIK3CA, BRCA1, BRCA2, and BRAF are linked to various alterations and types of cancer, including breast, prostate, ovarian, NSCLC, and colorectal cancer.]Advances in next-generation sequencing (NGS) technology and a large demand for ctDNA mutation analysis to support clinical studies have facilitated the emergence of sequencing assays covering cancer-related genes (Yu et al., 2022). Because it is rare, detection of mutations in ctDNA can be challenging, even with the increased feasibility of its analysis through NGS, which can present error rates of 0.1%–1% depending on the platform used (Glenn, 2011).
Currently, sequencing technologies have two distinct approaches with different methods and applications. The non-targeted sequencing often provides an overview of the entire genome and captures coding and non-coding regions. Also, it enables new genetic discovery without previous knowledge (Bagger et al., 2024). Conversely, targeted sequencing focuses on specific genes or regions of interest previously known, which participate in biological processes and diseases (Figure 2) (Singh, 2022).
[image: Comparison of DNA sequencing methods: Whole Genome Sequencing (WGS) analyzes the entire genome, Whole Exome Sequencing (WES) targets exons, and Target Sequencing focuses on specific regions. Each method is depicted by colored segments and corresponding DNA strands.]FIGURE 2 | Different NGS-based approaches available for ctDNA analysis. The non-targeted approach includes whole-genome sequencing (WGS), which captures the entire genome from a biological sample, including coding and noncoding regions. Additionally, whole-exome sequencing (WES) captures only coding regions. Contrastly, targeted techniques capture only the molecular alterations of genes of interest that are previously known.
Recently, long-read sequencers, known as third-generation sequencing (TGS), have emerged to surpass NGS technologies. This approach allows the reading of single DNA molecules in real time without the need for prior PCR amplification steps, offering high precision and speed. Furthermore, TGS is capable of detecting epigenetic modifications, and its rapid results make it attractive for disease diagnosis, particularly in precision oncology (Ling et al., 2023; Scarano et al., 2024).
In the present study, we described NGS and TGS approaches and discussed standardized methodologies and challenges for the identification of ctDNA mutation. Additionally, we explore cost-effectiveness, specificity, clinical utility, and bioinformatic implications for optimal NGS application in ctDNA analysis from cancer patients.
NEXT-GENERATION SEQUENCING
The NGS technology has revolutionized the field of genomics by enabling rapid and affordable large-scale DNA and RNA sequencing. This methodology is based on analyzing several millions of short DNA fragments in parallel, followed by either sequence alignment to a reference genome or de novo sequence assembly (Lin et al., 2021). Therefore, this technology can be useful for real-time monitoring of tumor progression through detection with high accuracy of genetic status from primary and metastatic tumors (Hess et al., 2020).
Usually, library preparation is a critical step that precedes sequencing and varies according to study type and available financial resources. This process consists of ensuring genetic material is appropriate to be sequenced by high-throughput sequencing platforms and may include separation of large fragments, recovery of small fragments through probes, repair of DNA ends, connector connection, and addition of a special connector from the sequencing kit (Liang et al., 2020; Bohers et al., 2021). A technological advance within library preparation is the use of molecular barcoding by inserting random sequences prior to PCR amplification to obtain counts of original DNA molecules without unbiased results and with increased sensitivity (Bohers et al., 2021; Szadkowska et al., 2022).
In ctDNA, the identification of mutations is challenging due to its representation of a small fraction of cfDNA and the need for high levels of plasma DNA for analysis (Dang and Park, 2022). However, the various NGS tools offer potential applicability, specificity, sensitivity and low input, making them invaluable in ctDNA research (Elazezy and Joosse, 2018). This includes non-targeted (Diefenbach et al., 2019; Ganesamoorthy et al., 2022) and targeted approaches (Phallen et al., 2017; Elazezy and Joosse, 2018; Gale et al., 2018; Peng et al., 2019; Zhao et al., 2020; Kato et al., 2021; Hallermayr et al., 2022) (Table 2).
TABLE 2 | Sequencing NGS- and TGS-bated methods used for ctDNA analysis.
[image: A detailed table comparing various genetic sequencing technologies, including WGS, WES, and NGS methods like Tam-Seq and CancerSEEK. It lists sensitivity, specificity, input requirements, applications, alteration types, and references, each attributed to different studies. Specific technologies are highlighted for non-targeted and targeted sequencing approaches, with details on cancer detection and monitoring applications. References are provided alongside each method for further reading.]NON-TARGETED NGS TECHNOLOGIES
In the realm of non-targeted sequencing, the focus broadens to include the entire genome or exome using methods such as whole-genome sequencing (WGS) and whole-exome sequencing (WES), allowing for the simultaneous identification of multiple mutations (Elazezy and Joosse, 2018; Chen and Zhao, 2019; Esteva-Socias et al., 2020). In ctDNA analysis, these methodologies can be applied to discover new molecular alterations, recognize new drug targets, and screen for drug resistance clones (Bohers et al., 2021).
In particular, WGS technologies are better suited to identifying structural and non-coding variations in ctDNA, composing a potential promise for the diagnosis of rare diseases (Bos et al., 2020; Marshall et al., 2020; Sun et al., 2021; Ibañez et al., 2022). The goal of the technique is to detect mutations, chromosomal alterations, genetic rearrangements, and somatic copy number alterations (Daya and Mahfouz, 2018).
According to Zviran et al. (2020) the WGS approach allowed dynamic tracking of tumor burden and detection of single nucleotide variations in postoperative residual disease in colorectal cancer with sensitivity ±SE = 90% ± 0.069%, specificity ±SE = 98% ± 0.006% (AUC ±SE = 0.97 ± 0.025). In addition, showed an association with shorter recurrence-free survival for 36.8% (7/19) of post-operative ctDNA-positive patients P = 0.03.
Recently, a study used ultra-low-pass whole-genome sequencing (ULP-WGS), an emergent tool for ctDNA analysis in hepatocellular carcinoma (HC) patients. This technique is cheaper compared to WGS and has a total ctDNA input of 2.5 ng but a very low coverage (<0.05), which can leave gaps in the sequencing. The results showed that 30.1% (22/73) of HC patients had detectable ctDNA levels. Furthermore, a pattern of chromosomal changes was found, such as the loss of 5q (36.3%) and 16q (40.9%) with an association with positive ctDNA as a predictor of worse prognosis and a biomarker of tumor aggressiveness (Sogbe et al., 2024).
In contrast, WES is a limited method only for coding regions (Sabatier et al., 2022). It is generally used to detect genetic variants that are associated with diseases and detect mutations (Glotov et al., 2023). In a comparative study, WES was applied to paired ctDNA and tumor biopsy in 15 patients for breast cancer, sarcoma, gastrointestinal cancer and melanoma. It was observed that the ctDNA fraction <16.4% is insufficient for detecting tumor-specific variants with a median number of 3 variants, in contrast, a value >30% of ctDNA fraction detected 95 non-synonymous variants. Furthermore, the results showed that ctDNA captures tumor heterogeneity by sharing 22 variants between melanoma (primary tumor) and liver (metastatic) and 12 additional variants that are unique to a tumor site, as well as being able to identify more frequently mutated genes concordant between WES ctDNA and tissue for breast cancer such as ESR1, KRAS, PIK3CA, PIK3R1, FAT1 and MED12, for gastrointestinal cancer APC, CASP8, GRIN2A, MYH9, TP53, ASXL1, CDH11 and KRAS; and melanoma PSIP1, RSPO2 and SF3B1 (Leenanitikul et al., 2023).
Nevertheless, it is adequate to detect mutation in patients with advanced tumors and increased ctDNA fractions (Bohers et al., 2021). A study by Diefenbach et al., 2019 showed that ctDNA WES can be used to profile mutations and capture clinically relevant alterations in metastatic melanoma, such as BRAF and NRAS melanoma driver gene mutations in 6/10 patients when applying a mutant allele frequency (MAF) cutoff of at least 10%.
Notably, WES presents a cost-effective approach compared to WGS by exclusively scrutinizing exons. However, both WGS and WES demand substantial DNA input to ensure the acquisition of high-quality data for the sequencing process and high-throughput. Therefore, these techniques are expensive, which makes their clinical application challenging. Additionally, these methods exhibit limited sensitivity, rendering them less suitable for early-stage cancer detection (Ganesamoorthy et al., 2022).
TARGETED NGS-BASED METHODS
The targeted strategies allow the detection of single or few tumor-specific mutations in ctDNA through pre-selected panels previously described, such as BRAF, KRAS, TP53, PIK3CA, APC and EGFR (Elazezy and Joosse, 2018; Mallampati et al., 2019; Liu et al., 2020; Kato et al., 2021; Jiménez-Rodríguez et al., 2022). These techniques could be useful in clinical management for monitoring MRD, early detection of relapse or screening for resistant mutations (Bohers et al., 2021; Lin et al., 2021; Sanz-Garcia et al., 2022).
Generally, customized panels are constructed based on mutations captured during tissue sequencing and applied to detect tumor-specific mutations in plasma (Sanz-Garcia et al., 2022). In addition, laboratories have no standardization in the clinical implementation of NGS panel design. It is widespread to use pre-designed panels from suppliers or to create your panels. However, developing a targeted panel from scratch is challenging, as investments in operational infrastructure and bioinformatics are required (Shi et al., 2022).
Amplicon
Target NGS technologies require enrichment by amplicon or hybrid-capture (Figure 3) (Lin et al., 2021; Sanz-Garcia et al., 2022). Amplicon sequencing, a targeted NGS method able to analyze genetic variation in specific genomic regions, consists of a multiplex PCR-based method that uses oligonucleotides to target and capture regions of interest. PCR is used to create DNA sequences known as amplicons, which can be multiplexed by adding a barcode or index to the samples for identification. Before, the samples must be transferred into libraries by adding adapters and enriching targets using PCR amplification. The adapters allow the formation of indexed amplicons and their adherence to the flow cell for sequencing (Hung et al., 2018). Currently, some amplicon-based methods are described in the literature.
[image: Flowchart comparing the amplicon method and hybrid-capture method for sequencing. Both start with a blood sample. The amplicon method involves primers ligation, amplification, and sequencing. The hybrid-capture method involves cDNA fragmentation, adapter ligation, probe hybridization, capturing by magnetic beads, and sequencing.]FIGURE 3 | Two NGS-based targeted approaches for ctDNA analysis. The amplicon approach is based on the PCR method, which amplifies specific regions of the genome. The hybrid-capture approach uses probes to capture and enrich specific genomic regions of interest before sequencing. cfDNA, cell-free DNA.
[image: Flowchart illustrating the biological sample analysis process with five stages: Sequence Reads using FASTQ, Quality Control with tools like FastQC and Trimmonatic, Alignment using BWA, Variant Calling with software such as FreeBayes and VarScan, and Annotating Variant Calls using VEP and snpEFF. Each stage is represented by an icon and relevant software names.]FIGURE 4 | Bioinformatics workflow for data-seq for ctDNA evaluation. This process generally includes obtaining sequence reads, performing quality control, genomic alignment, variant calling, and annotating variant calls. Multiple tools are available for each step, or a single tool can be used to complete all the steps (SiNVICT).
Safe-sequencing system (Safe-SeqS)
Safe-SeqS is an amplicon method that uses DNA molecular barcodes to increase sequencing sensitivity before PCR and uses the unique identifier (UID), which allows fragments with the same UID to be considered mutants if more than 95% have the same mutation. Barcode error correction increases sensitivity to 0.05% and identifies rare mutations (Tuaeva et al., 2019; Bohers et al., 2021). Tie et al. (2021) designed Safe-SeqS to evaluate a previously detected mutation with a higher allele frequency in 54 patients with resectable colorectal liver metastases (CRLM) and evaluated the prognostic impact of postoperative ctDNA in patients with CRLM. As a result, ctDNA was most detectable in patients at baseline (T0) 85% (46/54) with a median MAF for positive ctDNA of 1.86% (IQR, 0.44%–8.2%) and in patients after surgery (TP) 24% (12/49) 0.09% (IQR, 0.02%–1.3%).
Nowadays, Safe-seqS is recognized as Unique Molecular Identifier (UMI)-based sequencing and highlights in new nomenclature the use of unique molecular identifiers (UMIs) to track and correct errors during the process, with greater accuracy in the detection of rare mutations and in the quantification of nucleic acids (Salk et al., 2018). UMI-based sequencing technology was used to investigate somatic mutations in ctDNA of patients with lung squamous cell carcinoma (LUSC), which were detected in 80.8% (20/26) of patients and mutations with maximum allele fraction (maxAF) > 5% compared to maxAF ≤5% (P = 0.020) reflected shorter overall survival. The most frequently mutated gene was TP53 with 73.0% (19/26), and the classic lung cancer driver mutations, PIK3CA (n = 3), EGFR amplification (n = 2), EGFR exon 19 deletion (n = 1), KRAS Q61R (n = 1), and MET amplification (n = 1) were detected (Liu et al., 2020).
Tagged-amplicon deep sequencing (Tam-seq)
Tam-seq uses an enrichment matrix with primers and barcodes in the construction of an amplicon library, which goes through steps of targeted pre-amplification and selective amplification with single-plex reactions, as well as PCR is performed for the addition of adapters and barcodes for sample identification (Zhao et al.,2020). This technique showed high sensitivity 0.01%–2.0% and specificity >97% to detect mutations in circulating DNA, as a ctDNA analysis method that allows for an ultra-low detection limit and broad patient coverage, as well as showing digital PCR-like sensitivity for hotspot alleles and can simultaneously interrogate thousands of additional genomic positions without your sensitivity or specificity are affected (Noguchi et al., 2020). The technique requires knowledge of recurrent cancer mutations available in databases and uses a selector (biotinylated oligonucleotide probes) to target large segments of the studied regions (Bohers et al., 2021).
In 2018, Gale et al. described enhanced Tam-Seq (eTam-Seq), which consists of an expanded assay to target hotspots and entire coding regions of 35 genes for common cancer types, based on a primer design that allows amplification of highly fragmented DNA and in library preparation does not use microfluidics. This technique aims to identify single nucleotide variants (SNVs) and short insertions/deletions (indels) and identify copy number variants (CNVs). The validation test results of this tool indicated high specificity 99.9997% (95% (CI): 99.9989%–99.9999% by base specificity) and sensitivity 100% (90% (CI): 99.01%–100%) in low input samples at 2%–2.5% AF, 99.17% (90% CI: 97.40%–99.85%) in medium input samples at 1%–1.3% AF and 95.45% (90% CI: 93.09%–97.18%) in high input samples at 0.25%–0.33% AF (Gale et al., 2018).
On the other hand, the hybrid-capture, also known as hybridization-based sequencing, is based on using long, biotinylated probes or baits complementary to the region of interest. This method involved the fragmentation of physical or enzymatic DNA followed by enzymatic repair of the ends of the molecules and ligation of platform-specific adapters. These adapters usually contain index bases that comprise a sequence that is unique to the sample or the barcode of the sample (Bohers et al., 2021). Unlike amplicon sequencing, this method does not require PCR primer design. Thus, it is less likely to miss mutations and is said to be better at performing in terms of sequence complexity. The capacity of this method for mutation detection makes it best suited to cancer research. Moreover, its sequence complexity and scalability make it good for WES (Wu et al., 2022).
Hybrid capture
When choosing panels in the hybridization method, cfDNA fragmentation must be taken into account, as it may result in heterogeneous coverage between target exons (Lin et al., 2021; Shen et al., 2021). This enrichment step prevents loss of the variant of interest if they are on the edges of the fragments because the probe binding to the target region is sufficient to capture the variant. However, the fragments may not amplify because they do not have a binding sequence with the primers during NGS library preparation (Mallampati et al., 2019). Several hybrid capture-based technologies have been described.
Cancer personalized profiling by deep sequencing (CAPP-Seq)
CAPP-Seq developed the ability to simultaneously detect several types of changes: SNVs, rearrangements, insertions/deletions, and copy number changes (Elazezy and Joosse, 2018). Additionally, CAPP-Seq has been enhanced with Integrated Digital Error Suppression (iDES), combining CAPP-Seq with duplex barcode sequencing technology and a computational algorithm that removes stereotyped errors associated with the CAPP-Seq hybridization step (Peng et al., 2019). According to Kato et al. (2021), CAPP-SEq applied to ctDNA mutation analysis allowed the identification of mechanisms of resistance to osimertinib in EGFR T790M-positive NSCLC patients. In addition, the assay also detected EGFR-activating mutation in 70% (14/20) of patients, and these results were associated with a larger tumor volume through the sum analysis of the largest diameters of the target lesions (P = 0.04). In addition, for patients with EGFR activating mutation, mutations were observed in the genes PIK3CA (3/14) 21%, KRAS (2/14) (14%) and or BRAF (3/14) 21% and copy number gain alterations for EGFR (9/14) 64%, ERBB2 (4/14) 29% or MET (4/14) 29%. Additionally, the identified alterations were more common in patients with innate resistance 8 (57%) compared to patients with acquired resistance 6 (43%) (Kato et al., 2021).
Others technologies
Some approaches described use different combinations of technologies to optimize results. Some methods do not apply to the amplicon enrichment or hybrid capture standards.
Immunoglobulin high-throughput sequencing (Ig-HTS)
Ig-HTS is an ultra-deep genomic DNA sequencing method developed for minimal residual disease in hematologic malignancy that uses multiplex PCR arrays to identify a tumor-specific clonotype from rearranged gene regions of IgH, IgK, and IgL receptors. This technology enables cancer monitoring through quantifying ctDNA with a sensitivity of 10%–6% (Bohers et al., 2021). In 2022, Rezazedeh et al. demonstrated that Ig-HTS as a Food and Drug Administration-proven tool clonoSEQ (Adaptive Biotechnologies) allows the minimization of surveillance imaging in patients with B-cell lymphomas from ctDNA analysis, in which the result of the MRD assay was predictive of relapse before imaging in 92% of patients (11/12) (Rezazadeh et al., 2024).
Targeted error correction sequencing (TEC-Seq)
TEC-Seq is a method that combines targeted sequencing and error correction approaches, which has a sensitivity of 94.7% and is capable of detecting mutations in early-stage solid cancers, as well as being a method capable of identifying true mutations and false-positive variants (Phallen et al., 2017; Bohers et al., 2021). Serrano et al. employed TEC-Seq for serial monitoring of ctDNA from patients with gastrointestinal stromal tumors to evaluate the combination of sunitinib and regorafenib as a new add-on drug treatment regimen. In this study, somatic mutations, point mutations, small insertions, and deletions were analyzed. This approach resulted in primary mutations in 89% (8/9) and secondary mutations in 78% (7/9) of patients (Serrano et al., 2019).
Single primer extension (SPE)
SPE is a method developed by QIAGEN that redefines amplicon enrichment and sequencing (QIAseq SPE technology for Illumina: Redefining amplicon sequencing - QIAGEN, 2018). The method is based on the extension of a single gene-specific primer by DNA polymerase to amplify each genomic region with uniform coverage, allowing the detection of single nucleotide polymorphisms (SNPs) and specific mutations with high accuracy. Initially, the primer is hybridized to the DNA template strand in the target region, where there are subsequent adapter ligation repair steps. Then, the primer is extended from the 3′ end, and each genomic region is targeted by only one region-specific primer plus a universal adapter primer that binds to sequences introduced through adapters. These adapters are linked to primers and a molecular barcoding technology used to uniquely tag each molecule in the sample library, Unique Molecular Index (UMI), with a sensitivity of 0.5%–1% (Bentley et al., 2008; Peng et al., 2019; Zhao et al., 2020). In SPE, the use of UMI reduces amplification errors and increases the sensitivity of variant detection, which provides error correction and higher accuracy during sequencing. Additionally, SPE can be enhanced through duplex UMI adapters (duplex SP-UMI), multiplex PCR-based enrichment and sequencing, which increases sensitivity to 0.1%–0.2% (Peng et al., 2019).
Recently, this technology was used by Jiménez-Rodríguez et al. (2022) for the analysis of ctDNA from BC patients and a sequencing panel composed of exonic regions of 33 genes in 75 plasma samples was developed. As a result of the study, 21.31% (13/61) of tumor mutations were found in both plasma and corresponding tumors, and the most frequently mutated genes were TP53 (53.84%) and PIK3CA (23.07%). In addition, it presented a sensitivity of 0.03% and a specificity of 86.36%.
Duplex sequencing
Duplex sequencing is a method that aims to achieve accuracy and reduce sequencing errors based on double-strand consensus analysis. This technique begins with the fragmentation of DNA into smaller pieces and the addition of specific adapters. The fragmented DNA is encapsulated in emulsion drops where PCR amplification occurs, generating single-strand readings. The single strands are paired to form duplex readings. The analysis of the two strands is compared to eliminate random errors that can be identified by the lack of correspondence between the single-strand readings (Mallampati et al., 2019; Bohers et al., 2021; Shields et al., 2022). This approach was demonstrated by Mallampati et al. (2019) to monitor disease progression in patients with stage IV colorectal cancer. In this research, a CRC23 panel with 78.81 kb was created involving 85% of mutated targets and exon regions for the TP53, APC, KRAS, NRAS, BRAF, PIK3CA and ERBB2 genes and hotspot coding exons of 16 other genes. Furthermore, a detection limit of 0.3% of variant frequency was observed, as well as diagnostic accuracy of 96.15% (95% CI, 94.28%–97.55%), sensitivity of 87.23% (95% CI, 74.26%–95.17%) and specificity of 96.91% (95% CI, 95.11%–98.19%).
Although the targeted strategy makes cancer monitoring extremely sensitive, these approaches require prior genetic knowledge of the tumor. This may not be useful in characterizing new molecular alterations that occur during tumor treatment (Elazezy and Joosse, 2018; Sanz-Garcia et al., 2022).
THIRD GENERATION OF SEQUENCING
Additionally to NGS, the advent of the third generation of sequencing (TGS) has provided new features and capabilities for real-time reading, long-fragment reading, portability, and ease of use which are fundamental to understanding cancer genetics, and currently PacBio Sequencing (Menlo Park, CA, United States) and Oxford Nanopore Technologies (ONT, Oxford, United Kingdom) are the two TGS technology platforms (Amarasinghe et al., 2020; Scarano et al., 2024).
Single Molecular Real-Time (SMRT) (Pacific Biosciences, California) is a method based on reading made on SMRT chips which is composed of metal film containing zero-mode waveguides (ZMW) which are special nanophotonic visualization chambers. Inside chambers in the flow cell are ZMW that capture signals from phospholinked dNTP labeled with fluorophores which are incorporated by DNA polymerase and released fluorescence pulse that is identified by laser at a specific wavelength in real time (Treffer and Deckert, 2010). This SMRT technology enables the reading of repetitive elements and allele phasing in long fragments (Ardui et al., 2018). In the analysis of ctDNA, SMRT sequencing was used to evaluate long DNA properties and methylation patterns, since analyses usually focus on short fragments. The assay results showed the detection of fragments up to 13.6 kb in length in samples from 13 patients with hepatocellular carcinoma. Additionally, it was observed that non-tumor cfDNA was generally longer than tumor cfDNA, in which plasma DNA molecules longer than 600 bp were 55.1% carrying mutant alleles and 64.8% wild-type, and molecules longer than 1 kb were 43.4% carrying mutant alleles and 56.4% wild-type. Furthermore, complete reads were performed in 85.79% (IQR: 83.11%–88.69%) of the fragments. Another important point to be analyzed was the detection of long cfDNA fragments containing a mutant allele, which can generate changes in cfDNA analyses for the inclusion of long molecules (Choy et al., 2022).
Furthermore, nanopore sequencing (Oxford Nanopore Technologies) is a technology that consists of real-time readings of changes in electrical current during the passage of the DNA molecule through a biosensor, which is composed of an electrically resistant membrane. The nanopores are arranged in the flow cell in micro-scaffolds and can be categorized as solid and biological. Each nanopore is an electrode connected to the channel inside the sensor chip where the electrical current is measured. When the electrical current is interrupted by the passage of a molecule, the so-called “squiggle” occurs and this information becomes corresponding to a specific nucleotide. This method has capacity for long-read sequencing, empowering the direct analysis of DNA or RNA fragments sans the prerequisite of prior amplification (Wang et al., 2021; Scarano et al., 2024). This TGS technology was employed to analyze genomic and fragmentomic data from liquid biopsies in 8 urine samples from bladder cancer patients and 22 plasma samples from lung cancer patients. ONT sequencing performed on the MinION showed structural properties of cfDNA and the ability to recover somatic copy number aberrations (SCNAs) in 24 h with a median of 800,183 reads and ∼0.1X coverage. Although cfDNA is described in the literature as short and fragmented molecules (167 bp), the results obtained from this research showed increased recovery of long cfDNA (>300 bp) in plasma from lung cancer patients, and compared to short-read sequencing (5.3%), ONT sequencing had 54.1% of fragments larger than 300 bp (van der Pol et al., 2023).
CyclomicsSeq is a technology based on the circularization and concatemerization of DNA molecules and an optimized DNA sequence in combination with Oxford Nanopore sequencing created for real-time monitoring of tumors based on the analysis of ctDNA levels. The protocol of this technology uses amplicons and is divided into four steps, which involve the circularization of the insert and backbone (DNA adapter), rolling circle amplification (RCA), long-read sequencing and data processing. The detection of ctDNA through this technology allows the identification of mutations based on somatic variants. Real-time monitoring can be done by identifying mutations in the TP53 gene, in which a TP53 mutation was observed in a trial with patients with head and neck squamous cell cancer negative for the human papillomavirus (HPV) at a frequency of 0.02%. During the trial, the single nucleotide error false positive rate (snFP rate) was also analyzed, which had a median <6, 10−4 in all TP53 exons to evaluate the use of CyclomicsSeq for mutation detection in liquid biopsy (Marcozzi et al., 2021).
Although TGS can generate long reads and detect complex structural variants, its use in ctDNA analysis still has challenges. ctDNA fragments are rare in cfDNA, and reads of long fragments can induce the appearance of false base substitution mutations and indels (Ardui et al., 2018; Marcozzi et al., 2021; Scarano et al., 2024). These errors can make it difficult to accurately detect relevant mutations that could interfere with the clinical management of cancer patients.
SEQUENCING DATA ANALYSIS
Data sequencing analysis is a critical process for ctDNA evaluation and consists of three main steps: quality analysis, alignment, and variant calling (Figure 4) (Wadapurkar and Vyas, 2018). Firstly, quality control of the reads is crucial for the bioinformatics analysis since high throughput NGS generates a massive volume of data and improves confidence in the data. In general, programs like FastQC provide a comprehensive per-base analysis, ensuring that the sequence is accurate and not compromised by issues generated during the sequencing run (Andrews, 2010; Trivedi et al., 2014; Mahamdallie et al., 2018). Moreover, reads can be contaminated by other sequences, such as primers or adapters in library preparation. Thus, several tools may be used to remove low-quality bases and sequences from adapters, such as Cutadapt, FastP, and Trimmomatic (Bolger et al., 2014; Chen et al., 2018; Martins et al., 2021).
Based on the provenance of the data and the size of the fragments, several aligners can be useful for ctDNA, including BWA and Bowtie2 (Li and Durbin, 2009; Langmead and Salzberg, 2012). In target sequencing, the alignment process consists of comparing the generated sequences to verify the degree of similarity using a reference genome or a customized file containing only the regions of interest of the study as a parameter. Moreover, it is worth noting that the version of the genome used during the analysis should be the same in order to avoid later disagreements (Reinert et al., 2015; Dilliott et al., 2018; Kang et al., 2020).
The last step seeks the identification of variants that differ from the reference used, typically FreeBayes, VarScan, BCFtools, VarDict and VariantDx are among the tools used to find SNPS, indels during the calling process in ctDNA analysis (Liu et al., 2013; Kang et al., 2020). Finally, the variants found go through the annotation process, which is querying existing databases. The VarDict is an ultra-sensitive variant caller pipeline that has already been used for the identification of ctDNA variants in cancer samples (Lai et al., 2016; Leal et al., 2020).
A sufficient number of reads is extremely important for correct mapping, identifying genetic alterations, and ruling out putative execution errors, especially data from devices that show errors in base changes. Targeted sequencing provides just that, contributing to the identification of variants at low abundance, which is characteristic of ctDNA. Therefore, high coverages (>30,000×) are expected in this type of experiment.
In addition, variant detection in ctDNA samples can be challenging due to the low frequency of total cfDNA and PCR artifacts in library preparation. Thus, Kockan et al. (2017) introduced SiNVICT, which consists of a tool for the detection of SNVs and short indels in ctDNA at very low variant allele percentages with high accuracy and sensitivity. This approach includes pre-processing, SNV/indel calling, and post-processing steps. SiNVICT also allows for analyzing samples collected at different time points and evaluating the temporal clonal evolution of tumors, which could be useful for the detection of resistance mutations and therapy selection (Kockan et al., 2017).
CONCLUSION AND FUTURE PERSPECTIVES
Currently, ctDNA analysis represents a crucial approach to guide cancer diagnosis, management and monitoring, but the clinical implementation of ctDNA is still limited (Oliveira et al., 2020). NGS has shown great potential for advancing clinical practices through the development of a diverse panel for identifying ctDNA mutations in different cancer types, but finding the optimal approach remains a challenge (Table 3). Studies based on non-targeted NGS have the highest cost but are necessary for the construction of mutational panels, especially in cases of tumors lacking biomarkers (Hess et al., 2020; Christodoulou et al., 2023). With these studies, it is expected that new techniques will be developed to detect ctDNA mutations even at low frequencies in the bloodstream.
TABLE 3 | Sequencing technologies are available for ctDNA analysis, as well as its principles, advantages, and disadvantages.
[image: A comparison table of sequencing technologies includes rows for NGS and TGS, subdivided into non-targeted and targeted classifications. Methods listed are WGS, WES, Amplicon, Hybrid-capture, SMRT, and Nanopore. Each method has a corresponding principle, advantages, and disadvantages described. WGS provides a comprehensive genome view; WES is cost-effective. Amplicon is sensitive but may lead to false positives. Hybrid-capture offers high coverage but is complex. SMRT provides long reads but has limitations on coverage. Nanopore presents precision but is complex.]One of the tests approved by the FDA based on NGS panels most used in clinical oncology practice is still Foundation One® Liquid Cdx, used with both tissue biopsies and ctDNA in NSCLC, breast, prostate, ovarian, and colorectal cancer (Newman et al., 2016; Shahnoor et al., 2023). This test allows comprehensive genomic profiling that guides more effective therapy and predicts patient prognosis (Woodhouse et al., 2020).
Another technology that is quite promising for application in clinical practice is CancerSEEK is an amplicon-based method that uses multiplex PCR in the enrichment step and was developed in 2018 as a blood test for early cancer detection through quantifying the levels of circulating proteins and cfDNA (Cohen et al., 2018; Duffy et al., 2021; Dao et al., 2023).
CancerSEEK is capable of detecting 8 types of non-metastatic cancer (ovarian, liver, stomach, pancreas, esophagus, colorectal, lung or breast) through the construction of a panel for 16 genes (NRAS, CTNNB1, PIK3CA, FBXW7, APC, EGFR, BRAF, CDKN2A, PTEN, FGFR2, HRAS, KRAS, AKT1, TP53, PPP2R1A, GNAS) composed of 61 amplifiers containing on average 33 base pairs each amplicon. This assay has shown results, after application in 1,005 patients, of sensitivities of 69%–98% for 5 types of cancer (ovarian, liver, stomach, pancreas and esophagus) and specificity >99% in 0.86% (7/812) of healthy controls. In addition, it was observed that the maximum ctDNA detection capacity of the assay could vary according to the type of tumor (60% for liver cancer and 100% for ovarian cancer) and DNA concentrations in plasma ranged from 0.11 to 119 ng/mL. The test identified rare mutations: nonsense, insertions or deletions, canonical splice site mutations, synonymous mutations, except at exon ends and intronic mutations, except at splice sites. Regarding the reading model, CancerSEEK uses reference sequences and custom scripts in Python, SQL and C# (In Silico Solutions, Falls Church, VA) (Cohen et al., 2018).
Although the CancerSEEK test has been recognized as a Breakthrough Device by the U.S. Food and Drug Administration for the detection of genetic mutations and proteins associated with pancreatic and ovarian cancers, it still needs to be validated in large-scale screening studies for commercialization (Duffy et al., 2021).
Therefore, it is expected that more target NGS-based technologies will be developed to increase the sensitivity of ctDNA detection. Additionally, as NGS-based experimental designs become more affordable and popular, there is an escalating demand for software capable of collating, manipulating, and visually presenting quality control (QC) logs and reports, especially when dealing with a substantial number of samples. Also, multiple factors, including cost, yield, specificity, cancer type, disease stage, clinical application, and bioinformatics analysis need to be considered.
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This review provides an in-depth summary of the development of anti-cancer drugs for tumor-associated macrophages (TAMs), with a particular focus on the development and tissue specialization of macrophages, and factors influencing the polarization of M1 and M2 macrophages, and mechanistic insights underlying the targeting therapeutic approaches. TAMs, pivotal in the tumor microenvironment, exhibit notable plasticity and diverse functional roles. Influenced by the complex milieu, TAMs polarize into M1-type, which suppresses tumors, and M2-type, which promotes metastasis. Notably, targeting M2-TAMs is a promising strategy for tumor therapy. By emphasizing the importance of macrophages as a therapeutic target of anti-cancer drugs, this review aims to provide valuable insights and research directions for clinicians and researchers.
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1 INTRODUCTION
1.1 Macrophages: development and tissue specialization
Macrophages, initially detailed by Ilya Metchnikoff (Stefater et al., 2011), possess the capacity to engulf and eliminate cellular components from both living and dead organisms and host cells (Ji et al., 2024). Macrophages can be categorized into two main subtypes: tissue-resident macrophages and monocyte-derived inflammatory macrophages. Tissue-resident macrophages primarily execute anti-tumor functions through cytotoxicity and antibody-dependent cell-mediated cytotoxicity (ADCC). In contrast, monocyte-derived inflammatory macrophages tend to promote tumor metastasis and suppress T cell-mediated immune responses (Sun et al., 2023). The predominant population, tissue-resident macrophages, originates embryonically and is distributed across various tissues where microcellular invasion or foreign body accumulation occurs frequently, such as the liver, lymph nodes, and spleen. Recent research has highlighted the indispensable role of tissue-resident macrophages in responding to lung injury post-trauma or stroke through specific inflammatory pathways (Aegerter et al., 2022). Notably, investigations have revealed that depleting tissue-resident macrophages, instead of impeding the recruitment of monocyte-derived macrophages, effectively mitigates lung injury after trauma or stroke events (Hoyer et al., 2019). Over time, the belief that tumor-associated macrophages (TAMs) were primarily recruited from peripheral sites has shifted due to novel insights from gene pedigree tracing, xenogeneic reproduction, and bone marrow chimera studies, indicating both embryonic and pathological origins as key sources (1) (Rodell et al., 2019; Fu et al., 2020). In a steady state, most tissue-resident macrophages are derived from the yolk sac and fetal liver. However, during pathological conditions, monocytes turned out to be a prominent source (van de Laar et al., 2016). These findings about mature macrophage proliferation prompt us to re-evaluate the interplay between macrophage proliferation and differentiation. Each organ harbors a unique macrophage subpopulation that, following birth, is renewed by circulating monocytes, establishing a distinct regeneration pattern.
1.2 Tumor microenvironment and tumor-associated macrophages
The tumor microenvironment (TME), consisting of various cellular and non-cellular components, is the complex ecosystem that surrounds and interacts with cancer cells within a tumor. As one of the most concerned cellular components, immune cells include innate immune system cells (including macrophages, neutrophils, myelogenic suppressor cells, dendritic cells and natural killer cells) and adaptive immune system cells (T and B lymphocytes) (Ji et al., 2024; Anderson and Simon, 2020; Ruf et al., 2023). The TME is highly dynamic and can influence cancer cell behavior, drug resistance, and treatment outcomes (Escamilla et al., 2015). Understanding and targeting the TME has become an important focus in cancer research and therapy development, leading to new approaches such as immunotherapy and strategies to modify the tumor microenvironment to enhance treatment efficacy (Ruf et al., 2023).
Tumor metastasis, a leading cause of cancer-related deaths, is propelled not only by intrinsic alterations in tumor cells but also by the intricate interactions between cancer cells and their evolving microenvironment (Neophytou et al., 2021). TAMs are crucial in these interactions, orchestrating the production of cytokines, chemokines, and growth factors by T cells, while also promoting the release of inhibitory immune checkpoint proteins that foster an immunosuppressive microenvironment (Sun et al., 2023). Although evidence indicates that various types of macrophages can coexist in tumors, recruited macrophages may account for the majority of TAMs (Bied et al., 2023). By influencing cancer cell metastasis and offering targets for immunotherapy, TAMs play a central role in tumor progression. Simultaneously, they offer several targets for blocking immunotherapy at some checkpoints to combat tumor progression. As their relationship with malignant tumors becomes clearer, TAMs are garnering recognition as potential biomarkers for cancer diagnosis and prognostic assessment. Moreover, they have emerged as promising therapeutic targets in cancer treatment, spurring active research in this field (Dallavalasa et al., 2021). However, quantifying the respective contributions of these macrophage subtypes at different stages of tumor progression remains challenging. Therefore, further investigations aimed at characterizing TAMs across different human cancers are warranted (Dallavalasa et al., 2021).
1.3 Factors influencing the polarization of macrophages
Macrophage polarization is a complex biological process intricately governed by a multitude of factors, with cytokines and signaling pathways playing pivotal roles. Pathways such as PI3K/Akt, MAPK, and NF- κB are central to this regulatory network (Hu et al., 2002; Jia et al., 2023; Tosic and Frank, 2021). Macrophages express various markers from different subtypes depending on their microenvironment and activation state so that their classifications are not rigid. CD68 is a pan-macrophage marker widely used to identify macrophages in human tissues but lacks specificity. CD80 and CD86 are co-stimulatory molecules expressed on activated macrophages, which are often associated with pro-inflammatory (M1) macrophages (Van Dyken and Locksley, 2013). In contrast, CD206 is another marker associated with anti-inflammatory (M2) macrophages. Besides, CD163, a number of the scavenger receptor family, offers greater specificity and is exclusive to the monocyte/macrophage lineage (Tardito et al., 2019). CD115, also named the receptor for colony-stimulating factor 1 (CSF1R), is important for macrophage development. CD204 is expressed on tissue macrophages. What’s more, advanced techniques like flow cytometry, immunohistochemistry, and single-cell RNA sequencing are used to analyze these markers and characterize macrophage populations in complex tissues or cell mixtures.
Researchers often use combinations of several markers to more accurately characterize macrophage populations in specific circumstances. The M1/M2 classification is a simplification of macrophage activation states. These two distinct types of macrophages have different functions and characteristics, and they play crucial roles in various physiological and pathological processes. M1 macrophages, also known as “Killer” macrophages, differentiate from monocytes in response to type 1 T helper cell (Th1) cytokines like INF-γ, granulocyte-macrophage colony-stimulating factor and lipopolysaccharide (Pasca et al., 2020). M1 macrophages are involved in the pro-inflammatory response, host defense against pathogens, and anti-tumor activities. They produce high levels of pro-inflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-12, IL-23, and tumor necrosis factor (TNF) (Klichinsky et al., 2020). Besides, M1 macrophages produce high levels of nitric oxide through expressing inducible Nitric Oxide Synthase (iNOS). In contrast, M2 macrophages, termed “Repair” macrophages, are activated by anti-inflammatory cytokines, such as IL-4, IL-13, IL-10, macrophage colony-stimulating factor (M-CSF), prostaglandin F (PGF), and vitamin D3. The main functions of M2 macrophages are tissue repair, wound healing, and immunoregulation. They mainly produce anti-inflammatory cytokines such as IL-10, TGF-β, VEGF-A, and matrix metalloproteinase 2 (MMP2). A higher expression level of arginase-1 enables M2 macrophages to have the function of tissue repair and fibrosis. M2 macrophages promote angiogenesis by producing growth factors, like VEGF. At the level of transcriptional modification, most changes in histone methylation and acetylation modifiers are concentrated in M1 macrophages (Zhang et al., 2024), for example, histone acetylation mediated by acetyl-CoA enhances the expression of pro-inflammatory genes in LPS-activated macrophages (Sun et al., 2022), while almost all modifiers related to histone crotonylation are activated in M2 macrophages. In the tumor microenvironment, TAMs are commonly categorized as M2-like macrophages, distinguished by elevated levels of anti-inflammatory cytokines, scavenger receptors, angiogenic factors, and proteases. The signaling axis of CSF-1 and its receptor CSF-1R remarkably influence the survival and activation of TAMs. Tumor cells secrete CSF-1, which not only promotes the recruitment of macrophages but also polarizes them towards an M2-like TAM phenotype (Pedersen et al., 2014). When CSF-1R is activated, phosphorylation at the Y721 site (pTyr-721) provides a critical binding and activation site for PI3K (Figure 1) (Guo et al., 2006; Caescu et al., 2015).
[image: Diagram illustrating macrophage polarization and function in immune response regulation. It shows macrophages interacting with various cells like T cells, NK cells, and mast cells, producing pro-inflammatory and anti-inflammatory molecules. Arrows indicate pathways for Th1 and Th2-type responses, highlighting roles in cancer and immune regulation.]FIGURE 1 | Tumor-associated macrophages and macrophage polarization. This figure illustrates the recruitment and differentiation of monocytes into macrophages, highlighting their polarization into pro-inflammatory M1 or anti-inflammatory M2 phenotypes. M1 macrophages promote Th1 responses, while M2 macrophages, often associated with tumor-associated macrophages, support Th2 responses and tumor progression.
Across various cancer types, including non-small cell lung cancer (NSCLC), ovarian, gastric, melanoma, and breast cancers, CD68 expression is associated with a poorer prognosis and reduced survival rates (Zhang et al., 2017). Specifically in NSCLC, CD68-positive macrophages inversely correlate with patient survival and are associated with increased tumor IL-8 expression. This relationship suggests a potential contribution to heightened tumor angiogenesis (Zhang et al., 2017). Elevated levels of CD68-positive infiltrating TAMs in gastric cancer (GC) are associated with increased metastasis and poor prognostic outcomes. Moreover, these TAMs also exhibit features of epithelial-mesenchymal transition (EMT), characterized by the loss of E-cadherin expression and positivity for vimentin (Yang et al., 2019). Similarly, in melanoma, an abundance of CD68+ macrophages correlates with a poorer prognosis and increased melanoma-specific mortality (Tariq et al., 2017). Zhang et al. suggest that the reduction of CD206+ TAMs in gastric cancer is associated with prolonged disease-free survival (DFS), highlighting their significance as prognostic indicators (Zhang et al., 2021). Recent studies also reveal a notable positive correlation between the infiltration of CD206-expressing TAMs in ovarian and renal cancers and lower patient survival rates (Sun et al., 2020). Stabilin-1, a multifunctional scavenger receptor found in alternatively activated macrophages, is critical for removing unwanted autologous material from the body (Manta et al., 2022). Extensive infiltration of Stabilin-1-expressing TAMs has been observed in metastatic lesions of human primary breast tumors. Notably, these TAMs show tumor growth-promoting properties in a mouse model of mammary adenocarcinoma (Riabov et al., 2016).
2 THERAPEUTIC TARGET OF CANCER
TAMs are instrumental in enhancing tumor cell resistance to chemotherapy and radiotherapy by delivering survival factors and activating anti-apoptotic mechanisms. Consequently, anticancer therapeutic targeting TAMs have a solid theoretical basis and are expected to be a promising strategy for enhancing therapeutic efficacy. Approaches to target TAMs include: 1) inhibiting monocyte recruitment from systemic circulation to tumor sites; 2) reprogramming TAMs towards an anti-tumor phenotype; 3) disrupting TAM activation pathways to reduce their pro-tumor activities; and 4) integrating TAM targeting with conventional treatments like chemotherapy or radiotherapy (Anfray et al., 2019).
2.1 Inhibition of monocyte induction from systemic circulation to the tumor tissue
Tumor cells promote the migration of myeloid-derived suppressor cells (MDSCs) and macrophages into the tumor microenvironment by secreting chemokines such as CCL2, CCL5, and CXCL12. Disrupting these recruitment pathways can effectively slow tumor growth and progression (Groth et al., 2019). Carlumab, a monoclonal antibody targeting CCL2, has shown efficacy in reducing prostate-specific antigen levels and inhibiting tumor progression in a phase II clinical trial (Martori et al., 2022). Similarly, Bindarit inhibits key inflammatory chemokines including MCP-1 (CCL2), MCP-3 (CCL7), and MCP-2 (CCL8), significantly affecting the NF-κB signaling pathway associated with monocyte recruitment without impacting other pathways, demonstrating its specificity and potential in reducing monocyte recruitment into tumors (Wolfsberger et al., 2021).
Inhibiting monocyte induction from systemic circulation to tumor tissue is a pivotal strategy in cancer treatment. Targeting the chemokine signaling pathways that facilitate monocyte recruitment offers a promising approach to alter the tumor microenvironment and potentially boost the efficacy of cancer therapies. Table 1 below highlights several drugs currently explored for their role in inhibiting monocyte induction and influencing TAM behavior across various cancer types: BLZ945 and PLX3397, targeting CSF-1R, are crucial in modulating the tumor microenvironment by reducing monocyte recruitment and enhancing T cell infiltration. These interventions, evidenced in trials NCT02829723 and NCT02371369, not only impede tumor progression but also strengthen the overall immune response within the tumor milieu. Cabiralizumab, another CSF-1R inhibitor, disrupts monocyte recruitment pathways, significantly impacting the development and progression of solid tumors as indicated in clinical trial NCT03502330. CCX872 targets CCR2, playing a significant role in monocyte recruitment to tumor sites. By blocking this pathway, CCX872 aims to reduce the number of macrophages in the tumor microenvironment, potentially limiting tumor growth and metastasis, particularly in pancreatic cancer, as studied in NCT02345408.
TABLE 1 | Proposed tumor-associated macrophages targeting therapy.
[image: Table listing drugs and their details: BLZ945 targets CSF-1R for advanced solid tumors in Phase I/II with trial NCT02829723. PLX3397 for tenosynovial giant cell tumor in Phase III, NCT02371369. Cabiralizumab targets CSF-1R for advanced solid tumors in Phase I, NCT03502330. Biophosphonates target TAMs for various solid tumors in Phase II. Ibrutinib targets BTK for various cancers in Phase II/III. CCX872 targets CCR2 for pancreatic cancer in Phase I/II, NCT02345408. Trabectedin targets TAMs for soft tissue sarcoma in Phase III, with various trials.]2.2 Reprogramming of TAMs
Reprogramming TAMs to adopt an anti-tumor phenotype represents a promising avenue in cancer immunotherapy. This approach aims to shift their behavior from pro-tumor (M2-like) to anti-tumor (M1-like) activities, thereby harnessing the immune system’s natural defenses against cancer. Various therapeutic strategies have been developed to achieve this goal, including the use of CSF1R inhibitors, immune checkpoint inhibitors, and other reprogramming agents. This intervention works by encouraging TAMs to enhance immune cell recruitment, augment phagocytic activity, and produce cytotoxic molecules that directly attack tumor cells. By remodeling the tumor microenvironment towards an immune-supportive state, these approaches not only suppress tumor growth but also synergistically enhance the efficacy of existing cancer treatments, potentially leading to improved clinical outcomes for patients (Genard et al., 2017; Khan et al., 2023).
Thymosin-α, a small bioactive polypeptide secreted by thymus tissue, has garnered significant attention in cancer immunotherapy due to its unique capacity to reprogram TAMs into functional dendritic cells. This transformation profoundly impacts T cell differentiation and activation, ultimately amplifying the anti-tumor immune response (Sun et al., 2023). This reprogramming is leveraged in treatments for metastatic melanoma and advanced non-small cell lung cancer (NSCLC). Clinical studies have demonstrated that Thymosin-α-based therapies can significantly prolong patient survival, offering a promising adjunct to conventional cancer treatments. Moreover, its capacity to modulate the tumor microenvironment and enhance immune surveillance has sparked interest in combining Thymosin-α with other immunotherapeutic approaches, potentially opening new avenues for more effective and personalized cancer management strategies (Singh et al., 2017). Overall, the reprogramming of TAMs represents a promising area in cancer therapy, focusing on converting the immunosuppressive tumor environment into an immunostimulatory one.
2.3 Targeting the activation of TAMs
Legumain, a lysosomal cysteine protease, is highly expressed in many solid tumors, TAMs and endothelial cells of tumor neovascularization. Angiogenesis, tumor invasion, proliferation, and metastasis are pivotal events in malignant tumor progression, intricately linked to various biological processes within the tumor microenvironment. Recent studies have unveiled that a DNA vaccine targeting legumain can effectively stimulate CD8+ T cells to attack TAMs, leading to a significant reduction in TAM density within tumor tissues. Furthermore, this vaccine markedly decreases the release of multiple angiogenic factors from TAMs, including transforming growth factor-β (TGF-β), tumor necrosis factor-α (TNF-α), matrix metalloproteinase-9 (MMP-9), and vascular endothelial growth factor (VEGF). This approach holds the potential to inhibit tumor angiogenesis and metastasis, presenting a novel strategy for cancer treatment. Therefore, Legumain based DNA vaccine can effectively inhibit the growth and metastasis of tumor cells in mouse models of breast cancer, non-small cell lung cancer and colon cancer (Ngambenjawong et al., 2017). Furthermore, CD200S, a variant of CD200, plays a significant role in the reprogramming of TAMs by inducing their trans-differentiation into dendritic cells. This alteration enhances immune responses against tumor cells, effectively targeting the activation pathways of TAMs to curb tumor growth, as shown in a mouse glioma model (Liu et al., 2020).
Recent research highlights the novel application of lovastatin in cancer therapy, particularly its capacity to reduce the population of TAMs. Through gene chip analysis, lovastatin has been observed to downregulate the expression of placental growth factor (PlGF), which is closely associated with enhanced TAM activity. Thus, beyond its conventional role in managing cholesterol, lovastatin presents a new avenue for modulating anti-tumor immunity, offering a fresh strategy for cancer treatment (Yang et al., 2020). Moreover, the role of protein deacetylases in regulating TAM activity has been emphasized in studies involving TMP195, a small molecule inhibitor of class IIa histone deacetylase. Research using the MMTV-PyMT transgenic breast cancer model demonstrated that TMP195 not only stabilizes tumor volume but also significantly reduces the incidence of lung metastases by about threefold. This suggests that by altering TAM functions, TMP195 induces profound changes in the tumor microenvironment, effectively inhibiting tumor growth and the spread of metastasis. These outcomes support the potential of targeted immunotherapy in cancer treatment (Lopez-Yrigoyen et al., 2021).
Nuclear Factor-kappa B (NF-κB) plays a critical role in regulating inflammatory responses, which are heavily implicated in various tumor processes such as promoting Epithelial-Mesenchymal Transition (EMT), enhancing tumor cell migration, and generating Tumor-Initiating Stem Cells (TSCs) (Zhu et al., 2021). These activities collectively contribute to the malignant progression and metastatic potential of tumors. Importantly, TAMs, influenced by NF-κB signals, are known to promote and mediate angiogenesis through the production of interleukins like IL-10, VEGF, and IL-8, making NF-κB a viable target for treating cancers such as urinary bladder cancer (UBC) (Iacona and Lutz, 2019). BAY11-7082, an inhibitor of the NF-κB pathway, effectively reduces the invasiveness of bladder cancer cells and prevents the M2 polarization of TAMs, highlighting its role in macrophage polarization and its potential in modulating tumor microenvironments (Zhang et al., 2019).
2.4 Targeting TAMs in combination with standard therapies
Signal regulatory protein α (SIRP α) is a membrane protein primarily expressed on macrophages and other myeloid immune cells. It can be activated by various mitogens and phosphorylated, transmitting inhibitory signals through binding to SHP-1 and SHP-2 via its immunoreceptor tyrosine-based inhibition motif (ITIM) domain. Additionally, SIRP α can inhibit the activation of downstream pathways and convey negative signals by interacting with CD47 ligands. The blockers of exosomes SIRP α and CD47 can enhance the phagocytic function of cancer cells, suggesting that targeting SIRP α with antibodies presents a promising immunotherapy approach for treating tumors exhibiting high expression of SIRP α, such as renal cell carcinoma and melanoma (Yanagita et al., 2017). Anti-CD47 antibodies are currently demonstrating significant therapeutic potential as agents targeting the CD47/SIRP α signaling axis. Several CD47 antagonists are undergoing extensive investigation in clinical trials, including Hu5F9-G4, humanized anti-human CD47 monoclonal antibody CC-90002, and TTI-621. These drugs operate through various mechanisms to obstruct the interaction between CD47 and SIRP α, thereby stimulating the phagocytosis of tumor cells by macrophages. Consequently, they enhance the immune system’s ability to combat tumors, offering novel strategies for treating multiple types of cancer (Weiskopf, 2017; Folkes et al., 2018). Humanized anti-human CD47 monoclonal antibody CC-90002 is currently under investigation for use in both solid tumors and hematological malignancies. TTI-621 is composed of the Ig-V-like domain of human SIRP α connected to the Fc region of human IgG1, which can enhance the phagocytosis of tumor cells and effectively control tumor growth. The potential of targeting CD47 lies in its combination with immunotherapy agents like PD-1 antibodies, aiming to maximize its therapeutic efficacy (Ansell et al., 2021; Feng et al., 2019).
Metformin, a biguanide widely used in diabetes management, has gained attention for its potential applications in the field of antitumor therapy. This effect is primarily attributed to the activation of the AMP-activated protein kinase (AMPK) signaling pathway, which disrupts the M2 polarization of macrophages. These findings suggest that metformin may exert an anti-tumor metastatic effect, providing a new scientific rationale for its use in anti-tumor therapy. Moreover, these discoveries may further expand the therapeutic potential of metformin in tumor populations (Neophytou et al., 2021).
Resveratrol, a non-flavonoid polyphenolic compound, has garnered significant attention due to its diverse biological activities, including its role as an antioxidant, anti-inflammatory, and anti-cancer agent. It has been observed to inhibit the activation of M2-type macrophages, impacting the tumor microenvironment significantly. One of its mechanisms involves the reduction of STAT3 activation and the decrease in F4/80-positive cells, which contributes to its anti-tumor effects, particularly in inhibiting lung cancer growth. However, the complexities of resveratrol’s mechanisms require further investigation to fully understand and harness its potential in cancer therapy (Ge and Ding, 2020).
A novel and promising therapeutic approach for targeting TAMs within the tumor microenvironment involves the use of Chimeric Antigen Receptor T (CAR-T) cells. While traditional CAR-T therapies have been effective in hematological malignancies, the application of this technology to solid tumors has faced significant challenges. However, recent advancements have focused on engineering CAR-T cells to specifically target TAMs, which play a key role in promoting tumor growth and suppressing anti-tumor immunity. By utilizing CAR-T cells directed against macrophage markers such as F4/80, researchers have demonstrated significant reductions in TAM populations within tumors, leading to delayed tumor progression and enhanced immune responses. Importantly, these CAR-T cells not only deplete TAMs but also trigger the release of cytokines, such as IFN-γ, which reprogram the tumor microenvironment to favor immune cell infiltration and activation. This innovative strategy holds promise for improving outcomes in solid tumors by targeting the immunosuppressive components of the tumor microenvironment, potentially paving the way for more effective immunotherapies in the future (Sánchez-Paulete et al., 2022).
Recent advances have introduced CAR-T cell therapies targeting specific TAM markers, such as F4/80, as a novel treatment strategy. This approach not only depletes TAM populations but also reprograms them toward a pro-inflammatory (M1-like) state, enhancing anti-tumor immune responses (Xiang et al., 2021).
Current trends in cancer treatment research increasingly emphasize the development of integrative therapeutic approaches that combine chemotherapy with immunotherapy. For instance, the combination of immune checkpoint inhibitors targeting PD-1, PD-L1, and CTLA-4 with traditional chemotherapies has shown significant survival benefits in treating metastatic tumors, marking substantial progress in oncological therapeutics (Larionova et al., 2019).
Paclitaxel, a naturally derived anticancer drug, has gained wide application in treating various cancers, including breast, ovarian, and lung cancer. By combining paclitaxel with a CSF1R signaling antagonist, studies have shown an effective reduction in macrophage recruitment to tumor sites, thereby enhancing the drug’s effectiveness and reducing tumor progression and metastasis in preclinical models (Mantovani et al., 2022). Moreover, this combination has been demonstrated to improve the efficacy of paclitaxel on breast tumors and extend survival in a mouse model with mammary tumors, highlighting the potential of TAM-targeted combination therapies in clinical settings (Brown et al., 2017).
Recent advancements have shown that targeting tumor-associated macrophages can significantly enhance the effectiveness of gemcitabine, particularly in treating pancreatic cancer and NSCLC (Rohila et al., 2023). By inhibiting CSF1R or targeting the CCR2 receptor, both key to macrophage recruitment in tumors, the therapeutic effectiveness of gemcitabine is improved. This approach decreases the number of tumor-promoting macrophages and bolsters anti-tumor T cell responses, thereby reducing tumor growth and metastasis. Such strategies underscore the potential of integrating TAM-targeting therapies with traditional chemotherapy to better manage cancer progression (Poh and Ernst, 2021).
Oncolytic viruses are tumor-killing viruses with the ability to replicate. They invade tumor cells through cell surface molecules. One effective strategy of oncolytic virus therapy involves engineering oncolytic viruses to target specific receptors that are overexpressed in tumor cells. This allows the viruses to invade tumor cells and carry out subsequent functions, enhancing the specificity and efficacy of the therapy (Kubli et al., 2021). A recent study explored the therapeutic use of oncolytic viruses that encode IL-12, a pro-inflammatory cytokine that has previously been shown to be important for the anti-tumor ability of myeloid cells (Nguyen et al., 2020). The findings related to this are illustrated in Figure 2. After the virus particles are transported to glioblastoma, TAMs undergo a transformation to the M2 phenotype, thus killing cancer cells (Malfitano et al., 2020). The transition of TAMs to an M2 phenotype renders gliomas more susceptible to immune checkpoint inhibitors, such as anti-PD-1 and anti-CTLA-4 antibodies. Additionally, when these immune checkpoint inhibitors are administered in combination with viral therapy, they can substantially improve patient survival rates. This integrated approach presents a promising avenue for treating resistant tumors like glioma by activating and bolstering the patient’s immune response (Malfitano et al., 2020).
[image: Illustration of inhibitory therapeutic targets in tumor cells. It shows tumor-associated macrophages (TAMs) interacting with tumor cells and monocytes. Various receptors and signaling pathways like CCR2, CCL5, TLR, and CSF-1R are highlighted. TLR agonists and other therapeutic strategies are depicted to influence TAM behavior, aiming to reduce pro-tumor functions and promote an anti-tumor phenotype.]FIGURE 2 | Summarizes the existing strategies for targeting TAMs to boost anti-tumor immune responses. This diagram outlines therapeutic strategies targeting TAMs in cancer treatment. It focuses on specific pathways, such as CSF-1R inhibition and CAR-M therapy, that either suppress the tumor-supporting function of M2 macrophages or reprogram them to enhance the immune response against tumors.
3 CONCLUSION AND PERSPECTIVES
TAMs play a pivotal yet multifaceted role in the tumor microenvironment, exhibiting both pro- and anti-tumor growth depending on their M1 or M2 polarization states (Ji et al., 2024). This complex behavior has made TAMs as significant targets for anticancer therapies aimed at reducing tumor growth, immune evasion, and metastasis. However, broad-spectrum macrophage targeting presents considerable challenges, including potential systemic toxicity that might affect healthy tissues, limited efficacy in completely controlling tumor progression, and the risk of treatment resistance. These issues necessitate the ongoing development of novel strategies to maintain therapeutic efficacy. The field is evolving with a focus on more refined targeting techniques, such as identifying TAM-specific markers or pathways for more precise intervention. Combining TAM-targeted therapies with other anticancer treatments shows promise in enhancing overall treatment effectiveness and mitigating drug resistance. An emerging strategy involves reprogramming TAMs from a tumor-promoting M2 phenotype to a tumor-inhibiting M1 phenotype, potentially reshaping the tumor microenvironment and bolstering immune responses against cancer.
As research into macrophage functions and the tumor microenvironment advances, more precise and personalized therapeutic strategies are emerging. These advancements may involve the development of highly specific treatments tailored to individual patient profiles, which aim to minimize side effects and improve outcomes. Current progress in the field is expected to address the complexities of TAM-targeted therapies more comprehensively, paving the way for more effective and individualized cancer treatments that leverage the unique dynamics of the tumor microenvironment.
In contrast to other reviews, we emphasize the integration of cutting-edge treatments, such as CAR-T cell therapies, specifically designed to target TAMs, along with the latest advancements in reprogramming macrophages from a tumor-promoting (M2-like) to a tumor-suppressing (M1-like) phenotype. Additionally, our review introduces novel mechanistic insights into the pathways regulating macrophage polarization, utilizing recent advances in single-cell RNA sequencing to provide a more granular understanding of TAM heterogeneity. The combination of these innovations, alongside a thorough examination of ongoing clinical trials and future directions for personalized therapies, ensures that this review not only summarizes current knowledge but also offers forward-looking perspectives that are underexplored in the existing literature.
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Introduction: Although the role of tumor immune microenvironment (TIME) in thyroid cancer is well established, little data exists about the differences in immune cell presence in thyroid adenomas and carcinomas. We assume that immune cell density could be an additional diagnostic criterion for differentiating benign and malignant tumors in thyroid aspirates.Aim: The current study compared the immune contexture of thyroid adenoma (TA) and thyroid carcinoma (TC) in histological and cytological specimens of III-V categories.Materials and methods: This pilot study included 72 cases (36 of TA and 36 of TC) with verified histological diagnosis and pre-operative cytology corresponding to categories III, IV and V according to the Bethesda system for reporting thyroid cytology. The number of CD8+, CD68+ and CD163+ cells was assessed in histological samples of TA and TC with further comparison to cytological specimens. Besides, the expression of STAT6 and SMAD4 as potential regulators of TIME was evaluated in the study.Results: TC demonstrated an immune-rich profile representing abundant tumor-associated CD8+ lymphocytes, CD68 and CD163+ macrophages. In contrast, TA represented mostly a low immune cell infiltration. The higher immunogenicity of TC was accompanied by the more profound expression of STAT6 and SMAD4 in tumor cells. The number of immune cells in cytological specimens correlated with CD8+ (r = 0.693; p < 0.001) and CD163+ cells (r = 0.559; p < 0.001) in histological samples, reflecting the differences in the tumor immune microenvironment between benign and malignant thyroid neoplasms.Conclusion: TC demonstrated high immunogenicity compared to TA, which correlated to the number of immune cells in cytological specimens. The number of immune cells in thyroid cytology samples could be an additional criterion in cytological diagnostics for III-V Bethesda categories. Further investigations are needed to validate the findings of the study.Keywords: thyroid cancer, immune cells, immune microenvironment, thyroid adenoma, papilary thyroid carcinoma
INTRODUCTION
Thyroid cancer (TC) is one of the most common endocrine malignancies (Siegel et al., 2021). The incidence of TC morbidity has been increasing for the last decades leading to a sharp increase in thyroid surgery, the need for lifelong hormone replacement therapy and disturbances of endocrine regulation and metabolism (Rahib et al., 2014; Lim et al., 2017). Among the various types of TC papillary thyroid cancer prevails, while follicular, medullary and anaplastic carcinoma represents a smaller proportion of thyroid malignancies. Genetic and epigenetic research advances have identified the differences in mutagenesis and signaling pathway alterations in different thyroid cancers. It was shown that various histological types of TC are rooted in distinct molecular alterations and possess different evolution (Xing, 2013). These findings were incorporated into diagnostic algorithms relying on molecular testing applications in the case of “grey zone” categories of cytological diagnostics of thyroid fine needle aspiration biopsy (FNA) (Ali et al., 2023a). Although molecular testing provides a valuable impact on distinguishing benign and malignant tumors of the thyroid, its availability and affordability are limited especially in low- and middle-income countries. Seeking alternative approaches for discerning benign and malignant thyroid neoplasia shifted researchers’ attention toward the tumor immune microenvironment (TIME).
TIME is considered to be one of the crucial factors influencing the development and progression of malignant tumors. It comprises different types of immune cells, signaling molecules, and growth factors (Yang et al., 2021). TIME discovery has illuminated the bidirectional and multivariable interplay between tumor cells and the host immune system, defining the formation of conditions for malignancy and progression of tumor growth (Ferrari et al., 2019). The link between thyroid carcinoma and inflammation has been reported in many studies (Zheng et al., 2024; Wang et al., 2022; Li et al., 2024), uncovering both mechanisms of immune-mediated tumor destruction and tumor cell-dictated immune evasion (Menicali et al., 2021). However, little is known about the differences in immune cells’ presence in TA. These data could be essential for developing a new approach for differentiating benign and malignant thyroid tumors at the pre-operative stage that is based on assessing cytological features of FNA biopsy of thyroid nodules (Goldstein et al., 2002). Although FNA is approved as the best diagnostic approach for primary cytological assessment of thyroid nodules using the Bethesda system, it is still challenging to discriminate between benign and malignant thyroid tumors (Sulaieva et al., 2019). About 10%–20% of lesions, diagnosed by FNA as categories III (atypia of undetermined significance; AUS), IV (follicular neoplasm; FN) or V (suspicious for malignancy (SFM) still represent some uncertainty and require molecular testing for further patients management (Ali et al., 2023b). Although molecular evolution and profile of thyroid neoplasms are well discovered and various types of molecular testing were validated and approved for clinical practice, the high costs of molecular testing reduce its wide application, especially in low-resource settings (Fagin and Nikiforov, 2023). Beyond various ancillary tests focused on tumor cell biomarkers, signaling and genomics, assessment of TIME could be beneficial, as it reflects host-tumor interplay and its nature.
A complex interplay between various immune cells infiltrating thyroid carcinomas defines the balance between protumor and antitumor effects, impacting tumor cells’ behavior and prognosis (Li et al., 2024). Previous studies uncovered a prognostic role of CD8+ T-cells in papillary thyroid carcinoma (PTC) prognosis (Galdiero et al., 2016). Naturally, the functioning of CD8+ lymphocytes responsible for cell-mediated immunity was associated with antitumor defense and efficiency in killing tumor cells (Giles et al., 2023). Other studies addressed the involvement of CD4+ cells and B lymphocytes in PTC development and progression (Menicali et al., 2021; French et al., 2010). Tumor-associated macrophages (TAMs), including both M1 (CD68+) and M2-type (CD163+), were shown to be the most numerous immune cells infiltrating thyroid carcinoma (Liu et al., 2022). The impact of CD163+ tumor-associated macrophages representing the M2-anti-inflammatory type includes the production of a wide spectrum of growth factors, promoting cancer growth (Song et al., 2023). Their amount was linked to various clinicopathological features and positively correlated with larger tumor size, invasiveness and decreased survival in PTC (Gong et al., 2021; Jung et al., 2015). However, the precise mechanisms defining the scale and polarization of immune cells response within different thyroid tumors still need clarification.
Numerous studies addressed factors affecting the immune contexture of TC. In addition to various cytokines and chemokines, regulatory molecules involved in their signaling cascades have been placed at the center of studies. For instance, the recent study defined the prognostic role of the transcription factor of signal transducer and activator of transcription (STAT) family–STAT6, in thyroid cancer (Wang et al., 2020). In addition to the cell cycle, cell adhesion and apoptosis control STAT6 can impact immune infiltration of B cells, CD4+ T cells, neutrophils, macrophages, and dendritic cells. STAT6 also affects macrophage polarization due to IL-4 and IL-13 effects mediated through STAT6 signaling. Besides activated macrophages secrete transforming growth factor β (TGF-β) which also can affect immune cells response and TIME through SMAD4 signaling pathways (Wang et al., 2020). Although the role of STAT6 and SMAD4 is in the focus of active discovery there are still little data about the role of these molecules in TA and TC (Wang et al., 2020).
Although the immune microenvironment of thyroid malignancies is quite well established, it is still little known about the difference between the immune contexture of thyroid adenoma and carcinoma. This pilot case-control study aimed to compare the TIME of thyroid adenomas and carcinomas with respect to the potential mechanisms impacting tumor immune contexture and the correlation between histological and cytological representation.
MATERIALS AND METHODS
Ethics statement
This case-control study was approved by the Ethics Commission of the Medical Laboratory CSD (Protocol No. 1D from 02.10.2023). It was performed following the principles of the Declaration of Helsinki. The Ethics Commission of the Medical Laboratory CSD waived informed consent.
Patients’ characteristics
72 cases of III-V categories of the Bethesda system and histologically confirmed diagnoses of TC (group 1, 36 cases, 12 cases of each Bethesda category) and TA (group 2, 36 cases, 12 cases of each Bethesda category) were selected for the study (Figure 1). All enrolled patients met the following criteria: 1) thyroid cytology corresponded to Bethesda categories III, IV or V; 2) histologically confirmed diagnosis of thyroid neoplasia, 3) age between 21 and 60 years, and 4) patients had no autoimmune thyroid diseases (Grave`s disease or Hashimoto`s thyroiditis); 5) absence of other malignancies at the time of examination. As far as PTC was the most common type of thyroid malignancy, only individuals with PTC were included in this study. Exclusion criteria were as follows: 1) age under 21 or over 60; 2) Bethesda category I, II, or VI at cytology; 3) patients having any co-existing immune-mediated thyroid pathology (Hashimoto thyroiditis, Graves’ disease, etc.); 4) other histological types of TC (follicular thyroid carcinoma or medullary thyroid carcinoma); 5) individuals having synchronous or metachronous malignancies.
[image: Flowchart illustrates the selection process of patients with thyroid nodules of Bethesda III-IV category, starting with 937 patients. It narrows down age groups, post-surgical histology availability, absence of autoimmune thyroid diseases, and sample availability, resulting in TA subgroup with follicular adenoma and TC subgroup with papillary thyroid cancer.]FIGURE 1 | Flowchart of patients’ selection in the study. The multistep selection algorithm was applied in the study. After selecting cases in which thyroid cytology corresponded to categories III, IV or V according to the Bethesda system for reporting thyroid cytology, patients were checked for age. Only patients of age 21–60 were included in the study. Next, all cases were checked for follow-up surgery and a histopathology report was available. Cases with complete pathology reports were reviewed and all cases with reported autoimmune thyroid diseases were excluded. After that cases with available FFPE blocks were revised for diagnosis, 36 cases with follicular adenoma and 36 cases with papillary thyroid carcinoma were included in the final study sample.
The age of patients with TA was 37 (IQR 29–53) and the age of TC comprised 42.5 (IQR 27–54). Other clinical and demographic data are represented in Table 1.
TABLE 1 | Clinic pathological characteristics of patients.
[image: Table comparing patient characteristics between TA and TC groups. Both groups have 36 patients. TA group: 34 females, 2 males, median age 37, all unilateral lesions. TC group: 35 females, 1 male, median age 42.5, 35 unilateral and 1 bilateral lesion. Bold font indicates significant changes.]Histology and immunohistochemistry
The number of immune cells infiltrating thyroid tumors was assessed in histological specimens. Special attention was paid to T-lymphocytes (CD8+), B-lymphocytes (CD19+) and macrophages (CD163+ and CD68+). The expression of the signaling molecules STAT6 and SMAD4, which play a crucial role in regulating the immune response and the tumor microenvironment, was also analyzed. Evaluating the expression of these markers allows for a better understanding of the mechanisms of tumor interaction with the immune system and the role of immunosuppression in the progression of the tumor process.
Immunohistochemistry was applied to visualize different immune cells and evaluate STAT6 and SMAD4 expression (Table 2). Briefly, paraffin tissue sections with a thickness of 4 μm were prepared and placed on SuperFrost Plus slides (Menzel, Germany). Deparaffinization and restoration of antigenicity were performed in TRS High pH buffer (DAKO, Denmark) at a temperature of 98°C for 40 min in a DAKO PT Module apparatus. The following primary antibodies were used for staining: CD8 (clone C8/144B, DAKO), CD4 (clone 4B12, DAKO), CD19 (clone LE-CD19, DAKO), CD68 (clone KP1, DAKO), CD163 (clone MRQ-26, Cell Marque), STAT6 (clone EP325, Cell Marque), and SMAD4 (clone JM56, Novocastra). Appropriate detection systems were used with incubation of primary antibodies for 30 min and subsequent treatment with DAB solution.
TABLE 2 | Characteristics of biomarkers used for immunohistochemistry.
[image: Table displaying markers, clones, manufacturers, and interpretations. CD8, CD68, and CD163 are from DAKO and Cell Marque, with roles in immune response. STAT6 from Cell Marque and SMAD 4 from Novocastra are involved in signaling pathways important for cell growth and immune response.]Immune cells in histological slides were counted in 10 fields of view at ×40 magnification using light microscopy (Leica Microsystems, DM3000). The number of immunopositive cells was evaluated per square millimeter. In addition, the density of immune cell infiltration was assessed in a dichotomic way as high or low. The threshold for such discrimination was based on the Median (9 per 1 mm2 for CD8 lymphocytes and 17 per 1 mm2 for CD68+ and CD163+ macrophages).
Two independent cytologists assessed cytological specimens of the enrolled cases to verify the category according to the Bethesda system and estimate the number of immune cells (lymphocytes and macrophages). The number of immune cells in cytological slides was evaluated semi-quantitatively (0 – lack of immune cells, 1 – few immune cells, 2 – moderate number of immune cells and 3 – high number of immune cells).
In addition, the expression levels of STAT6 and SMAD4, being important factors involved in tumor signaling cascades, were evaluated (Table 2). Expression levels of these proteins were evaluated in both stromal and tumor cells. The expression of STAT6 and SMAD4 in tumor cells was evaluated semi-quantitatively using an intensity scale from 0 to 3 (0 - negative, 1 - weak, 2 - moderate, 3 -strong) and the percentage of positive cells (0% - negative, 1%–25% - 1+, 26%–50% - 2+, >50% - 3+) (Sulaieva et al., 2020a). The total score was calculated by multiplying the degree of staining by the percentage of positive cells, which allows us to estimate the relative degree of expression of these factors in the tumor tissue. A blind histologic analysis was performed by two independent pathologists.
Statistical analysis
Statistical analysis was performed using MedCalc software (MedCalc Software, Mariakerke, Belgium) and GraphPad Prism, version 10.4.0 (GraphPad Software, Inc., La Jolla, CA, United States) for creating diagrams. The data distribution was analyzed using the Shapiro-Wilk test for normality. All continuous variables were presented as the Median with interquartile range (IQR), and categorical variables were presented as %. For comparing quantitative data between TA and TC Mann-Whitney test was applied. Categorical variables were analyzed by utilizing a χ2 test. Spearman’s correlation analysis was used to assess associations between different immune cells and biomarker expression. p-value ≤0.05 was considered statistically significant.
RESULTS
Immune cells in TA and TC
The immune microenvironment of TC was enriched with immune cells with the prevalence of tumor-associated lymphocytes and macrophages. CD8+ lymphocyte number was significantly higher in TC compared to TA (p < 0.001, Figure 2). Surprisingly, only scarce CD4+ and CD19+ cells (from 0 to 3 cells per 1 mm2) were found in samples of TC and TA (Figure 3).
[image: Microscopic images comparing thyroid adenoma and thyroid carcinoma tissues. Images A, C, and E show thyroid adenoma with CD8, CD68, and CD163 markers, respectively, displaying fewer dark-stained regions. Images B, D, and F exhibit thyroid carcinoma with the same markers, showing increased dark staining, indicating higher activity or presence of these markers.]FIGURE 2 | Differences in the number of T-cytotoxic lymphocytes and macrophages in thyroid adenomas and papillary carcinomas. Thyroid adenoma demonstrates a low number of tumor-infiltrating lymphocytes and macrophages. In contrast, the immune cells were significantly more numerous in thyroid carcinoma. (A, B) Illustrate the number of CD8+ T-cytotoxic lymphocytes in follicular adenoma (A) and papillary thyroid carcinoma (B). (C, D) Represent infiltration of follicular adenoma (C) and papillary thyroid carcinoma (D) by CD68+ macrophages. (E, F) Show the density of tumor-infiltrating M2-macrophages in follicular adenoma (E) and papillary thyroid carcinoma (F). Immunohistochemistry. Magnification 200.
[image: Histological images show four tissue samples. Panel A displays CD4-stained thyroid adenoma tissue with dispersed cells. Panel B shows CD4-stained thyroid carcinoma with more uniform cell distribution. Panel C presents CD19-stained thyroid adenoma with clustered cells. Panel D illustrates CD19-stained thyroid carcinoma with a denser cell arrangement.]FIGURE 3 | CD4+ and CD19+ cells in thyroid tumors. (A, B) Demonstrate a little number of CD4+ cells in follicular adenoma (A) and papillary thyroid carcinoma (B). (C, D) Illuminate scarce CD19+ B-lymphocytes in follicular adenoma (C) and papillary thyroid carcinoma (D). Immunohistochemistry. Magnification 200.
Likewise, CD8+ cells, the number of tumor-associated macrophages was significantly higher in carcinomas (p < 0.001). CD68+ and CD163+ cells were abundant in TC forming a network within the tumors (Figure 2; Table 3). Notably, the density of infiltration by M1 and M2 macrophages displayed a high heterogeneity in patients of both groups. Although the Medians of CD68+ and CD163+ cells in the TC group were almost similar, the balance of M1 and M2 macrophages varied significantly inside the group, so the CD68/CD163 ratio was low in patients with papillary thyroid carcinoma, comprising 0.563 (0.082–3.0). In contrast, in TA the proportion of CD68+ to CD163+ cells was significantly higher (p = 0.036) reaching 1.04 (0.467–3.0).
TABLE 3 | Characteristics of immune contexture of TA and TC.
[image: Table showing immune cell counts and transcription factor expression scores within tumors. For immune cells CD8, CD68, and CD163, higher counts are observed in TA compared to TC, with significant p-values below 0.001. The CD68/CD163 ratio is 0.563 for TC and 1.04 for TA, with a p-value of 0.036. IHC scores for STAT6 and SMAD4 are higher in TA, with p-values of 0.008 and 0.026, respectively. Data is presented as median with interquartile range.]When applying dichotomic assessment of immune cell numbers as low or high in thyroid tumors, we found that most TA demonstrated a low number of CD8+, CD68+ and CD163 cells. Alternatively, about 80% of TC demonstrated high immunogenicity, being “hot” in terms of T-cell infiltration, and more than half of them possessed a high number of macrophages (Figures 4A–F). These facts reflect a higher immunogenicity of thyroid carcinoma as compared to benign tumors.
[image: Box plots and bar charts comparing CD8, CD68, and CD163 cell counts and frequency distribution. Panels A-C show box plots, with TA and TC groups displaying significant differences. Panels D-F present corresponding frequency bar charts for high and low levels. Panels G-I depict distribution of lymphocytes and macrophages in cytology, highlighting variations. Panel H includes a ratio comparison.]FIGURE 4 | Immunogenicity of thyroid carcinomas and adenomas. (A–C) – demonstrate the number of CD8+, CD68+, and CD163+ cells per 1 mm2 in thyroid tumors, respectively. TC demonstrated a higher number of CD8+ T-cells, CD68+ and CD163 macrophages infiltrating the tumor as compared to TA. (D–F) – represent the shares of cases with low or high numbers of CD8+, CD68+ and CD163+ cells in thyroid tumors, respectively. More than half of TC cases demonstrated high infiltration by immune cells. (G) - demonstrates the proportion of cases with different lymphocyte numbers in FNA cytology of confirmed TA and TC, where 0 corresponds to the lack of lymphocytes, 1, 2 and 3 demonstrate categories of mild, moderate and high numbers of lymphocytes in cytological specimens. More than half of TC cases showed a high or moderate number of lymphocytes in cytological specimens. (H) - represents the proportion of cases with different CD8+/CD163+ cell ratio. (I) - demonstrates the proportion of cases with different macrophage numbers in FNA cytology of confirmed TA and TC, where 0 corresponds to the lack of lymphocytes, 1, 2 and 3 demonstrate categories of mild, moderate and high numbers of macrophages in cytological specimens. More than half of TC cases showed a high or moderate number of macrophages in cytological specimens. TA – thyroid adenoma, TC – thyroid adenoma.
For uncovering the potential mechanisms affecting tumor immune contexture, at the next step, we assessed the expression of signaling biomarkers involved in carcinogenesis and immune modulation.
STAT6 and SMAD4 expression in TA and TC: relation to diagnosis and immune cell number
Differences in immune cell count between benign and malignant thyroid tumors were also associated with distinction in STAT6 and SMAD4 expression (Figure 5). A significantly higher expression of STAT6 s SMAD4 was found in TC, compared to TA. In adenomas, about half of tumor cells showed mild cytoplasmic expression of STAT6, whereas in TC STAT6 demonstrated moderate expression in a higher proportion of tumor cells (p = 0.008) (Table 3). STAT6 score in TC moderately correlated with the number of CD163+ macrophages (r = 0.394; p < 0.001) and CD68+ cells (r = 0.317; p < 0.001).
[image: Histological slide images comparing thyroid adenoma and thyroid carcinoma. Top images (A and B) use STAT6 staining, showing lighter and more dispersed coloration in adenoma (A) compared to the denser, darker pattern in carcinoma (B). Bottom images (C and D) use SMAD4 staining, with a lighter pattern in adenoma (C) and a more intense, structured pattern in carcinoma (D).]FIGURE 5 | Expression of STAT6 and SMAD4 in thyroid tumors. (A, B) Demonstrate STAT6 expression in tumor cells within follicular adenoma (A) and papillary thyroid carcinoma (B). TC demonstrated significantly higher intensity and extension of STAT6 expression. (C, D) Illustrate the expression of SMAD4 in cells of follicular adenoma (C) and papillary thyroid carcinoma (D). Most cells of TC demonstrated moderate to high nuclear and cytoplasmic expression of SMAD4. Immunohistochemistry. Magnification 200.
Nuclear expression of SMAD4 was detected in less than half of tumor cells in TA but showed diffuse moderate expression in carcinoma cells (Figure 5). Interestingly, SMAD4 expression correlated with STAT6 (r = 0.495, p < 0.001) and was also linked to the number of CD163+ cells (r = 0.41; p < 0.001) in TC.
Correlations between cytological and histological features of thyroid tumors immune contexture
Similar to histological samples, cytological specimens demonstrated significant differences in lymphocyte and macrophage numbers between cases diagnosed as TA and TC. The proportion of cases with high and moderate numbers of lymphocytes and macrophages was significantly higher in TC compared to TA (p < 0.001). While most TA cases demonstrated a lack or low number of macrophages, cases verified as TC were more commonly rich in macrophages (Figure 4G) and/or lymphocytes (Figure 4I).
The number of macrophages in cytological specimens correlated with the amount of CD163+ cells in histological samples (r = 0.559; p < 0.001). Similarly, lymphocyte density in cytological slides correlated to the amount of C8+ cells (r = 0.693; p < 0.001) although we did not find a correlation between the number of immune cells in FNA specimens and the expression of STAT6 and SMAD4 in histological samples.
To illustrate the relationship of thyroid tumors’ immune contexture in cytological and histological specimens, herein we provide several examples.
Example 1. A woman, 50 years old, single thyroid nodule 2 cm in diameter, Bethesda category 3 with architectural or nuclear atypia at cytology. Cytological specimens demonstrated a low number of lymphocytes and only a few macrophages. After repetitive FNA, the results of cytology were the same. According to the patient`s preferences, a lobectomy was performed. Follicular adenoma was diagnosed after a histopathological study. Assessment of tumor immunogenicity by immunohistochemistry revealed the following number of immune cells: CD8+ cells - 11 per 1 mm2, CD68+ – 6 per 1 mm2, CD163+ macrophages – 3 per 1 mm2. The ratio of CD68/CD163 macrophages comprised 2. STAT6 score was 2, and SMAD4 score reached 2.
Example 2. A woman, 54 years old, unilateral thyroid nodule 2 cm in size, Bethesda class 3 with architectural and nuclear atypia. There was a moderate number of macrophages and a mild number of lymphocytes in cytological specimens. After surgery, the histological diagnosis was Papillary thyroid carcinoma. Assessment of tumor immunogenicity by immunohistochemistry revealed the following number of immune cells: CD8+ cells - 15 per 1 mm2, CD68+ – 7 per 1 mm2, CD163+ macrophages – 35 per 1 mm2. The ratio of CD68/CD163 macrophages comprised 0,2. STAT6 score was 6, and SMAD4 score reached 4.
Thus, the number of immune cells in cytological specimens correlated with CD8+ and CD163+ cells in histological samples (Figure 4H) and can reflect the differences in the immune tumor microenvironment between benign and malignant thyroid tumors that could be applied as additional criteria in cytological diagnostics for III-V Bethesda categories.
DISCUSSION
The results of our research showed a significantly higher level of infiltration of TC by tumor-infiltrating CD8+ lymphocytes and tumor-associated macrophages compared to adenomas, which confirms the role of the immune microenvironment in the development and progression of papillary thyroid carcinoma (PTC). In particular, we found that the majority of immune cells in carcinomas are CD8+ cells, the number of which was more than three times greater in TC than in TA. This reflects a higher immunogenicity of carcinomas compared to benign tumors. CD8+ cytotoxic T-lymphocytes are well-known effector cells of cell-mediated immunity, are responsible for the elimination of tumor cells (Huang et al., 2019). Research by Modi et al., found that patients with PTC who had dense CD8+ T-cell infiltration showed slower tumor progression, smaller tumor sizes, and lower recurrence rates (Modi et al., 2003). This emphasizes the importance of the immune response mediated by cytotoxic T-cells in suppressing the tumor process and improving the prognosis for patients. This is consistent with previous studies indicating an important role of CD8+ T-cells in the antitumor response and regulating the immune microenvironment in various cancers, including thyroid cancer (Giles et al., 2023), although some studies highlighted the possible role of CD8+ in prognosticating TC recurrence (Cunha et al., 2015). It is also important to note that CD8+ cells were the most numerous immune cells in TC, prevailing under B-cells and tumor-associated macrophages that can explain the relatively slow tumor progression, satisfactory prognosis and high survival rate of papillary thyroid cancer, the most common histological type of TC (Sheridan et al., 1995; Ulisse et al., 2021). In this study we found only scarce CD4+ and CD19+ cells, reflecting a weak role of T-helpers and humoral immunity cells in thyroid tumors microenvironment. This surprising finding could be related to the exclusion of patients with coexisting thyroiditis from the study. As it was shown in recent studies, autoreactive CD4+ T cells and CD8+ cytotoxic T cells, as well as plasma cells producing autoantibodies play a central role in Hashimoto thyroiditis, which is often associated with thyroid tumor development (Chistiakov, 2005). However, in the absence of concomitant immune-mediated thyroid pathology, the role of CD4+ and CD19+ cells is much less significant. At the same time, it is worth noting that in this study we did not focus on discovering the role of various CD4+ cell and B-lymphocyte subsets, but rather explored the core differences of immune contexture of benign and malignant tumors of the thyroid and their correlation to cytological features of FNA (Chistiakov, 2005).
Of particular interest is the increased number of CD163+ macrophages in carcinomas compared to adenomas. Tumor-associated macrophages in the tumor microenvironment express a number of markers, such as CD163, indicating an M2-like polarization state of macrophages with tumor-protective functions (Aras and Zaidi, 2017; Sulaieva et al., 2020b). We found that the number of CD163+ cells in carcinomas was three times higher than in adenomas, confirming the role of these cells in the progression of PCOS. This trend of increased presence of M2 macrophages correlates with the data of other studies, which indicate that they will prevail in the tumor microenvironment (Sari et al., 2022). Moreover, the CD68/CD163 ratio was significantly lower in the TC group demonstrating the prevalence of anti-inflammatory M2-macrophages producing a wide range of angiogenic and tumor-promoting growth factors, cytokines and chemokines. In contrast to M1-macrophages, producing proinflammatory cytokines (tumor necrosis factor-alpha - TNF-α, IL-1β, IL-12, and IL-23) reactive oxygen species and NO, medicating inflammatory reaction with activating tumor-killing mechanisms (Chen et al., 2023), M2-macrophages contribute to cell dedifferentiation, tumor growth promotion, angiogenesis and enhanced invasiveness of cancer cells (Liu et al., 2022). These effects are rooted in the extensive secretion of Wnt1 and Wnt3 ligands, inducing activation of β-catenin activation, growth factors (VEGF, IGF, EGF, etc.) and anti-inflammatory cytokines (IL-6, IL-10, IL-18, TGFβ1 etc.) (Lv et al., 2021; Zhang et al., 2021).
The correlation between CD163+ cells and CD8+ (r = 0.395) may indicate the relationship between innate and adaptive immunity reactions during tumor evolution. Significant differences in the number of immune cells of innate and adaptive immunity allow generating the hypothesis that the difference in the immune context of benign and malignant thyroid tumors and carcinomas should be taken into account at the stage of cytological diagnosis of FNA. However, due to the limitations of our study (small sample size and lack of long-term follow-up), there is a need for further thorough research to test this hypothesis and to define clear criteria that will allow differentiation of different thyroid tumors taking into account immune cells in thyroid cytopathology practice.
Our results demonstrate that STAT6 and SMAD4 molecules are interconnected with the number of certain classes of immune cells, and therefore may play a role in the regulation of the immune microenvironment of thyroid tumors. STAT6 demonstrated a moderate positive correlation with cytotoxic T-lymphocytes (CD8+) and M2-macrophages (CD163+), which reflects the involvement of this transcription factor in the regulation of not only adaptive immune reactions but also the modulation of the macrophage phenotype towards the M2-phenotype, which promotes immunosuppression and tumor growth (Chen et al., 2023). The unique role of STAT6 in the polarization of macrophages to the M2 phenotype, which is associated with tumor progression, should be emphasized. STAT6 impacts the function of immune cells by inducing the transcription of genes involved in cell-mediated and humoral immunity (Hebenstreit et al., 2006). Typically, STAT6 stimulation occurs in response to IL-4 and IL-13 receptor binding and JAK1/JAK3 activation. Enhanced STAT6 expression in immune cells defines the polarization of macrophages toward M2-type (Chen et al., 2023). However, over the last decades, the elevated expression of STAT6 was found in various cancers. Researchers argue that STAT6 might play a prominent role in tumorigenesis and malignant transformation (Todaro et al., 2008; Wang et al., 2010). Beyond immune reaction, STAT6 can orchestrate cancer cell proliferation and apoptosis, cell adhesion and invasiveness, chromatin compaction and DNA damage response (Liu et al., 2017). STAT6 expression in tumor cells can impact the formation and composition of the tumor microenvironment facilitating immune cell recruitment and macrophage polarization (Sulaieva et al., 2020a).
In this study, we also found that TC demonstrated much higher expression of SMAD4 in tumor cells compared to TA. SMAD4 as a key signal transducer of TGFβ impacts a wide range of cellular processes, including proliferation, differentiation and apoptosis (D’Inzeo et al., 2012). Dysregulation of TGFβ signaling was shown to play an important role in tumor progression, affecting such processes as epithelial-mesenchymal transition, cell invasiveness and immune evasion mechanisms. Previous studies showed that reduction of SMAD4 may play a significant role in thyroid carcinogenesis, while overexpression of SMAD4, can facilitate antiproliferative response to TGFβ, reducing the invasive behavior of these cells (D’Inzeo et al., 2010). On the other hand, the recent discovery of the relations between SMAD4 expression and TIME defined the opposite results. Enhanced TGFβ secretion was illuminated in various malignancies, promoting cell invasiveness and tumor progression (Derynck et al., 2021). It was shown that TGF-β acting through SMAD4 and SMAD7 transduction enhances the recruitment of monocytes and activation of macrophages, suppresses the functioning of anti-tumor T-cells and generates immunosuppressive TIME facilitating immune evasion mechanisms and tumor progression (Derynck et al., 2021; Ivanova et al., 2018). These data are supported by the results of our study showing that SMAD4 expression in tumor cells correlated with the number of CD163+ macrophages. This reveals the potential role of the TGF-β-SMA4 signaling pathway in the malignancy-associated modulation of TIME and stimulates further discovery of the diagnostic and prognostic role of STAT6 and SMAD4 in thyroid tumors.
Finally, we found the correlation between cytological and histological reflections of tumor immunogenicity. Previous descriptive studies also highlighted the importance of assessing minor morphological features for navigating decisions in case of uncertain categories defined according to the Bethesda system (Rocha et al., 2023). In our study, we focused exclusively on TIME assuming that differences in benign and malignant tumors immunogenicity could be detected during thyroid FNA cytopathological review. Indeed, the assessment of hidden differences in tumor-host interplay allows rethinking the approach for cytological diagnostics shifting focus from follicular toward immune cells in challenging cases. Herein we showed that while most TA demonstrated a low level of immune cells, TC represented much more prominent immunogenicity, reflected in a number of immune cells in cytological samples. Cytological “grey zone” samples taken during FNA demonstrate significant differences in risk of malignancy and require further follow-up, molecular testing, or diagnostic lobectomy. Molecular testing, including Afirma Genomic Sequencing Classifier (GSC) and ThyroSeq v3, demonstrates high diagnostic performance and provides important prognostic data (Hu et al., 2022). It is informative for stratifying cytologically indeterminate FNA samples and defining high-risk patients with thyroid nodules. On the flip side, molecular testing is expensive, and its applications are not feasible in many countries due to high costs and technological barriers. This dictates the need for developing affordable and cost-effective approaches for managing cases of cytologically indeterminate thyroid nodules, and current data on immunogenetics of thyroid neoplasia could drive the novel approach based on considering immune microenvironment of thyroid lesions.
The findings of this pilot study demonstrate a hidden value of assessing immune cells in the case of follicular cell atypia and uncertainty of cytopathological conclusions.
Limitations
The pilot study was conducted with limited sample size and did not count tumor stage, comorbid pathology and genetic alterations. Besides, this study did not cover the clinical data, cytokine profile and molecular testing results. The observations of this pilot study did not include Hashimoto thyroiditis, Graves’ disease and other immune-mediated pathologies of the thyroid gland. Taking into account the design of the study and limited sample size, further large-scale studies (preferably longitudinal investigations) for validating the approach and estimating the predictive values of assessing immune cells in FNA samples are needed.
CONCLUSION
Thyroid carcinomas demonstrate high immunogenicity compared to adenomas with extensive infiltration by CD8+, CD68+ and CD163+ macrophages, associated with increased expression of SMAD4 and STAT6 in tumor cells. The number of immune cells in cytological specimens correlates with TILs and TAMs count in histological slides and can reflect the differences in the immune tumor microenvironment between benign and malignant thyroid tumors that could be applied as additional criteria in cytological diagnostics for III-V Bethesda categories.
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Introduction: Although most cutaneous melanoma (CM) in its early stages is treatable, the risk of recurrence remains high and there is a particular ambiguity on patients prognosis. This drives to identification of prognostic biomarkers for predicting CM recurrence to guide appropriate treatment in patients with localized melanoma.Aim: This study aimed to develop a prognostic model for assessing the risk of recurrence in patients with CM, enabling prompt prognosis-driven further clinical decision-making for high-risk patients.Materials and methods: This case-control study included 172 patients with CM recurrence (high-risk group) and 30 patients with stable remission (low-risk group) 3 years after primary diagnosis. The impact of sex, age at diagnosis, anatomical site, histological characteristics (the histological type, pathological stage, ulceration; the depth of invasion, mitotic rate, lymphovascular invasion, neurotropism, association with a nevus, tumor-infiltrating lymphocyte density, tumor regression and BRAF codon 600 mutation status) on CM recurrence was evaluated.Results: Five independent variables, including nodal status, a high mitotic rate, Breslow thickness, lymphovascular invasion, perineural invasion and regression features were identified as the most significant. A 5-factor logistic regression model was developed to assess the risk of melanoma recurrence. The sensitivity and specificity of the model were 86.1% and 72.7%, respectively.Conclusion: The developed model, which relies on routine histological features, allows the identification of individuals at high risk of CM recurrence to tailor their further management.Keywords: cutaneous melanoma, BRAF mutations, histological subtype, recurrence, prognostic model
INTRODUCTION
Cutaneous melanoma (CM) is a highly aggressive skin malignancy whose incidence has increased dramatically in recent decades (Siegel et al., 2022). Although CM represents approximately 4% of all skin malignancies, it is responsible for approximately 75% of skin cancer-related deaths (Gosman et al., 2023; Davis et al., 2019). According to the available data, a majority of melanoma cases diagnosed at stages III and IV are associated with high mortality (Dudin et al., 2023). More than 65%–90% of CMs diagnosed at early stages are treatable, with a high overall survival rate (Orzan et al., 2015). Nonetheless, the risk of recurrence remains high, reaching 50% in stage III melanoma (Garbe et al., 2022; Helvind et al., 2023). Even in localized stage I-II melanoma, 15%–20% of patients relapse locally or in/transit (Orzan et al., 2015), ∼50% in regional lymph nodes and ∼29% at distant metastatic sites (Salama et al., 2013). The follow-up strategy for CM patients depends on the stage of disease based on the criteria defined by the American Joint Committee on Cancer (AJCC) staging manual (8th edition). The current guidelines, however, present a degree of ambiguity where the question of follow-up in patients with localized CM remains unresolved, with the recommendation to conduct only regular skin examinations during the first 5 years (Swetter et al., 2021). This drives researchers’ interest in identifying prognostic biomarkers for predicting CM recurrence and progression to guide appropriate treatment in patients with localized melanoma.
There are various patterns of recurrence, including local, satellite or transit metastases, as well as lymph node and systemic metastases. While advanced melanoma is prone to a high risk of systemic metastasis, early-stage CM tends to recur at the locoregional level (Peirano et al., 2023). The risk of CM recurrence is related to various factors, including stage, sex, age, depth of invasion, mitotic rate, host response to tumor growth, genetic alterations, etc. (Elder et al., 2005). The stage and melanoma thickness have been shown to play crucial roles in predicting tumor behavior and shaping patient management (Rothberg and Rimm, 2014). Sentinel lymph node (SLN) involvement in the development of malignant melanoma is associated with an increased risk of recurrence or progression (Lund, 2022). However, correct SLN identification and accurate assessment of lymph node status require advanced preoperative planning via 3D imaging with SPECT/CT for better intraoperative decision-making. Moreover, the rate of false-negative results in SLN assessment is still high, ranging from 5% to 21% (Peirano et al., 2023).
Similarly, Breslow thickness, ulceration, the rate of proliferation, the anatomical site, and the CM histological subtype have also been reported to be prognostically significant factors for predicting tumor behavior and disease progression. The recent systematic review devoted to identifying prognostic models for melanoma survival, recurrence and metastasis in patients with CM of I and II stages highlighted the feasibility of using clinicopathological features for prognostication. The most common features used for prognostic models included ulceration, Breslow thickness/depth, sociodemographic status and primary site of melanoma lesions (Kunonga et al., 2023). Other studies confirmed the prognostic significance of CM location and ulceration (Rashid et al., 2011). They also illuminated the role of histological type and patients age. Besides tumor-infiltrating lymphocytes (TILs) were shown to have prognostic and predictive value in some types of CM (Lee et al., 2013). While Wan et al. (2022) applied machine-learning algorithms for predicting CM recurrence based on 36 clinical and histopathologic features and demonstrated that Breslow tumor thickness and mitotic rate were the most predictive features (Wan et al., 2022). Nevertheless, the accuracy and affordability of various prognostic models based on clinical and histological parameters is still under debate. Assessment of these parameters might not be sufficient to identify individuals at high risk of recurrence (Salama et al., 2013; Homsi et al., 2005). Various immunohistochemical markers, including Bcl-6, MUC18, metalloproteinase-2, Ki-67, p16, p27, iNOS, etc. (Alonso et al., 2004; Ekmekcioglu et al., 2006), are related to melanoma prognosis, yet only a few of these markers have been confirmed to be linked to the likelihood of recurrence in CM patients (Ding et al., 2022). Several novel biomarkers, including exosomal melanoma inhibitory activity (MIA), serum S100B, epidermal AMBRA1 and loricrin, have been described in the context of disease prognosis. For example, the loss of peritumoral AMBRA1 and loricrin has been considered a prognostic biomarker of a low risk of recurrence in patients with stage I-II melanoma (Ewen et al., 2023). In the context of immunotherapy, the biomarkers LAG3 and TIGIT and tumor-infiltrating immune cell signatures have been described as both prognostic and predictive in CM (Naimy et al., 2023). Similarly, the expression profiles of ferroptosis genes together with clinical data from The Cancer Genome Atlas (TCGA) database were used to construct a model for predicting disease progression. The model stratified patients into low-risk and high-risk groups according to the prognostic value of ferroptosis-related gene expression. The expression profiles of ferroptosis-related genes correlate with disease progression in patients with melanoma. However, immune-activating pathway expression was related to the low-risk group (Kunonga et al., 2023). Although the stratification of patients is effective for evaluating disease progression, the limited data and availability of these biomarkers for routine testing prevent their application in clinical practice (Ding et al., 2022). The novel prognostic model can effectively stratify patients with respect to disease-associated risk; however, the currently available data to support these models to aid in clinical decision-making are still lacking (Wen et al., 2020). Risk factor-driven models and risk-associated biomarkers of CM recurrence are yet to provide commonly available practical tools for stratifying high-risk groups of patients and guiding further decision-making.
This study aims to develop a prognostic model for assessing the risk of recurrence in patients with CM, enabling prompt prognosis-driven further clinical decision-making for high-risk patients.
MATERIALS AND METHODS
Setting and participants
A total of 202 CM patients were included in this case-control study. The patients enrolled in this study had a history of observation for at least 3 years within the period from 2017 to 2022. This study was submitted for and formally exempted from Institutional Review Board approval because of the anonymous nature of the retrieved retrospective data. Informed consent was waived because of the fully anonymous nature of the delivery of the retrospective study data.
Methodology
Clinical, histopathological and molecular testing on BRAF mutation status data were retrieved from the database. In the first step, we selected all cases with histologically confirmed CM with complete clinical, histological and molecular data. Next, we selected only cases obtained by excision with histologically confirmed negative surgical (resection) margins. Finally, only cases with follow-up with histological data available were enrolled in the study cohort. The following inclusion criteria were applied: histologically confirmed diagnosis of CM of stages I-III, negative surgical (resection) margins after excision (to exclude the direct impact of positive margins on melanoma recurrence), known pathological stage and histological tumor features, and known BRAF codon 600 mutation status, follow-up histological data within 3 years after diagnosis. The exclusion criteria were as follows: incisional biopsy of skin melanoma instead of excision, positive surgical (resection) margins, lack of histological data according to the CAP protocol, presence of distant metastasis at the time of primary diagnosis, unknown BRAF status, and lack of follow-up data with confirmed outcomes. Thus, all patients were characterized with respect to clinical and histopathological tumor features and were tested for BRAF codon 600 mutations.
To estimate the sample size, we used the G*Power statistical power analysis tool and calculated sample size for α = 0.05, Power = 0.8 and strong influence of the factor (OR ≤ 0.33) (Faul et al., 2007). According to calculations the minimal sample size was equal to 152 patients.
According to the results of follow-up histology and defined outcome patients we divided into groups. The high-risk group included 172 patients with melanoma recurrence within 3 years after primary diagnosis. Recurrence status was recorded in cases of true scar recurrence, local satellite/in-transit recurrence, and nodal or distant metastasis. Thirty patients who achieved stable remission 3 years after primary diagnosis were assigned to the low-risk group.
Methods and variables analyzed
The collected clinicopathological data included the patient’s sex, age at diagnosis, and anatomical site of the primary melanoma. Relevant histological characteristics according to CAP protocols for CM were retrieved. The data included the histological type of CM according to the WHO classification (WHO); pathological stage, including tumor size (pT) and lymph node status (pN); ulceration; and tumor regression. The depth of invasion was evaluated according to the maximum tumor (Breslow) thickness (in mm) and anatomic (Clark) level. Breslow thickness (or maximum tumor thickness) was measured with an ocular micrometer at a right angle to the lesion surface from the upper edge of the granular layer of the epidermis (or the base of the ulcer in case of ulceration) to the deepest site of tumor invasion. Foci of neurotropism, lymphovascular invasion or microsatellites were not included in tumor thickness measurements. Anatomic (Clark) levels were identified according to CAP protocol as follows: I - Intraepidermal tumor growth (melanoma in situ), II - Tumor present in but does not fill and/or expand papillary dermis, III - Tumor fills and expands papillary dermis, IV - Tumor invades into reticular dermis, V Tumor invades subcutaneous layer.
The roles of factors such as the mitotic rate (per 1 mm2), lymphovascular invasion, neurotropism (perineural or intraneural invasion), association with a nevus, tumor-infiltrating lymphocyte density, and tumor regression at the time of primary diagnosis were assessed in terms of patient prognosis. Tumor regression was defined by the following features: replacement of tumor cells by lymphohistiocytic infiltration, or attenuation of the epidermis and non-laminated dermal fibrosis with inflammatory cells, melanophagocytosis, and telangiectasia (Aung et al., 2017).
In addition, the potential impact of the BRAF codon 600 mutation status on CM recurrence was evaluated. Tumor-infiltrating lymphocytes (TILs) were evaluated in a dichotomous manner according to the pathology report description: the absence of lymphocytes or a low number of tumor-infiltrated lymphocytes were considered TIL-low infiltration, whereas moderate or high-intensity lymphocytic infiltrates were considered TIL-high infiltration.
Molecular testing for detecting BRAF codon 600 mutations was conducted on tissue samples via formalin-fixed paraffin-embedded blocks with verified tumor content. Ten 10 μm-thick sections were obtained from each paraffin block containing a representative tumor area (>20% tumor cells, >200 cells in the sample, <20% necrosis area). DNA was extracted using ZYTOVISION VisionArray FFPE DNA Extraction Kit according to the manufacturer’s instructions. The detection of BRAF codon 600 mutations was performed by real-time polymerase chain reaction (RT‒PCR) using Easy PGX-ready BRAF system (Diatech Pharmacogenetics, Italy). The assay is designed to detect 5 types of BRAF mutations in codon 600: V600E (1799T > A), V600E (1799_1800TG > AA), V600 K (1798_1799GT > AA), V600D (1799_1800TG > AT), and V600 R (1798_1799GT > AG).
Statistical analysis
Statistical analysis was conducted using MedCalc® Statistical Software version 22.016 (MedCalc Software Ltd., Ostend, Belgium; https://www.medcalc.org; 2023) and GraphPad Prism (GraphPad Prism Version 10.0.3 (217) GraphPad Software, San Diego, California, United States; www.graphpad.com). Descriptive statistics for continuous variables (such as age, mitotic rate, and Breslow thickness) were presented as the Mean and SEM for normally distributed data or Median and Interquartile Range for non-normally distributed data. Quantitative data were assessed as frequencies (%). The χ2 test or Fisher’s exact test were applied to compare frequencies. An unpaired t-test or non-parametric Mann-Whitney test were used to compare continuous variables between high- and low-risk groups. The developed model was developed to predict the risk of melanoma recurrence within 3 years (binary outcome), so logistic regression was used. Univariate and multivariate logistic regression analysis models were used to assess the impact of various variables on the risk of relapse. The stepwise method was used to identify the set of variables with the highest impact on outcome and define the best-fitting multivariable logistic regression model. To assess the effect of variables on the outcome, odds ratios (OR) with 95% confidence interval (95% CI) were calculated. The diagnostic performance of the logistic regression models was evaluated using Receiver Operating Characteristic (ROC) curve analysis. The area under the ROC curve (AUROC) and its 95% CI were calculated. The P-value <0.05 was considered statistically significant for all of the tests.
RESULTS
Patients’ characteristics
A total of 202 cases with primary CM and 3-year follow-up data are reported in this study. Among the enrolled cases, 103 were males (51%) and 99 (49%) were females, aged 52.6 ± 1.51 (95% CI 49.6–55.6) and 52.0 ± 1.46 (95% CI 49.2–54.9), respectively. The high-risk group included 84 males (48.9%) and 88 females (51.1%). Among patients with remission, there was a higher rate of males (19 of 30, 63.3%) and females represented 36.7% (11 of 30) of the group.
The high-risk group included 172 patients aged 52.2 ± 1.14 years (95% CI 49.9–54.5). The low-risk group comprised 30 patients with stable remission aged 52.9 ± 2.76 years (95% CI 47.3–58.54). There was no significant difference in age and gender distribution between the high- and low-risk groups (Table 1).
TABLE 1 | Characteristics of patients of the study.
[image: A detailed table shows clinical parameters of melanoma patients across total, high-risk, and low-risk groups. Parameters include age, sex, diagnosis stage, primary tumor site, histological type, and BRAF mutation status. Significant differences appear in diagnosis stages (p<0.001), with the rest showing no significant variation. Data are displayed as mean ± standard error or percentage.]In both groups CM at trunk predominated comprising 36.1% in high-risk group and 43.3% in low-risk patients. Similarly, there were no differences in the frequency of various histological types of CM between groups. The most common types were SSM (44.8% and 53.5% of cases in high- and low-risk groups, respectively) and NM comprising correspondingly 27.3% and 30%. At the same time, 7 cases (4.1%) were reported with Spitzoid or desmoplastic CM in the high-risk group. However, we did not find statistically significant differences in the anatomical site of the primary tumor between groups.
Among the observed cases, 19 (9.4%) were characterized as stage I, 133 (65.8%) as stage II and 50 (24.8%) as stage III CM. All patients with affected lymph nodes (stage III) were in the high-risk group, with confirmed recurrence. CM recurrence was characterized by either locoregional or distant metastasis within 3 years of the follow-up period. Within the high-risk group, 13 cases (7.6%) were identified as stage I, 109 cases (63.4%) as stage II, and 50 cases (29%) as stage III CM according to the AJCC tumor staging system. Alternatively, the low-risk group demonstrated 20% of Stage I and 80% of Stage II CM. There were no node-positive cases in this group. This defined a statistically significant difference in staging between patients with recurrence and remission (P < o.oo1).
Finally, we did not find a difference in the BRAF mutation rate between groups, which reached 61.6% in the high-risk group and 60% in patients with remission.
The impact of histological and molecular features on CM recurrence
Regarding the anatomical site of the primary tumor, most cases (n = 75, 37.1%) were located at the trunk, 56 CMs (26.7%) were located in the upper or lower limbs, 17 at the face or scalp areas (8.4%), and the remaining 54 cases had no specified primary CM site (26.7%). There was no significant difference between the groups in the anatomical site of the primary tumor (P = 0.645), the histological subtype of CM (P = 0.518), or the incidence of BRAF codon 600 mutation (P > 0.999).
Although there was no difference in ulceration of primary melanoma between high- and low-risk groups (P = 0.241), we observed a significantly greater mitotic rate (P = 0.026) and Breslow thickness (P = 0.01) in the high-risk group than in the low-risk group. At the same time, LVI (P < 0.001), PNI (P < 0.001) and tumor regression features (P < 0.001) were observed at a higher rate in patients with CM recurrence (Figure 1).
[image: Bar graphs and violin plots analyze melanoma risk factors. Left side includes bar graphs for LVI, PNI, and regression risk factors, showing percentages and presence. Right side displays violin plots for Breslow thickness and mitotic rate, indicating distribution in low and high risk. An ROC curve at the bottom evaluates diagnostic performance.]FIGURE 1 | Difference in histological features between high- and low-risk groups. The high-risk group demonstrated a significantly higher rate of mitosis, depth of invasion assessed via Breslow thickness, LVI and PNI, and tumor regression features. ROC curve of these 5-factorial logistic regression model for predicting the risk of CM recurrence demonstrates the area under the curve of AUC = 0.88 (95% CІ 0.81–0.93) reflecting the strong link between the risk of recurrence and the selected variables The sensitivity and specificity of the model are 86.1% (95% CІ 78.4%–91.8%) and 72.7% (95% CІ 49.8%–89.3%), respectively.
There were 124 BRAF-mutation-positive cases (61.4% of the observed cohort). The rate of BRAF codon 600 mutations did not differ between the high- and low-risk groups (Table 2). In patients with recurrence, BRAF codon 600 mutation was detected in 61.6% of patients (106 of 172), whereas in the low-risk group, it was identified in 60% of cases (17 of 30, P > 0.999).
TABLE 2 | Impact of clinical and histopathological features on the risk of recurrence in stage I-III CM (in univariable logistic regression model).
[image: Table depicting various variables related to a study, including sex, stage, age, anatomical site of primary tumor, mutation type, nodal status, histological type, and other factors. Each variable has columns for model coefficient (\(b \pm m\)), p-value, odds ratio (OR) with 95% confidence interval (CI), and area under the receiver operating characteristic (AUROC) with 95% CI. Notable results include significant p-values for stage and positive nodal status, both associated with higher odds ratios.]Logistic regression analysis for predicting CM recurrence
Single-factorial logistic regression analysis was conducted to identify the features with a moderate degree of relationship with patient outcome (AUROC = 0.6–0.7). These factors included the following: nodal status (stage), mitotic rate, Breslow thickness, LVI, PNI, and regression features.
The risk of recurrence is increased significantly in N-positive tumors (stage III) (P < 0.001; OR = 4.41; 95% CІ 1.98–9.87). Similarly, a high mitotic rate, Breslow thickness, LVI, PNI, and regression features affected the probability of CM recurrence (Table 2). To define the minimal set of variables for predicting CM recurrence in a multifactorial logistic regression model, stepwise analysis was employed (stepwise threshold of inclusion p < 0.05, threshold of exclusion p > 0.1). Five independent variables were identified as the most significant. The independent variables were independent of each other (the Variance Inflation Factor for predictors did not exceed 1.1). Clark level, Breslow thickness correlated with the Stage (r = 0.47 and r = 0.45, p < 0.001, correspondingly), they were excluded from the multiple regression model using Stepwise method. The 5-factors regression model includes only independent significant variables. If we add Breslow’s thickness to the model (for example) then the coefficient does not differ to zero (P = 0.531).
The adequacy of the constructed model was confirmed by its characteristics (χ2 = 42.9, at 5 degrees of freedom; P < 0.001). The AUROC of 0.88 (95% CI 0.81–0.93) reflects the strong link between the risk of progression and tumor characteristics such as stage, mitotic rate, LVI, PNI and tumor regression features (Table 3; Figure 1). When defining the optimal model threshold Ycrit > 0.5221 the sensitivity and specificity of the model were 86.1% (95% CІ 78.4%–91.8%) and 72.7% (95% CІ 49.8%–89.3%), respectively. The positive predictive value PPV comprised 94.3% (95% CІ 89.3%–97.0%), while the negative predictive value NPV was found to reach 50% (95% CІ 37.2%–2.8%). The model can be represented by Formula 1:
[image: Equation depicting a logistic regression model: log of Y divided by one minus Y equals 21.6 times X1 plus 1.02 times X2 plus 22.1 times X3 plus 21.6 times X4 plus 2.49 times X5 plus 0.09.]
where Y is the risk of CM recurrence; X1 = 0 for Stages 1–2 and X1 = 1 for Stage 3; X2 = 0 for mitotic rate <=5 and X2 = 1 for mitotic rate>5; X3 = LVI (0/1); X3 = PNI (0/1); and X5 = regression (0/1).
TABLE 3 | Characteristics of the 5-variables logistic regression model for assessing the risk of CM recurrence.
[image: Table displaying variables related to cancer recurrence, including Stage, Mitotic Rate, LVI, PNI, and Regression. Model coefficients, p-values, odds ratios with confidence intervals, and AUROC values are provided. Stage 3 and Mitotic Rate greater than 5 show significant model coefficients. Regression has a p-value of 0.020 and an odds ratio of 12.0. AUROC ranges from 0.81 to 0.93.]For practical application of the 5-factor model, the tool for calculating patient risk prediction was implemented in Excel.
DISCUSSION
Although various indicators are considered prognostic at the time of diagnosis, predicting the risk of recurrence in early-stage CM is still challenging. Whereas it is widely accepted that the clinicopathological and demographic features of primary tumors impact prognosis, various authors have applied different sets of histopathological criteria to predict melanoma recurrence (Abbas et al., 2014; Chousakos et al., 2023). Here, we evaluated the relationships between demographic, clinical, and histopathological data and patient outcomes. We analyzed the effects of positive nodal status, histological type, mitotic rate, Breslow thickness, LVI, PNI and tumor regression features on the risk of CM recurrence. Moreover, we found no impact of age, sex, Clark level of invasion, microsatellites, ulceration, association with nevus, or the presence or type of BRAF codon 600 mutations on patient prognosis. Ulceration, Breslow thickness and the mitotic rate were found to have the highest statistical power for predicting outcomes in a study by Vita et al. (2023). Besides, multivariable analysis by Buja A. et al. revealed that age, primary tumor site, histological subtype, mitotic count, and tumor stage were independently associated with disease prognosis (Buja et al., 2021). The differences in prognostic criteria could be explained by the heterogeneity of CM patient populations used in these studies, various inclusion and exclusion criteria, and different endpoints. Importantly, the lists of selected primary factors to be analyzed for predicting patient outcomes presented a high degree of variability between the studies. The common idea, however, is based upon the need to identify subgroups of CM patients at a higher risk for recurrence to optimize management for such patients (Chousakos et al., 2023).
This study elucidated the 5 main tumor features associated with a high risk of CM recurrence, including positive nodal status (stage III), mitotic rate, lymphovascular or perineural invasion, and features of tumor regression. TNM staging was previously shown to be vital in predicting melanoma outcomes (Cozzolino et al., 2023). This enables to prognose the patient outcome based on five widely used features reported by pathologists according to standard protocols. The simplicity and affordability of variables used for assessing the risk of recurrence make the developed model attractive for clinical application at least for the preliminary risk assessment and making decisions concerning every particular patient management based on his or her stage, mitotic rate, tumor invasiveness and regression features.
Comparing the developed model with already existing tools it is important to highlight that many studies apply machine learning-based algorithms which also defined the significance of variables in this study. For instance, using artificial intelligence tools for predicting short-term mortality in CM patients, Aung et al. (2017) showed that both distant and nodal metastasis aggravated the outcome in patients with CM. In addition, patient age, sex, tumor site, histological type and growth phase also contributed significantly to predicting overall survival. In our study focused on predicting CM recurrence, we also demonstrated the role of staging and underscored the prognostic role of other factors. Notably, the mitotic rate and tumor invasiveness features were considered to be tightly linked to melanoma aggressiveness and prognosis in recent studies (Thompson et al., 2011). Another study utilizing such tools as MLP, Adaptive Boosting (AB), Bagging (BAG), logistic regression (LR), Gradient Boosting Machine (GBM), and eXtreme Gradient Boosting (XGB) algorithms developed a model for predicting metastasis in patients with nodular melanoma (Serra et al., 2024). The MLP was found as the optimal. It demonstrated the best parameters reaching AUC = 0.932, F1 = 0.855, Accuracy = 0.856, Sensitivity = 0.878. In contrast to our study, this model was focused on nodular melanoma. However, it also highlighted the prognostic significance of the primary site and stage. Another cohort study performed at 4,718 patients with CM developed a model for prognosticating brain metastasis. Based on multivariate logistic regression analysis, authors identified the following significant risk factors of CNS metastasis of melanoma: a higher Breslow index, mitotic rate ≥1 mm2, ulceration, and microscopic satellites. These data partly correlate with our findings, although it included patients with stage IV, mucosal melanoma and was focused on CNS metastasis and outcome (Serra et al., 2024). Similarly, in Romanian study, the Breslow thickness >2 mm, high Clark level, high mitotic rate and ulceration were defined as the most significant prognostic factors for lymph nodal involvement in CM (Vița et al., 2023). Other studies also illuminated the prognostic significance of LVI associated with recurrent disease (P = 0.003) and metastatic disease (P = 0.008) (Tas and Erturk, 2017). Multivariate analysis also uncovered that lymph node metastasis, Breslow thickness, LVI, and angiotropism are predictors of the overall survival of patients with CM. Moreover, LVI was also shown to correlate with neurotropism, Breslow’s thickness and lymph node involvement (Tas and Erturk, 2017). Alternatively in an early-stage melanoma study performed on 1,720 patients, utilizing machine learning algorithms, only Breslow tumor thickness and mitotic rate were identified as the most informative features. Notably, models were evaluated internally by five-fold cross-validation of the MGB cohort, and externally via independent evaluation of training and testing cohorts. A recurrence classification performance of AUC in the internal and external validations comprised 0.845 and 0.812, respectively (Wan et al., 2022). These results are comparable with the performance of the model developed in our study.
Although Breslow thickness is an important histological parameter that can predict the outcome of primary CMs, this factor had a less prominent effect on the risk of recurrence in the observed cohort than the other factors selected for this model. According to the National Comprehensive Cancer Network guidelines, SLN biopsy is recommended for all CMs thicker than 1 mm (Carr et al., 2022). Nevertheless, some patients with thin lesions develop local or distant metastasis. This provoked a discussion on whether sentinel lymphadenectomy should be performed in addition to wide local excision for primary lesions ≤1.00 mm. Several studies have evaluated different approaches for identifying histopathological features and/or genetic markers for predicting SLN positivity and improving patient management (Carr et al., 2022). Although recommendations for SLN biopsy and complete lymph node dissection are still under discussion, the correct assessment of lymph node status is essential for accurate CM staging and prognosis, as it allows stratification of low- and high-risk groups and leads to improvements in regional disease control (Faries et al., 2017). Nevertheless, further prospective studies and clinical validation of the developed models are needed to implement personalized risk-assessment and management.
Interestingly, regression in primary CM was defined in our study as an important prognostic factor. According to recent studies, the prognostic value of regression in CM is quite controversial. While some studies have demonstrated a lack of correlation between regression and patient outcomes (Kaur et al., 2008), other authors have reported that regression predicts a greater risk of lymph node involvement (Oláh et al., 2003) and CM metastasis (Guitart et al., 2002). These controversies may be related to discrepancies in regression definitions and assessments, the different stages of melanoma included in the respective studies, the subjectivity of regression reporting and interpretation, the treatment used, etc. (McClain et al., 2012). Histologically, regression is characterized by a decrease in the number of melanoma cells associated with the host response, including inflammatory infiltrates, dermal fibrosis, melanophages, an increased number of ectatic blood and lymphatic vessels, and the apoptosis of keratinocytes or melanocytes (Aung et al., 2017). It reflects the tumor-host interplay at the site of the primary disease (Aung et al., 2017).
Tumor-host interplay in areas of regression can affect CM outcomes in different ways via changes in the tumor immune microenvironment (TIME), the selection of tumor subclones with different genetic profiles or the use of various cell death mechanisms. First, the melanoma-host interplay can significantly affect various phases of tumor growth and development, depending on the host immune response. This may involve various populations of lymphocytes and macrophages and be associated with alternative polarization of the immune reaction. Importantly, a recent study revealed that regression is highly correlated with TILs (Morrison et al., 2022). Importantly, however, only TILs, but not regression features, were linked with SLN status and survival in CM. Thus, the presence of CD8+ tumor-infiltrating lymphocytes impacts patient outcomes of CM. Alternatively, Yun et al. suggested that the negative impact of regression on CM prognosis can be related to increased dermal lymphatic vessel density, resulting in an enhanced risk of lymphovascular invasion (Yun et al., 2011). Moreover, the elimination of recognizable subpopulations of melanoma cells can benefit the remaining clones of aggressive melanoma cells, assisting their growth and tumor development.
Importantly, the predictive strength of the tumor regression features in our model was lower than that of stage or melanoma invasiveness. It works as a predictor of higher-risk CM only when it is combined with other factors, such as increased mitotic activity or perineural invasion, indicating aggressive melanoma tumor behavior. Importantly, the elimination of melanoma cells in areas of regression can be realized by various immune cells and through different cell death mechanisms. Aside from the classic antitumor immune reaction through CD8+ cytotoxic lymphocytes, alternative activation of the host immune response, with the prevalence of Ms-macrophages, myeloid-derived immunosuppressive cells or activation of immune escape mechanisms, can foster and shape the further development of malignancies (Mashukov et al., 2021; Stakhovskyi et al., 2022). Within their works on deciphering TIME-related expression, Liang Z. and coauthors revealed several promising immune-related biomarkers, demonstrating that high expression levels of the GZMB, C1QA, and C1QB genes correlate with favorable prognosis in patients (Liang et al., 2022). Similarly, Zhang et al. demonstrated the relevance of TIME assessment via genomic and epigenomic scores for defining high-risk and low-risk groups of CM patients to guide personalized melanoma treatment (Zhang et al., 2023). Finally, the tumor regression features in primary CM may be related to the shift between the apoptosis and necroptosis pathways (Yang et al., 2023). A lack of apoptosis signaling can lead to an alternative cell death pathway known as necroptosis, a recently discovered pathway of programmed cell death that bypasses apoptosis and might be involved in pathological oncogenic processes. This process is associated with mitochondrial dysfunction and is promoted by increased generation of reactive oxygen species in melanoma cells, resulting in mutagenesis and cell death (Basit et al., 2017). Recently developed models for prognosis and accurate prediction of the response to immunotherapy demonstrated a close link between necroptosis-related genes and immune cell signatures, identifying novel approaches for identifying high-risk patients and personalizing their treatment.
Heterogeneity of the existing data and models concerning the risk factors and prognostic models allowing to prediction of CM recurrence are related to numerous factors, including differences in populations involved and CM characteristics (stage, histological types, etc.), clinical and pathological data sets, approaches for data handling and outcomes applied. This reflects insufficient evidence to make robust conclusions for clinical decision-making in the management of patients with CM. The developed model could provide clinical usefulness for stratifying patients with a high risk of melanoma recurrence. Despite the relatively low figures of NPV, the model enables predicting the high risk of recurrence with good accuracy. Considering existing clinical data concerning the risk of CM recurrence varying according to different data from 50% to 80% in CM of I-III stages, the developed model allows for prediction recurrence in 94.1% of patients with CM of I-III stage though further external and clinical validation of the model are needed (Leiter et al., 2014; Stucky et al., 2010). In the future, a prognostic model could be used to tailor patient management during counseling and/or integrate predictive models in electronic healthcare systems. Accurate risk assessment could support physicians’ and patients’ decision-making in clinical settings to plan individualized follow-up and treatment to prevent disease progression and improve patients’ outcomes. The developed model could be also adjusted for navigating patients’ management after immunotherapy. However future multi-center trials are needed to justify the model’s application in populations treated with immunotherapy. The findings of the study also stimulate a comprehensive investigation of tumor regression mechanisms and interpretations for a better understanding of its role in CM behavior and progression.
CONCLUSION
This study demonstrated the prognostic significance of tumor stage, mitosis rate, and invasion features, as well as tumor regression features, on CM patient outcomes. The application of the 5-factor model, which is based on routinely assessed histological markers, allows the definition of high-risk groups of patients with a high likelihood of CM recurrence. Its application could be useful for guiding guide personalized management strategies. Further prospective studies are needed to validate the model.
Limitations of the study
This study is limited to a retrospective analysis of patient data over a three-year follow-up period. This study did not focus on the therapeutic schemes used for various patients in the cohort. Moreover, the sample included only patients with CM of the I-III stage, and we did not differentiate outcomes between groups. Due to the retrospective type of the study, there is a potential bias in data collection. For instance, the high- and low-risk groups were not equal in terms of CM staging. Logistic regression analysis instead of Cox proportional hazards regression was applied because of the lack of accurate follow-up data concerning the timing of recurrence onset. The developed prognostic model was based on logistic regression analysis and needs validation in further multicenter studies.
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Breast cancer (BC) remains a complex and widespread problem, affecting millions of women worldwide, Among the various subtypes of BC, triple-negative breast cancer (TNBC) is particularly challenging, representing approximately 20% of all BC cases, and the survival rate of TNBC patients is generally worse than other subtypes of BC. TNBC is a heterogeneous disease characterized by lack of expression of three receptors: estrogen (ER), progesterone (PR), and human epidermal growth factor receptor 2 (HER2), resulting conventional hormonal therapies are ineffective for its management. Despite various therapeutic approaches have been explored, but no definitive solution has been found yet for TNBC. Current treatments options are chemotherapy, immunotherapy, radiotherapy and surgery, although, these therapies have some limitations, such as the development of resistance to anti-cancer drugs, and off-target toxicity, which remain primary obstacles and significant challenges for TNBC. Several findings have shown that EVs exhibit significant therapeutic promise in many diseases, and a similar important role has been observed in various types of tumor. Studies suggest that EVs may offer a potential solution for the management of TNBC. This review highlights the multifaceted roles of EVs in TNBC, emphasizing their involvement in disease progression, diagnosis and therapeutic approach, as well as their potential as biomarkers and drug delivery.
Keywords: extracellular vesicles, biomarkers, therapeutic challenges, non-coding RNAs, drug delivery

1 INTRODUCTION
Cancer remains a major concern worldwide, after skin cancer, BC is the most common among women. According to NIH statistical data, about 3 lakh cases were expected with 7.1% mortality rate. BC increasing steadily over the past two decades (Aravindan et al., 2024), and one of the most prevalent diseases affecting women worldwide (Arnold et al., 2022). Several studies and their results from different perspectives unanimously classify BC as a highly heterogeneous disease molecular and histological both level (Viale, 2012). Over time, several molecular markers have been discovered to classify BC based on factors like genomic instability, genetic changes, and gene activity. Advanced technologies have made it much easier for us to understand why BC is so diverse by identifying biomarkers like ER, PR, and HER2. These markers have helped classify BC into five subtypes, including luminal A, luminal B, HER2-enriched, triple-negative (or basal-like), and normal-like breast cancer. This classification helps to predict disease progression and choose effective treatments (Zubair et al., 2021). According to cancer statistics and several studies, the proportion of TNBC is higher in Asian countries. Primarily, Indian data shows that 100,000 people are diagnosed with breast cancer every year. It is estimated that by 2025, global cancer cases will reach approximately 30 million, while deaths will increase to 17 million. Like the United States, breast cancer is the second leading cause of cancer-related deaths in India after lung cancer. The diagnosis of breast cancer presents a significant challenge in effectively managing the disease. According to WHO, survival rates vary across regions, ranging from about 90% in high-income countries, 60% in India and 40% in South Africa (Gupta et al., 2024).
Of all these subtypes of BC, TNBC has received significant attention. TNBC is an aggressive subtype that represent around 11%–20% of all BC cases (Loizides and Constantinidou, 2023). It is characterized by the lack of estrogen receptor (ER), progesterone receptor (PR), as well as lack of overexpression or amplification of human epidermal growth factor receptor 2 (HER2) (Tiwari et al., 2023). Consequently, TNBC is frequently unresponsive to hormone-based therapies, which specifically target ER and PR, as well as strategy designed to address HER2 receptors. The lack of these receptor targets hinders the effectiveness of conventional hormone-based and HER2-targeted therapies in managing TNBC cases (Saleh et al., 2021). TNBC primarily affects young, premenopausal women to a more significant number and has been observed more frequently in African-American women. This is often associated with inherited gene mutations involving the BRCA1 and BRCA2 genes (Howard and Olopade, 2021). The highly aggressive nature of TNBC poses a significant challenge in its diagnosis and prognosis. TNBC have more propensity to metastasize to different body parts in compression of other subtypes of BC (Azim et al., 2020).
Prognostic biomarkers may play in significant role in the initial diagnosis of TNBC. Lipids, circulating tumors DNA (ctDNA), glycogen, tumors-infiltrating lymphocytes (TILs), immune checkpoint molecules (PD-L1), circulating tumors cells (CTCs), and microRNAs (miRNAs) are considered as next-generation predictive biomarkers and promise significant potential for enhance the prognosis of TNBC. Glycogen and lipid show pathology-associated metabolic changes and give important insights into malignancy growth and treatment response. ctDNA serves as a non-invasive methodology to assess tumors genetics and monitor pathological conditions (Alismail, 2024; Banerjee et al., 2024). Patients with early-stage TNBC who have not received adjuvant or neoadjuvant chemotherapy have been shown to have significantly better survival when they have significant quantities of TILs in their BC tissues. These studies results confirm, abundance of TILs in BC may serve as a crucial prognostic factor for early-stage TNBC patients (Leon-Ferre et al., 2024). PD-L1, a protein that involved in immune evasion, mostly exhibit in aggressive type neoplasm. In BC, its expression is related with high histologic grade and negative hormone receptor status. Approximately 20% of TNBC tumors express PD-L1 (Mittendorf et al., 2014).
Currently, the primary therapeutic approach for TNBC involve a combination of surgery, radiation, chemotherapy, and neoadjuvant therapy (Baranova et al., 2022). Though there are some approved chemotherapeutics such as platinum agent (carboplatin and cisplatin), doxorubicin, paclitaxel, capecitabine, gemcitabine, and eribulin, but their efficacy are limited (Twelves et al., 2016). Moreover, most of these drugs cannot cross the blood-brain barrier, posing a challenge in treating brain tumors resulting from TNBC metastasis. Approximately one-third of TNBC patients develop brain metastases, which currently have no available cure, leading to short survival times (Kadamkulam Syriac et al., 2023; Kannan and Cheng, 2023). Some TNBC patients with BRCA1/2 mutations can receive intervention with poly (ADP-ribose) polymerase inhibitors like olaparib and talazoparib, however these options are limited (Hobbs et al., 2021). Therefore, there is a pressing need for developing new and effective therapies with high specificity for BC and minimal damage to healthy tissues.
EVs are tiny particles surrounded by lipid bilayers that are released into the circulation by various types cells, including tumor cells, and these diverse membranous vesicles secreted into the extracellular space (Dixson et al., 2023), which engage in numerous functions, including intercellular communication, immune regulation, disease progression and development, and tissue repair. Additionally, EVs carries cargo such as, proteins, lipids, metabolites DNA and various type RNA, which play a crucial role in biological processes (Yue et al., 2023). Initially, until the late 1990s, EVs did not receive significant attention in the field of research, because in the early stages it was believed that these vesicles were waste material of cells (Yuan et al., 2023). Primarily based on their biogenesis and size, EVs have been classified into three different types (Liu and Wang, 2023), (i) Exosomes range in size from 30 to 150 nm. Their biogenesis occurs within multivesicular bodies (MVBs) via the endocytic pathway, following ESCRT-dependent complexes, and they are released into the extracellular space via exocytosis (Yin et al., 2023). The presence of various biomarkers including tetraspanins (CD9, CD63, CD81), endosomal proteins (TSG101, Rab-GTPase), and heat shock chaperones (HSP70, HSP90) characterize exosomes (Banerjee and Rajeswari, 2023). (ii) Microvesicles are formed through outward of the plasma membrane under stimuli and calcium-dependent pathways. These vesicles range in size from 50 to 1,000 nm and are released through outward budding and fission of the membrane. These include various biomarkers including flotillin-2, CD40 ligand, and annexin (Rani et al., 2023), and (iii) apoptotic bodies which is greater than 1,000 nm in size, formed during the apoptosis process, compared to other EVs it has phosphatidylserine, cytochrome c and DNA histones as major markers (Wen et al., 2023) (Detailed classification and characteristics of EVs mentioned in Table 1).
TABLE 1 | Extracellular vesicle classification, based on category, size, formation, pathways and marker.
[image: A table comparing three types of extracellular vesicles: exosomes, microvesicles, and apoptotic bodies. Categories include size, formation, biogenesis pathway, markers, and references. Exosomes measure 30–120 nm, form from multivesicular body fusion, are ESCRT-dependent, with markers like tetraspanins CD9 and CD63. Microvesicles range from 40–1,000 nm, form by outward blebbing, are stimuli-dependent, with markers including Flotillin-2. Apoptotic bodies are over 1,000 nm, form from plasma membrane budding of apoptotic cells, related to apoptosis, with markers like phosphatidylserine. References include multiple authors and years.]Tumor cell-derived EVs promote tumor development and metastasis through diverse mechanisms by influencing the tumor microenvironment (TME), modulating cellular interactions, and signaling pathways (Tian et al., 2023). TME play crucial role in the TNBC progression, by utilizing different biological mechanisms such as immune suppression, proliferation, angiogenesis, and apoptosis inhibition. Dynamic interactivity between surrounding stromal, endothelial, immune cells, and neoplasm cells builds niche, that facilitated tumor development, metastasis, and epithelial-to-TNBC stem cell transition (Deepak et al., 2020). TME composed diverse types of cells and biological molecule, including ECM components, immune cells, tumor-associated fibroblasts (CAFs), blood vessels and cancer stem cells (CSCs), ECM generate signals for numerus key processes like cell proliferation, replicative immortality, invasion, and apoptosis evasion. CAFs are prime contributors to drug resistance and disease progression by producing growth factors and chemokines, additionally play crucial role in immune cell infiltration (Otranto et al., 2012).
EVs can be collected from various bodily fluids such as blood or urine, providing a non-invasive method to obtain real-time information about the status and types of malignant cells (Kalra et al., 2016). They got special attention in the clinical field due to verity of function like precisely targeted drug delivery (vaccines and therapeutic agents), interaction with specific cell and tissue. This observation has led to the exploration of EVs as potential cargo carriers for delivering (Wang et al., 2020). Notably EVs secreted from body enable them to work well with the same because they are natural and are less likely to cause an adverse reaction or be seen as foreign particles by the immune system of body (Song et al., 2022). EVs surface is made of the cellular proteins and can escape from our immune system. Additionally they can also pass through the protective blood-brain barrier and prevent drugs from breaking down (Kooijmans et al., 2016).
2 BIOGENESIS OF EXTRACELLULAR VESICLE
Endosomes are membrane-bound compartments within cells that play an essential role in sorting and trafficking various cellular materials, including proteins and lipids. The early endosome is the first step in the endocytic pathway, where the material is internalized from the cell surface via endocytosis (Simonetti et al., 2023). Endosomes mature into late endosomes or multivesicular bodies (MVBs), and specific cargo inside the endosomal membrane forms tiny buds that separate from the membrane. These buds synthesize tiny intraluminal vesicles (ILVs) within the endosome’s inner space, and these ILVs are later released through exocytosis. So based on this process exosomes biogenesis can be categorized into two main pathways, i.e., ESCRT (endosomal sorting complex required for transport)-dependent pathway and the ESCRT-independent pathway (Han et al., 2022).
2.1 Biogenesis of exosomes through ESCRT-dependent pathway
The ESCRT machinery is a multi-protein complex comprised of approximately 30 distinct proteins, which can be classified into four different complexes: ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. These protein complexes play crucial roles in the biogenesis of exosomes (Camacho et al., 2023). The investigation of ESCRT complexes has yielded significant insights into the intricate cellular mechanisms underlying the formation and release of exosomes, enhancing our understanding of intercellular communication and cellular trafficking processes (Ho et al., 2022). The biogenesis of ILVs begins by placing cargo on the outer surface of MVBs, and this action is facilitated by the ESCRT-0 complex. ESCRT-0 functions like a team management, capable of capturing the biomolecule utilized two crucial components: hepatocyte growth factor-regulated tyrosine kinase substrate (HRS) and signal transducing adaptor molecule (STAM). Both help the team to identify and attach to the cargo, preparing it for the subsequent stages in forming ILVs (Jin et al., 2022). The ESCRT-0 complex have ten binding sites that facilitate the capture of polyubiquitylated cargo (Dixson et al., 2023). Upon attachment of marked polyubiquitylated cargo to ESCRT-0, the HRS-STAM complex presents an opportunity for the ESCRT-I complex to participate in the process (Mirzaei et al., 2022). ESCRT-I, aided by the molecule TSG-101 (Tumor susceptibility gene 101), which binds to ubiquitin, facilitates the transport of the cargo (Mishra et al., 2023). Subsequently, ESCRT-I recruits the subsequent complex, ESCRT-II, through its interaction with VPS28 and VPS36 subunits (Hudait et al., 2023). ESCRT-II, in turn, recruits ESCRT-III, accompanied by the involvement of a specialized protein known as CHMP2-4 (Azad et al., 2023). Collectively, they form novel structures known as ILVs, thereby accomplishing the budding and cleavage of these diminutive vesicles from the membrane. Additionally, the accessory protein AAA-ATPase VPS4 performs a vital role in the disassembly and recycling the ESCRT-III complex (Tseng et al., 2022) (Figure 1A).
[image: Diagram illustrating apoptotic body biogenesis and the release of extracellular vesicles. The process includes endocytosis, endosomes, and exocytosis. Various proteins, including RAB and ESCRT complexes, are labeled, showing their roles in vesicle formation. On the right, apoptotic membrane blebbing and formation of apoptotic bodies are depicted, with proteins like LINK1 and PAK2 indicated. The diagram details cellular pathways and molecular interactions involved in vesicle biogenesis.]FIGURE 1 | The biogenesis of exosomes depends on two pathways ESCRT dependent and ESCRT-independent. (A) The formation of exosomes begins with the inward budding of the plasma membrane, leading to the formation of early endosomes. Subsequently, the ESCRT complex (ESCRT 0, I, II, III) facilitates the formation of multivesicular bodies (MVBs). These MVBs either fuse with lysosomes for degradation (by autophagosomes) or translocate to the plasma membrane, where the SNARE complex aids their fusion, releasing the exosomes into the extracellular space. In ESCRT-independent mechanism RAB31 present on late endosomes that interact to EGFR, EGFR phosphorylate RAB31 viva tyrosine phosphorylation. Active RAB31 bind with Flotillin (FLOTs), now these complexes allow to formation of ILVs. Additionally, RAB31 recruit TBC1D2B that binds with protein RAB7 and prevents MVEs from fusing with lysosomes. (B) Biogenesis of apoptotic bodies begins with cytoskeletal reorganization and plasma membrane blebbing that regulated by ROCK1 and MLCK proteins. Caspase-3 triggers ROCK1, which then modifies myosin II, leading strong contractions of the cytoskeleton, and formation of membrane blebs. Further aspase-3 kinase cleaves PAK2 and add fatty acid to it, thereby increasing its activity, that help in cell membrane movement and controls cell shape. Moreover, activates JNK pathways, for the proper release of apoptotic EVs.
2.2 Biogenesis of exosomes through ESCRT-independent pathway
In mammalian cells, MVBs can still be synthesized even without ESCRT complexes, indicating that ILV biogenesis can happen independently of ESCRT. However, it has been noted that MVBs formed without ESCRT are larger and contain fewer ILVs with irregular shapes and sizes. RAB31 is a relatively small GTPase protein primarily responsible for intracellular trafficking and vesicle transport (Wei et al., 2021). The activation of RAB31 is crucial for exosome biogenesis, mediated through phosphorylation catalyzed by the EGFR (Horbay et al., 2022). After the activation of RAB31, it interacts with flotillin proteins of SPFH (Stomatin, Prohibitin, Flotillin, HflK/C) domain present in lipid raft microdomains (Wei et al., 2021). Flotillins are membrane-associated proteins that localize to specific cholesterol-rich microdomains in the plasma membrane known as lipid rafts (Lu and Fairn, 2018). The interaction between RAB31 and flotillin proteins facilitates the entry of EGFR into EVs, leading to the formation of ILVs (Lizarraga-Valderrama and Sheridan, 2021). Another role has been observed for this protein in EVs, similar to RAB31, which recruits TBC1D2B, deactivates RAB7, and prevents the fusion of EVs with lysosomes. This process creates a favorable environment for the formation of ILVs. Consequently, functional exosomes are released, playing a crucial role in intercellular communication and various cellular processes (Gao et al., 2022) (Figure 1A).
2.3 Biogenesis of microvesicles (MV) and apoptotic body
The MVs form when direct outward budding and subsequent shedding of the plasma membrane occurs (Clancy et al., 2021). In the formation of MVs, various factors work together, such as the redistribution of phospholipids and the contraction of the actin-myosin machinery (Abels and Breakefield, 2016). When looking into the detailed mechanism, ADP-ribosylation factor 6 (ARF6), a small GTPase protein, plays a significant role in the activation of phospholipase D (PLD) enzyme during its active state and leads to the repositioning of phosphatidylserine to the outer leaflet and initiates the process of MV formation (Menck et al., 2020). Additionally, the activity of ARF6 recruits the Extracellular Signal-Regulated Kinase (ERK) (mitogen-activated protein kinase (MAPK) family) to the plasma membrane. ERK’s presence is pivotal for downstream signaling pathways. Upon phosphorylation of ERK, it further activates myosin light chain kinase (MLCK). This activation leads to the phosphorylation of the Myosin Light Chain (MLC). The phosphorylation of MLC enhances the contractility of the actin-myosin complex, resulting in induced membrane curvature and budding. This activity ultimately leads to the genesis of small MVs from the plasma membrane. These vesicles contain specific biomolecules, such as ARF6, MHC-I, b1-integrin, VAMP3, and MT1MMP (Abels and Breakefield, 2016).
Apoptotic bodies also a membrane-bound structure that also contain variety of cargos such as proteins, lipids, RNA, miRNAs and DNA, that involve in intercellular communications. The feature of apoptotic bodies can vary depending on the cell type (Santavanond et al., 2021). There is not much information available about the role of apoptotic bodies in cancer biology, mostly scientific work is being done utilizing exosomes and microvesicles. The biogenesis of apoptotic bodies begins with cytoskeletal reorganization and plasma membrane blebbing. Previously, it was believed that this process occurred randomly, but recently it was recognized that the biogenesis of apoptotic bodies occurs through well-ordered morphological steps. Rho-associated coiled-coil-containing protein kinase 1 (ROCK1) and myosin light chain kinase (MLCK) regulates biogenesis of apoptotic bodies (Phan et al., 2020). In this mechanism, caspase-3 activation triggers ROCK1, which then modifies myosin II, resulting in strong contractions of the cytoskeleton, leading to the formation of membrane blebs. It is not yet completely clear which MLCK is active, but inhibition of MLCK has been shown to prevent membrane blebbing. Additionally, another protein, LIMK1, helps in this process by activating cofilin that also regulates the actin skeleton and supports apoptotic membrane blebbing (Sebbagh et al., 2001). Caspase-3 kinase cleaves p21-activated kinase 2 (PAK2) adds a fatty acid to it, thereby increasing its activity. Active PAK2 helps in cell membrane movement and controls cell shape. It also activates signaling pathways such as JNK, which play a role in proper release of apoptotic EVs (Han et al., 2024) (Figure 1B).
3 ROLE OF EVS IN TNBC
TNBC is a type of aggressive and refractory BC mainly occurs in young patients and has a poor clinical prognosis. So far, no specific target has been identified for its management on which intervention can be done. To achieve better treatment outcomes, a promising drug is needed, and in recent years EVs have shown significant promise in the management of TNBC (St-Denis-Bissonnette et al., 2022). In a study conducted by Ozawa et al., it was revealed that EVs originating from the HCC1806 malignant cell line possess remarkable capabilities. These EVs not only promote the spread of TNBC tumors in the non- malignant MCF10A cell line but also play a significant role in inducing drug resistance, thereby enhancing the survival of the recipient cells. Additionally, these EVs display an exceptional ability to modulate specific miRNAs intricately linked to tumor-related processes (Ozawa et al., 2018). EVs originating from TNBC tumor cells have been observed to substantially impact tumor development and metastasis. Notably EVs release from TNBC cells line (HCC1806) can enhance the growth of normal mammary epithelial cells (MCF10A), Additionally induce drug resistance by activating PI3K/AKT, MAPK and HIF1α signaling pathways (Das K. et al., 2023). EVs have multifaced role including the facilitation of tumor proliferation, angiogenesis, and immune system evasion. These effects are achieved through the targeted delivery of specific biomolecules to adjacent cells, thereby modulating their behavior and providing crucial support for neoplasm progression (Tai et al., 2018). EVs derived from TNBC cells transfer oncogenic proteins such as EGFR and MMPs (Matrix metalloproteinases) to recipient cells, that enhancing their invasiveness and migratory traits (Mashouri et al., 2019).
EVs can modulate the TME in a manner that facilitates the development of pre-metastatic sites. Specifically, these EVs can instruct stromal cells, such as fibroblasts and immune cells, to create a supportive and conducive environment for the proliferation and dissemination of the tumor cells (Liu et al., 2020). Additionally, EVs have the remarkable capacity to induce modifications in gene expression and several signaling pathways within recipient cells, subsequently resulting in profound alterations in their phenotypic characteristics and functional role (Mashouri et al., 2019).
3.1 EVs in TNBC prognosis
Comparative analysis of plasma samples between healthy and patients suffering from TNBC, a conspicuous presence of small extracellular vesicle (sEVs) has been discerned. Specially, these sEVs are substantially enriched in TNBC patients (Stevic et al., 2018). Additionally, a distinct dissimilarity has been noticed in the expression patterns of sEV-miRNA between TNBC and HER2-positive patients. Notably, miR-335, miR-422a, and miR-62 have emerged as specific examples of such differential expression. In the context of TNBC, miR-374, which is linked to sEVs, plays a crucial role in promoting increased tumor size (Zhou et al., 2022). In contrast, several other miRNAs, namely, miR-185, miR-376a, miR-382, miR-410, miR-433, and miR-628, displayed an association with HER2-positive patients (Liu T. et al., 2021). The substantial secretion of sEVs depends upon the upregulation of the TSAP6 protein (Negahdaripour et al., 2021). Functionally, TSAP6 maintains cellular homeostasis and impedes carcinogenesis (Pavlakis et al., 2020). In the context of DNA damage, the activation of the p53 protein subsequently induces the transcription of TSAP6 (Nagao et al., 2022).
The SKBR3 cell line exhibits a high proliferative rate and demonstrates elevated expression levels of the Her2 (Neu/ErbB-2) gene product (Coppola et al., 2022). In contrast, the MDA-MB-231 cell line represents a poorly differentiated TNBC cell line characterized by the absence of ER and PR expression. Similarly, the HCC1954 cell line also overexpresses Her2/neu (Shiravi et al., 2021). Upon the reception of sEVs derived from TNBC, a significant enhancement is observed in the proliferation, migration, and invasion capacities of these cell lines (Zhou et al., 2022). Wills et al. conducted a study on tumor metastasis mechanisms facilitated by EVs post-chemotherapy. For this they used xenograft mouse models of TNBC, and notice that Doxorubicin increased the release of sEVs from malignant cells, thereby promoting pulmonary metastasis. Utilizing proteomic analysis and CRISPR/Cas9 gene editing, they identified glycoprotein Pentraxin 3 (PTX3) as abundant in Doxorubicin-induced sEVs (Wills et al., 2021). PTX3 can trigger the NF-κB pathway, which is a key regulator of tumor cell proliferation and survival (Rathore et al., 2019). Consequently, PTX3 plays a pivotal role in regulating chemotherapy-induced metastasis and chemoresistance, thereby suggesting it as a potential therapeutic target against the adverse effects of chemotherapy on metastatic progression and chemoresistance (Wills et al., 2021).
3.2 EVs in diagnosis of TNBC
In diagnosing TNBC, imaging and immunohistochemistry (IHC) are the two primary tools currently being used (Roostee et al., 2023). Imaging tools identify TNBC by detecting BC masses or other irregularities. Frequently utilizing imaging tool for TNBC include mammography, ultrasound, and magnetic resonance imaging (MRI) (Sha and Chen, 2022). Mammograms can detection oncological diseases, but less effective in the case of TNBC when compared to other types of malignancy. This limitation is because of TNBC lacking distinctive features such as speculated margins or microcalcifications commonly found in different pathology (Chen and Lee-Felker, 2023). Due to this reason, it becomes quite challenging to identify it through mammograms. Firstly, it may yield false-negative results, as it cannot provide 100% accurate information about TNBC. It may miss one in eight TNBC cases, particularly in women with dense breast tissue, leading to a false sense of reassurance (Gegios et al., 2023). Secondly, false-positive results may occur, where in a positive result is shown even in the absence of disease. This is more prevalent in younger women, those with dense breasts, those who have previously undergone breast biopsies, have a family history of BC, or women taking estrogen, and so on (Wong et al., 2023).
Ultrasound is a beneficial tool for the detection of TNBC (Wang and Wang, 2023), playing an important role in determining the patient’s condition. Ultrasound is significantly superior to mammography as it can easily identify small, non-calcified lesions, accurately differentiate between solid and cystic lesions, and reduces false positive results (Emory et al., 2023). In a study, it was found that the sensitivity of ultrasound for detecting TNBC ranges from 60%–80%, and the specificity ranges from 70%–90%. In spite of these findings, some limitations are associated with it (Ahmed, 2018). Ultrasound has a lower susceptibility to detect TNBC compared to other types of BC. In addition, it is not as effective as other imaging modalities in the accurate staging of TNBC (Dogan and Turnbull, 2012). These features contribute to the challenges in identifying TNBC and determining its extent using ultrasound imaging.
MRI a highly sophisticated tool for detecting TNBC, and it is remarkably better than mammography or ultrasound techniques (Kong et al., 2022). MRI is proficient in precisely identifying tiny tumors. MRI can also determine the location, size of TNBC, and it can also detect the spread of the tumor (Taourel et al., 2018). MRI also serves as critical role in monitoring the progress of TNBC management. Additionally utilized in planning the surgery for tumor removal (Ross and Chenevert, 2021). Despite its advantages, MRI has some limitations compared to mammography and ultrasound (Ma et al., 2022). First of all, it is significantly more expensive than imaging tools. Secondly, it is not as widely available as other imaging options. Additionally, it requires more time to perform and can sometimes be uncomfortable for patients (Ormond Filho et al. 2019).
Biopsy another technique which are done for TNBC. In this procedure, a small piece of breast tissue is extracted and examined under the microscope, and provides significant information about TNBC and its grade (Beňačka et al., 2022). One of the major diagnostic techniques performed on biopsy specimens is immunohistochemistry (IHC). This is a diagnostic test that relies on specific antibodies that specifically detect specific types of proteins or molecules on the surface of tumor cells. For instance, in the case of TNBC, it is performed based on the expression of ER, PR, and HER2 (Wang et al., 2022). IHC also identifies specific proteins or biomolecules that are expressed in TNBC, such as EGFR (epidermal growth factor receptor), Ki-67 (a proliferation marker), and p53 (a tumor suppressor gene) (Lu et al., 2023). This test is extremely beneficial because of its quick results and its heightened sensitivity in detecting TNBC. It can also identify molecules that significantly contribute to the aggressiveness and metastasis potential of TNBC (Ribeiro et al., 2022), and also provide significant assistance in intervention. The result this test may vary depending on the laboratory that performs the test (Cardos et al., 2022). Additionally, IHC cannot diagnose all cases of TNBC because not all cases show the presence of ER, PR, and HER2. These are some limitations that are specific to the IHC test.
Mutations in genes identify by genetic testing that provide crucial information regarding malignancy for instance BRCA1 and BRCA2 in BC. Mutations in these genes are strongly associated with the development of BC and help confirm risk as well as guide treatment (Ponti et al., 2023). Molecular profiling techniques can provide insights into the biological characteristics of TNBC and significantly aid in its therapy (Das D. et al., 2023). The majority of patients with TNBC often receive their diagnosis at an advanced stage because biomarkers that can effectively detect the tumor are absent during primary stage of TNBC (Das D. et al., 2023; Ponti et al., 2023). In order to streamline and enhance TNBC treatment, it becomes important to discover biomarkers as early as possible to detect TNBC in its early stages (Agostinetto et al., 2022). By identifying such biomarkers, the diagnosis and subsequent strategy of TNBC can be simplified and made more accessible, potentially improving patient outcomes and overall prognosis. Researchers anticipate that EVs will play a crucial role in the diagnosis and treatment of a variety of diseases in the future. EVs can carry oncogenic proteins, which may provide important insights into cancer initiation, progression, risk assessment, and treatment strategies (Wang J. et al., 2019).
3.2.1 EVs-associated proteins in TNBC diagnosis
The markers present on the surface of EVs derived from TNBC, along with the proteins packaged within them can greatly help in the early estimation of an aggressive neoplasm diagnosis (Dong et al., 2022). Various methods are available for EVs isolation from different sources such as urine, plasma, serum, MSCs and other body fluids, but most widely accepted are ultracentrifugation (Giovanazzi et al., 2023). These EVs are further confirmed by various techniques such as DLS (dynamic light scattering), nanoparticle tracking analysis (NTA) and Electron microscopy for their size, and Western blotting using specific EVs markers such as tetraspapnin, CD63, and TSG and annexin IV. Furthermore, the flow cytometry is the best methods to quantify the specific proteins associated with EVs utilizing specific antibodies against them (Zhang et al., 2021; Tiwari et al., 2024).
3.2.1.1 EVs associated EGFR (epidermal growth factor receptor) in TNBC diagnosis
EGFR is a trans-membrane glycoprotein present on the cell surface, after binding of epidermal growth factor molecule, it initiates intracellular signaling cascades. Resulting regulates various cellular processes including proliferation and differentiation, thereby controlling cell growth, division and cell division (Sabbah et al., 2020). The overexpression of EGFR has been identified as a contributing factor in several cancers, including TNBC (Hsu and Hung, 2016). Previous studies have revealed that EGFR protein is found on the surface of EVs secreted by TNBC cells, plays a crucial role in its propagation, dissemination, growth and metastasis (St-Denis-Bissonnette et al., 2022), and it utilizes various methods to carry out these functions (Zakaria et al., 2019). For instance, EVs displaying EGFR transfer EGFR to immune cells, such as dendritic cells. As a result, dendritic cells become activated and start producing pro-inflammatory cytokines. Consequently, this leads to the growth and metastasis of tumor cells (Frawley and Piskareva, 2020). It also participates actively in cell proliferation by triggering crucial pathways such as EGFR, Ras-Raf-MAPK, and PI3K-Akt pathways. It can facilitate the degradation of the extracellular matrix by promoting matrix metalloproteinases (MMPs), resulting metastasis. Additionally, involved in angiogenesis and resistance to therapy (Dey et al., 2022). The varied functions of EGFR confer its strong potential for clinical translation in both discernment and therapeutic interventions for TNBC (Figure 2).
[image: Flowchart illustrating the role of extracellular vesicles (EVs) in cancer progression. The chart shows interactions between growth/metastasis factors, immune responses, and cell proliferation pathways. Key elements include cytokines, MMPs, EGFR protein, CD24, CSCs, Siglec-10 macrophages, and specific receptors like Notch1 and CD44. The chart outlines processes such as angiogenesis, tumor growth, cell invasion, and metastasis, highlighting roles of diverse cells like dendritic, macrophages, and T cells. Arrows indicate pathways influencing tumor progression.]FIGURE 2 | This figure shows the role of EV-associated proteins in TNBC progression through various molecular interactions: 1. EGFR-EVs: promoting tumour growth and metastasis through dendritic cells and cytokines. EGFR activates the PI3K-AKT pathway, upregulating matrix metalloproteinases (MMPs), leading to tumour invasion, metastasis, and angiogenesis. Additionally, EGFR also activates the Ras/MAPK pathway, increasing MMP activity, resulting in ECM degradation and tumour progression. 2. CSF1-EVs: target tumour-associated macrophages (TAMs), stimulating their activity and enhancing tumour progression. 3. CCL5-EVs enhance the function of MDSCs and CAFs. MDSCs suppress T cell/NK cell activity, leading to immune evasion, while CAFs promote angiogenesis. 4. CD24-EVs: Suppress immune response by interacting with Siglec-10 on macrophages, thereby helping TNBC cells escape immune surveillance. 5. ADAM10-EVs: Regulate cell proliferation and adhesion by targeting Notch-1 and CD44 receptors, which contribute to tumour progression. 6. Cofilin-1-EV: Enhances tumour metastasis, further increasing the aggressiveness of TNBC.
3.2.1.2 EVs associated CSF 1 (colony-stimulating factor 1) in TNBC diagnosis
The EVs associated protein CSF-1 have pivotal role in recruiting and polarizing tumor-associated macrophages (TAMs). CSF-1 can significantly enhance the tumor growth, invasion, and metastasis, that is key factor for TNBC development (Cannarile et al., 2017). For this, CSF-1 behaves like a cytokine. It binds to its receptor, colony-stimulating factor 1 receptor (CSF1R), which is present on the surface of TAMs. This interaction triggers specific signaling transduction, leading to the recruitment and differentiation of TAMs (Muñoz-Garcia et al., 2021). CSF-1 and TAMs are prominently present in the case of TNBC, contributing to tumor progression and creating an environment characterized by immunosuppression and pro-tumorigenic factors (Baig et al., 2020). consequently, CSF-1 can play a importent role as a crucial biomarker in the diagnosis of TNBC, which will be highly valuable in its therapeutic approach (Kuemmel et al., 2022) (Figure 2).
3.2.1.3 EVs associated CCL5 (chemokine ligand 5) in TNBC diagnosis
CCL5 is also identify as RANTES, and its key function is to attract immune cells such as T cells, B cells, and natural killer (NK) cells (Mgrditchian et al., 2017). It interacts with TME-derived EVs, and has been associated with poor prognosis in numerous types of neoplasm, including TNBC (St-Denis-Bissonnette et al., 2022). In TNBC, CCL5 attracts immune cells that participate in suppressing the immune response, such as myeloid-derived suppressor cells (MDSCs), which inhibit the activity of T cells and NK cells (Weber et al., 2021). Additionally CCL5 promote the growth of CAFs, that is responsible for tumor growth and metastasis (Mao et al., 2021). CCL5 has the ability to induce the formation of angiogenesis cells, which are necessary for tumor growth, nourishment, and dissemination, and it attracts endothelial cells, the lining cells of blood vessels, to carry out this function (Do et al., 2020). In a study conducted on rats with TNBC, it was observed that if CCL5 is blocked using antibodies can significantly reduce tumor metastasis, and it was also observed that the number of T cells and NK cells increased significantly. CCL5 emerges as a potential predictive biomarker for assessing the risk of pathology recurrence in TNBC patients. Empirical investigation has demonstrated a significant association between elevated CCL5 levels in tumor specimens and an augmented susceptibility to neoplasm relapse within a 5-year period following therapeutic intervention (Figure 2).
3.2.1.4 EVs associated cluster of differentiation 24 (CD24) in TNBC diagnosis
The GPI-anchored protein CD24-EVs are identified in various biological fluids of cancer patients and serve as a marker of EVs. IHC showed that CD24+ EVs were detected in the serum of melanoma patients and BC, and it is also known as the heat-stable antigen CD24 (Gilliam et al., 2017). CD24 is an extremely small cell surface protein characterized by extensive glycosylation and its linkage to the glycosylphosphatidylinositol on the cell surface (Altevogt et al., 2021). It finds expression in various cells, including B cells, T cells, neutrophils, and epithelial cells, among others (Altevogt et al., 2021). Its primary function is to take responsibility for various cellular processes such as cell adhesion, migration, differentiation, and apoptosis (Shirmohamadi et al., 2020). CD24 also plays a crucial role in the tumor growth, cellular proliferation, epithelial-mesenchymal transition, angiogenesis, invasion, metastasis, promoting Immune invasion and acquisition of drug resistance in TNBC (Altevogt et al., 2021). It behaves like an anti-phagocytic surface protein and sends a “do not eat me” signal to immune cells like macrophages, discouraging them from attacking or engulfing the tumor cells (Barkal et al., 2019). Along with that, it interacts with Siglec-10 protein present on the surface of macrophages that exhibits resistant to tumor cells. This interaction significantly reduces CD24’s inhibitory capacity against tumors, Subsequently impairing the ability of immune system to combat tumors (Zhao et al., 2023). Moreover, CD24 is found to be overproduced in pathologically stem cells (CSCs), highly specific cells within tumors with the ability to self-renew and initiate tumor growth (Liu et al., 2014). As per findings from investigations in TNBC, CD24 emerges as a highly potential promising biomarker, given its crucial role in the disease (Chan et al., 2019) (Figure 2).
3.2.1.5 EVs associated ADAM10 in TNBC diagnosis
ADAM10 that is member of Metalloproteinase (ADAM) and disintegrin family (Matthews et al., 2017), exhibits expression in various tissues. It is a multifaceted enzyme that can cleave verity of proteins, including cell surface receptors, extracellular matrix proteins, and other ADAMs (Shimoda et al., 2021). ADAM10 have pivotal role in the etiology of diverse disease, including TNBC (Cheng et al., 2021). EVs associated ADAM10 can initiate the activation of Notch signaling transduction by inducing the expression of the Notch1 receptor (Alabi et al., 2021), a process associated with cellular proliferation, enhancing migratory potential. In addition, it also increases the expression of CD44 receptor, which significantly contributes to cell adhesion and invasion. Due to the significant increase in CD44 expression in TNBC, the disease spreads to different body parts (Alabi et al., 2021; Cheng et al., 2021). ADAM10-EVs confer resistance to therapeutic interventions, such as chemotherapy in tumors cells (Tan et al., 2018) (Figure 2).
3.2.1.6 EVs associated Cofilin-1 in TNBC diagnosis
Cofilin family protein like Cofilin-1, is responsible for cell motility and actin depolymerization (Tahtamouni et al., 2022). Its crucial role in various types of disease has been well-documented, with particularly elevated expression levels observed in EVs released from TNBC (Howard et al., 2022). The actin protein is fundamentally essential for cellular motility and cytoplasmic spreading, with its regulation primarily under the control of Cofilin-1 (Sousa-Squiavinato et al., 2019). In the context of TNBC, the overexpression of Cofilin-1 assumes a critical function in facilitating tumor infiltration and metastatic dissemination (Howard et al., 2022). Cofilin-1 promotes metastasis in TNBC by aiding actin-rich filopodia (Aseervatham, 2020). Filopodia a finger-like projections that extend from the surface of cells and have the ability to adhere to their surrounding environment (Jarsch et al., 2020). Cofilin-1 promotes tumor cell spread by weakening cell connections, enabling them to break away from the primary tumor (Zhang et al., 2018). Additionally, it also helps cancer cells survival by preventing apoptosis, as higher level of cofilin-1 have been linked to resistance against chemotherapy and radiation therapy, both of which rely on apoptosis to kill cancer cells (Chen et al., 2020; Howard et al., 2022) (Figure 2).
3.2.1.7 EVs associated non-coding RNAs in TNBC diagnosis
Non-Coding RNAs (ncRNAs) derived through EVs, such as miRNA, lncRNA, and circRNA, have been extensively studied in the context of various tumors. miRNA, renowned for its versatility and multifaceted regulatory roles in various cellular processes, including cell signaling, homeostasis, and cell fate. It can also function as tumor suppressors or oncogenes for this purpose (Rupaimoole and Slack, 2017). The search for reliable tools for diagnosing different subtypes of BC at the molecular level has always been the focus of research efforts. miRNA has emerged as highly capable of achieving accurate diagnosis (Yang et al., 2019). Several studies have indicated that by analyzing the expression patterns of different miRNAs, can distinguish between BC samples and normal tissues, as well as differentiate TNBC from other types of clinical BC (Sabit et al., 2021).
The researchers examined plasma EVs of TNBC patients and healthy individuals, identifying 20 upregulated and 34 downregulated miRNAs in these EVs compared to healthy controls. Among the upregulated miRNAs, miR-150-5p and miR-4665-5p demonstrated the ability to differentiate TNBC patients who respond positively to therapy and those who do not. This discovery has led scientists to believe that this could be an unprecedentedly valuable tool for the diagnosis and potential management of TNBC (Ozawa et al., 2020). In a study, the researchers identified four EV-associated miRNAs: miR-142-5p, miR-150-5p, miR-320a, and miR-4433b-5p. After analyzing these miRNAs, they created a miRNA profile consisting of miR-142-5p, miR-320a, and miR-4433b-5p, which could differentiate between TNBC patients and healthy individuals. The sensitivity of this profile was 93.33%, and the specificity was 68.75%. moreover, the reduced expression of miR-142-5p and miR-150-5p in patients indicated a high advanced stage of tumor classification (Carvalho et al., 2022). In clinical practice, multiple studies have unveiled insights into the utility of serum EV-miRNA as a targeted indicator to predict the efficacy of diverse prevention strategies in TNBC. Such studies shed light on the pivotal clinical application of EV-miRNAs as specific biomarkers. One such investigation was conducted during a randomized phase II neoadjuvant trial known as Geparsixto (Stevic et al., 2018).
Long non-coding RNAs (lncRNAs) are important and specific components of the genetic program that modulate tumor cells and can influence their characteristics, exhibiting role in mediating tumor initiation and progression (Hu Q. et al., 2020). The lncRNA transcript panel exhibits an association with normal breast tissue, TNBC, and its subtypes. Through comprehensive analysis of transcriptome, molecular classification of BC becomes possible. Thereby, facilitating the identification and diagnosis of specific molecular signatures exclusively related to TNBC (Rodríguez Bautista et al., 2018). SUMO1P3 is a type of lncRNA that exhibits peculiar behavior in various cancer types, especially when found in high amounts in blood-derived EVs. It is strongly associated with negative prognosis and ineffective treatment outcomes in TNBC patients compared to individuals without disease or those in good health (Hu et al., 2021). In a recent study, it has been elucidated that the expression level of exosome lncRNA XIST decreases significantly after surgical resection of the primary breast tumor. However, upon the recurrence of BC, a notable and statistically significant elevation in the expression level of exosomal lncRNA XIST is observed. Consequently, EVs lncRNA XIST holds promise as a robust biomarker for patients with recurrent TNBC. Especially, this predictive ability remains independent of confounding variables associated with the patient’s clinical and pathological condition (Lan et al., 2021).
3.3 Role of artificial intelligence (AI) in TNBC diagnoses
AI, especially with advances in deep learning (DL), a subset of machine learning (ML), has made significant contributions to addressing various clinical challenges in oncology, including tumor diagnosis, intervention, and prognosis. DL has the ability to automatically extract big data and process it, which has revolutionized areas such as image classification, neural language processing, and audio/video analysis. AI application in medical imaging has made diagnosis more accurate while reducing false positives, demonstrating its transformative potential in improving healthcare outcomes (Liao et al., 2023). DL exhibited significant success in the diagnosis of various types of pathology, like liver, colorectal, prostate, and BC, by using latest imaging modalities such as MRI, mammography, ultrasound (US), computed tomography (CT), and positron emission tomography-CT (PET-CT), DL plays an important role in increasing diagnostic accuracy and reliability, thereby improving oncology care and improving patient outcomes.
Firstly, any effective therapeutic approach for TNBC pathology, early screening and diagnosis is essential. While MRI is potential to effectively differentiate between TNBC subtypes, but there is a need to determine its various stages. Prognostic challenges arise due to heterogeneous predictive biomarkers, making predictions more complex. AI has significantly improved TNBC diagnosis at all stages through advanced algorithms, increasing both accuracy and efficiency. Integrating AI into screening programs has led to substantial improvements in clinical outcomes (Batool et al., 2024). AI integration with spectroscopic techniques such as Raman spectroscopy has significantly increased TNBC prediction accuracy, achieving rates up to 96.7% (Leithner et al., 2020). In TNBC pathology, need to critical diagnostic biomarkers to guide immunotherapy and prognosis. AI has proven to be a valuable tool in this domain. In a recent study by Li et al. developed an immune infiltration cell (IIC)-associated signature (MLIIC) for TNBC using transcriptomic data from purified immune cells, TNBC cell lines, and patient samples, as well as 25 machine learning algorithms including Boruta, LaSolR, SVM, and XGBoost. The results identified IIC-related RNAs (IIC-RNAs) using the tumor-stroma index (TSI), which displayed different expression patterns—upregulation in immune cells and downregulation in TNBC cells. The MLIIC signature demonstrated strong predictive value, correlating with survival outcomes. Its significance was further validated through immunofluorescent staining, confirming its potential as a reliable biomarker for TNBC prognosis (Li et al., 2023). As mentioned earlier, lack of these receptors (ER, PR, and HER2) renders many standard treatments ineffective. AI has the potential to use molecular and genetic data to identify therapeutic targets and predict strategy responses. Its integration could significantly enhance precision medicine approaches and improve treatment outcomes in all TNBC stages (Tsou et al., 2020). Similarly, the ML algorithm IDtrax holds promising potential in identifying specific therapeutic targets for TNBC, enabling targeted drug development and personalized therapy. Additionally, it is able to predict effective inhibitors (Gautam et al., 2019).
3.4 EVs in developing drug resistance in TNBC
3.4.1 EVs role in resistance to EGFR targeted therapy for TNBC
TNBC cells secrete a multitude of cargo components within EVs, which play a significant role in conferring drug resistance in TNBC. These cargo components encompass drug efflux-promoting proteins, oncogenic molecule, and biomolecule capable of modulating signaling pathways (Maleki et al., 2021). Notably, TNBC exhibits significantly high expression of EGFR (Zoeller et al., 2020), and these tumors inherently possess resistance to EGFR inhibitors (EGFRi), EVs also play crucial role for this like EVs encapsulated EGFR are protected from the inhibitory effect of EGFRI, such as Erlotinib, Gefitinib (reversible inhibitors), Afatinib (irreversible inhibitor), Bendamustine and osimertinib. Additionally, the transfer of EGFR through TNBC-EVs can activate signaling pathways in recipient TNBC cells, leading to resistance against EGFRi. Overcoming EGFRi resistance may be an alternative option for the management of TNBC (Costa et al., 2017; Hung et al., 2019).
TNBC is primarily managed through systemic chemotherapy, which remains the mainstay of treatment (Luo et al., 2022). One of the highly efficacious drugs used in TNBC is Gemcitabine, also referred to as dFdC (2′,2′-difluorodeoxycytidine) (Zhao et al., 2020). Gemcitabine demonstrates notable effectiveness specifically in TNBC patients who have previously undergone regimen with anthracyclines and taxanes (Li et al., 2021). In cases of metastatic TNBC, the combined administration of platinum-based agents and gemcitabine provides substantial benefits (Pandy et al., 2019). The utilization of this combination therapy demonstrates significant efficacy in managing TNBC metastasis. However, TNBC cells exhibit remarkable capacity to develop rapid and efficient drug resistance (Zhang et al., 2022). Extensive research has revealed that these drug-resistant TNBC cells possess the capability to transfer their resistance to sensitive cells via EVs. This phenomenon allows the transmission of acquired drug resistance within the TNBC cellular population (Xavier et al., 2022). TNBC cells that have developed resistance to gemcitabine exhibit heightened expression levels of Annexin A6 (ANXA6) within both the cellular and EV compartments (Yi, 2023). ANXA6, functioning as a calcium-dependent membrane-binding protein, imparts resistance to multiple drug classes used in TNBC therapy (Noreen et al., 2020). Mechanistically, ANXA6 engages in interactions with EGFR and impedes the ubiquitin-proteasome pathway, thereby facilitating the accumulation of active EGFR and fostering tumor proliferation and dissemination (Li et al., 2021). Lapatinib, a bivalent inhibitor targeting both Vesicle-associated Proteins in TNBC and HER2, exhibits the capacity to counteract the resistance mediated by EVs ANXA6 (EV-ANXA6). Moreover, the circulating ANXA6 levels in the serum of TNBC patients serve as prognostic indicators for the responsiveness to gemcitabine-based chemotherapy. As previously stated, monotherapy with EGFR inhibitors proves inadequate for TNBC treatment due to the inherent resistance to EGFRi (Yi, 2023) (Figure 3).
[image: Flowchart illustrating drug resistance mechanisms in cancer treatment. It features pathways of drug resistance involving molecules like ANXA6, EGFR, HER2, SNHG14, STAT5B, and FOXM1. The diagram depicts interactions between proteins, nucleic acids, and drugs such as Trastuzumab, along with cellular processes like apoptosis, tumor growth, and metastasis. It highlights the role of miRNAs and pathways such as the ubiquitin-proteasome and cell proliferation in resistance. Yellow background with labeled circles and arrows showing the connections.]FIGURE 3 | EVs derived from TNBC cells line can transfer various biomolecules to recipient cells, thereby modulated their biological functions. 1. EVs carrying EGFR contribute to drug resistance in recipient cells. ANXA6-containing EVs inhibit the ubiquitin-proteasome pathway, leading to EGFR-mediated tumour growth and proliferation. 2. EVs secreted by SK-BR-3 and BT-474 cell lines transport bioactive molecules such as TGF-beta, PD-L1, lncRNA AGAP2 and SNHG14, which promote tumour growth and resistance to trastuzumab. 3. miR-770 derived from THP1 cells enhances apoptosis and counteracts drug resistance. VEGF-derived siRNA and let-7 miRNA target AS1411, which inhibits nucleolin proteins, thereby increasing drug sensitivity. Let-7a miRNA, when loaded into EVs and introduced into TNBC HCC70 cells, was tested in Rag2−/− mice resulting Let-7a miRNA suppresses tumor growth by blocking the EGFR signaling pathway. 4. EVs from Hs578Ts cells carrying miR-134 reduce metastasis by inhibiting HSP90 activity, increase sensitivity to cisplatin, vincristine, and 5-fluorouracil, and inhibit tumor cell proliferation.
3.4.2 EVs role in resistance to human epidermal growth factor receptor 2 (HER2)-targeted therapy in TNBC
The persistent over-expression of HER2 in BC instances has posed an enduring and significant prognostic dilemma (Lee et al., 2015). However, the advent of targeted therapies aimed at HER2 has led to remarkable achievements in the effective management of BC (Simmons et al., 2022). Trastuzumab, as the initial monoclonal antibody targeting HER-2, has gained approval for the remedy of HER2-positive BC, imparting significant enhancements to long-term survival and disease-free maintenance (Jagosky and Tan, 2021). Nevertheless, despite the promising initial outcomes, studies have shown that resistance to HER2-targeted drugs develops in the majority of patients after approximately 1 year of therapeutic approach (Derakhshani et al., 2020). Several studies have demonstrated that EVs exhibit interference with the efficacious functioning of trastuzumab, resulting in neutralization of its effects. EVs were obtained from SK-BR-3 and BT-474 cell lines, which revealed substantial upregulation of HER2 expression within these EVs. Similar findings were observed in experimental analyses involving samples from BC patients, which also revealed a significant abundance of HER2 (Dong et al., 2020).
In a study conducted by Martinez et al., it was discovered that HER2-targeted drugs, which eventually develop resistance in HER2-negative cells are modulated by two pivotal biomolecules: transforming growth factor beta 1 (TGF-β1) and programmed death-ligand 1 (PD-L1). Notably, the researchers observed the transfer of TGF-β1 and PD-L1 from resistant cells to sensitive cells via EVs. This process plays a critical role, and these transferred molecules exert an inducible effect, causing the acquisition of characteristics exhibited by the source cells within the sensitive cells (Martinez et al., 2017). The levels of TGF-β1 associated with EVs are related to the response of patients with HER2+ BC to HER2- targeted strategy, suggesting TGF-β1 could potentially be used as a biomarker to assess the management effectiveness.
Dysregulation of non-coding RNAs also plays a crucial role in developing resistance to trastuzumab in BC (Singh et al., 2022). Trastuzumab-resistant cells exhibit the release of EVs containing a specific long non-coding RNA known as SNHG14. This SNHG14 RNA molecule, in turn, induces resistance to trastuzumab by impeding the process of cell apoptosis through the modulation of the B cell leukemia/lymphoma 2 (BCL-2)/Bcl-2-associated X pathway (Lampropoulou et al., 2022). Moreover, a notable observation reveals significantly elevated expression of SNHG14 in trastuzumab-resistant cells, while its expression remains minimal in cells sensitive to trastuzumab (Shen et al., 2021). Similarly, the lncRNA, i.e., AGAP2-AS1 has the potential to induce resistance to trastuzumab in BC cells (Zheng et al., 2019). The protein heterogeneous nuclear ribonucleoprotein (A2/B1) hnRNPA2B1 is implicated in the process of packaging lncRNA AGAP2-AS1 into exosomes (Zheng et al., 2019). However, as of now, comprehensive information about the precise molecular mechanisms by which this resistance is conferred remains elusive. Further investigations are required to elucidate the underlying mechanisms responsible for the development of trastuzumab resistance mediated by exosomal lncRNA AGAP2-AS1 in BC cells (Dong et al., 2020) (Figure 3).
3.4.3 Role of EVs-associated miRNA in drug resistance
The miRNAs found in TNBC-EVs can cause drug resistance by influencing several processes (Li et al., 2020). A crucial protein called Protease-activated receptor 2 (PAR2) plays a role in producing and releasing EVs (Sung et al., 2019), and these EVs, through various signaling pathways like the AKT/NF-κB pathway, can transform normal cells into malignant cells. Moreover, these EVs carry specific miRNAs, such as miR-221, which regulate gene expression by reducing the mRNA expression of phosphatase and tensin homolog (PTEN) through targeting their 3′-untranslated region (3′-UTR) (Yi, 2023). The sEVs derived from MDA-MB-231 cells induce cellular resistance against Cisplatin, a chemotherapeutic agent used in the intervention of TNBC (Wang B. et al., 2019). Cisplatin exerts its cytotoxic effect by forming covalent cross-links between adjacent DNA strands, thereby inhibiting the process of DNA replication and transcription, ultimately triggers apoptosis (Tchounwou et al., 2021).
3.5 EVs in TNBC treatment
Recent advancement in targeted therapy and immunotherapy are playing an important role in the management of TNBC, such as inhibitors of key pathways (PI3K/AKT/mTOR and Notch), as well as immune checkpoint inhibitors like pembrolizumab. These approaches offer promising strategies for personalized therapeutic approach of TNBC patients. Such precise targeting is helpful in improving TNBC management and guiding future therapeutic approaches (Zhu et al., 2023). EVs play a key role in TNBC management (Brena et al., 2022). They contribute to drug resistance through paracrine signaling to nearby cells or by affecting the whole body, thereby hindering satisfactory treatment outcomes (Xavier et al., 2022). EVs also play a role in developing and strengthening new drug resistance (Grimaldi et al., 2023). However, they possess essential qualities such as specific targeting, immune compatibility, low toxicity, and a protective layer, making them an excellent option for delivering diverse drugs or biological molecules to treat tumor (Khosravi et al., 2022). In a research investigation on exosomes derived from THP-1 cells, the presence of the biomolecule miR-770 was identified (Liu J. et al., 2021). It was observed that miR-770 plays a role in promoting apoptosis and reducing chemotherapy resistance miR-770 targets STMN1 to enhance chemo-sensitivity and suppress metastasis. To explore the underlying molecular machinist Y. Li et al. using three bioinformatics tools—TargetScan, miRDB, and PICTAR5—identified predicted binding sites for miR-770 at positions 54–60, 267–273, and 409–415 in the 3′ UTR region of the STMN1 gene. Additionally, clinical evidence indicated a positive correlation between elevated miR-770 expression in cells or tissues and a notable enhancement in drug sensitivity. Consequently, these findings propose the potential utility of exosomal miR-770 as a promising therapeutic target or a prognostic indicator for TNBC (Li et al., 2018).
Experiments employing siRNA-loaded EVs have revealed their critical importance in post-translational processes, gene silencing and provoking apoptotic cell death in various cancer cell lines (Zhang et al., 2015). Macrophage-derived EVs (Mφ-EVs) are modified using VEGF-siRNA and let-7 miRNA, which target the nucleolin protein (Boimel et al., 2012), nucleolin that plays various roles in the cell, including in the regulation of gene expression, cell proliferation, and tumor development (Burbano De Lara et al., 2021). For this purpose, the DNA aptamer AS1411 (a specific DNA aptamer, a short single-stranded DNA molecule) is used, which has the ability to bind nucleolin with high affinity. The binding of AS1411 to nucleolin interferes nucleolin’s function, and provides inhibition of tumor growth in MDA-MB-231 (Wang et al., 2017; Brenske et al., 2023). CXCL12 have crucial role in breast cancer progression by promoting invasion, angiogenesis and immune system modulation. It can affect the TME by recruiting immunosuppressive macrophages and increasing microvessel density, which supports tumour expansion. Targeting the CXCL12-CXCR4 pathway could be a potential therapeutic strategy for the treatment of breast cancer (Boimel et al., 2012). Another experiment was conducted for the TNBC cell line MDA-MB-231, in which EVs derived from the bone marrow stroma were loaded with several miRNAs, such as miR-127, miR-197, miR-222, and miR-223. These miR targets CXCL12 resulting arrested proliferation in this cell line (Lim et al., 2011). Let-7a miRNA was packed into EVs derived from HEK293 cells and introduced into the TNBC HCC70 cell line. Subsequently, HCC70 cells were successfully implanted into Rag2−/− mice. As a result, it was observed that let-7a miRNA inhibits tumor growth by interfering with the EGFR signaling pathway (Zhou et al., 2014) (Table 2). Previous studies showed that Mesenchymal Stromal/Stem Cell-derived EVs (MSC-EVs) have therapeutic potential for various diseases. Shojaei et al. found that packing miR-381 into MSC-EVs and co-culturing with MDA-MB-231 TNBC cells reduced metastatic capabilities. miR-381 downregulated key transcription factors (Twist and Snail) associated with the Wnt signaling pathway and EMT (Shojaei et al., 2021). NK cells and CD8+ T-cells (CTL) are have capacity to detect and kill maligned cells. However, their ability to penetrate deep into tumors is limited. EVs derived from NK cells or CTLs can effectively penetrate solid tumors and help overcome this challenge. TNBC cells often express PD-L1, while its receptor PD-1 is present on tumor-infiltrating lymphocytes (TILs). The interaction between PD-L1 and PD-1 not only attenuates TIL proliferation but also leads to TIL apoptosis, which contributes to the immune evasion mechanism of TNBC. Sthudy shown that PD-1+ EVs released by TILs interact with either the cell surface or PD-L1 of EVs, thereby preventing the interaction between TILs and TNBC cells. As a result, PD-L1-induced suppression of TIL activity is reduced, ultimately increasing the ability of TILs to kill TNBC cells (Das K. et al., 2023) (Table 2).
TABLE 2 | Extracellular vesicles associated cargos and their roles in TNBC treatment.
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Engineered EVs as drug carriers offer a promising strategy for overcoming drug resistance in various disease intervention. By facilitating the delivery of therapeutic agents in chemotherapy, targeted therapy, immunotherapy, and endocrine therapy, EV-based approaches offer potential solutions to reduce tumor recurrence and improve clinical outcomes (Zheng et al., 2024). MiR-9 expression is upregulated in temozolomide (TMZ)-resistant glioblastoma (GBM) cells and involves the drug efflux transporter P-gp. Anti-miR-9 loaded EVs is promising strategy for overcoming temozolomide resistance in glioblastoma (Munoz et al., 2013). Thus, engineered EVs highly effective in overcoming various types of drug resistance, such as overcoming reduced drug uptake-induced resistance, for instance, loading cisplatin on EVs derived from M1 and M2 macrophages significantly facilitated drug delivery to resistant neoplasm cells (A2780/DDP) and non-resistant cells (A2780) (Zhang et al., 2020). Similarly, these EVs not only play crucial role in overcoming drug inactivation-induced resistance, overcoming signaling pathway alteration-induced resistance and overcoming apoptosis defect-induced resistance but also, they also can overcome targeted therapy resistance (Zheng et al., 2024). EVs also shown as promising strategy for overcoming mutation-induced resistance, similar to overcoming targeted therapy resistance. For example, imatinib (IM), a selective BCR-ABL inhibitor, mutations in BCR-ABL reduce the binding affinity to IM. Engineered EVs from BCR-ABL siRNA help overcome targeted drug resistance in CML by inhibiting Bcr-Abl (Bellavia et al., 2017). Additionally, various studies have highlighted that overcoming pathway mutation-induced resistance, overcoming immunotherapy resistance, and overcoming endocrine therapy resistance are also effective and promising strategies for the management of TNBC.
3.7 EVs in drug delivery
Although most of cells produce EVs, among them not all EVs are suitable for use as drug carriers. EVs that meet quality parameters such as surface protein composition, size, yield, and intracavitary content are considered suitable for drug delivery applications. Various types of cells have been investigated as potential EVs donators for drug delivery such as Dendritic cells (DC), Mesenchymal stem cells (MSC), Macrophages, Milk, red blood cells (RBCs), NK cell-derived EVs, etc. A study demonstrated engineered exosomes (DEVs) could be used to deliver RNA interference (RNAi) therapy into the brain. They used RVG-targeted exosomes, which help deliver treatments directly to brain cells (Meng et al., 2020). MSC-derived EVs (MEVs) exhibit similar functions, including immune modulation, drug delivery, wound healing, and tissue repair, and these features make them promising candidates for therapeutic applications. Increased expression of miR-9 is observed in temozolomide (TMZ)-resistant glioblastoma (GBM) cells (Zhang et al., 2014). EVs have the capacity to deliver targeted drug to specific cells or tissues (Ullah et al., 2021). Additionally, they exhibit the ability to modulate the immune system (Burrello et al., 2016). The utilization of EVs in drug delivery is supported by several advantageous factors. Firstly, EVs exhibit biocompatibility and biodegradability, thereby minimizing potential toxic effects (Chen et al., 2021). In addition, they possess a remarkable ability to selectively target specific cells or tissues through the recognition of surface molecules on vesicles. Additionally, EVs demonstrate proficiency in delivering diverse types of drugs, encompassing small molecules, proteins, and nucleic acids. These attributes render EVs as promising candidates for effective and targeted drug delivery strategies (Peswani Sajnani et al., 2021). EVs for drug delivery show promising potential in diverse therapies. They efficiently carry chemotherapy drugs to tumor cells, thereby enhancing cancer therapy (Meng et al., 2020). In gene therapy, EVs deliver corrective genes that target genetic defects and modulate the immune system to target and destroy oncological cells. In vaccination, EVs provide antigens, inducing a potent and specific immune response, enhancing protection against pathogens (Mehanny et al., 2021).
Researchers have found that EVs have natural properties that help them target specific organs in the body to some extent, and this depends largely on the lipid composition and protein content present on their surface (Murphy et al., 2019). For example, some integrins may alter the pharmacokinetics and cause their accumulation in the brain, lung, or liver, depending on the specific integrin type (Hoshino et al., 2015). Other studies have shown that EVs containing Tspan8 along with integrin alpha4 are more likely to be taken up by pancreatic cells (Rana et al., 2012). In addition, the lipid composition of EVs may also affect the way they are absorbed, as seen with phosphatidylserine, which plays a role in their absorption by macrophages (Matsumoto et al., 2017). Additionally, researchers can further modify the EVs to enhance targeted delivery by engineering producer cells using methods similar to those previously described for cargo loading.
3.7.1 EVs suitable characteristics for drugs delivery
EVs exhibit a lipid bilayer enveloping their entire surface, displaying structural similarity to liposomes (van der Koog et al., 2022). Due to their complex assemblies consisting of lipids, proteins and other bioactive fragments, EVs exhibit exceptional biocompatibility, facilitating pronounced targeting capabilities towards specific cells or tissues (Mathieu et al., 2019). EVs can be bioengineered to contain therapeutic molecules using various technological approaches, including drug incorporation during their biogenesis or post-loading strategies (Song et al., 2022). EVs have intrinsic targeting capabilities due to specific proteins displayed on their surface, which facilitate interaction with target cells or tissues and facilitate precise cargo delivery to the designated site (van Niel et al., 2022). EVs have the natural ability to efficiently and effectively establish themselves in specific cells and tissues within the body (Al-Jipouri et al., 2023). This innate feature enables them to easily cross biological barriers and reach the intended destination easily. As a result, using EVs as carriers for drug delivery greatly simplifies the process, thereby increasing the accuracy and efficacy of drug delivery (Al-Jipouri et al., 2023). As a result, therapeutic agents transported via EVs exhibit enhanced effectiveness and efficiency in their pharmacological actions (van der Meel et al., 2014). EVs exhibit cargo protection capabilities by safeguarding their transported payload from diverse enzymatic and intracellular components, which pose potential risks of cargo degradation (Bahmani and Ullah, 2022). Additionally, the utilization of autologous EVs, which refer to EVs obtained from the patient’s own cells, has the potential to enhance the safety profile of medicines and mitigate the toxicity associated with drug delivery (Elsharkasy et al., 2020). This is attributed to their capacity to reduce immune responses. The utilization of autologous EVs offers a secure and less hazardous approach to drug delivery, particularly for patients susceptible to intense immune reactions or adverse effects (Elsharkasy et al., 2020). Researchers and medical professionals are actively investigating this avenue, as it holds promise for introducing a novel and efficient method of drug administration.
3.7.2 EVs as a delivery vehicle for chemotherapy drugs and biomolecule
Paclitaxel is a chemotherapeutic agent with significant therapeutic implications for various pathology, including breast, lung, and ovarian cancer (Meng et al., 2020). Its primary mode of action involves stabilizing microtubules, which play a critical role in chromosome organization during cell division. Upon binding to microtubules, Paclitaxel impedes their breakdown, resulting in the inhibition of cell division (Honore et al., 2004). Notably, paclitaxel induces apoptosis by activating specific signaling pathways, particularly the p53 pathway, which is responsible for the detection and repair of DNA damage (Ganansia-Leymarie et al., 2003; Kulaberoglu et al., 2021). Additionally, paclitaxel triggers the caspase cascade, which results in DNA fragmentation and degradation of cellular organelles. Despite its efficacy, conventional administration of paclitaxel is associated with unwanted side effects and limited therapeutic benefits (Basu et al., 2020). Encouragingly, preclinical investigations utilizing Paclitaxel-loaded EVs have shown promising outcomes, demonstrating enhanced drug delivery, reduced systemic toxicity, and improved anti-tumor activity (Meng et al., 2020).
A recent study by Xiao Hu and colleagues involved the use of micro-particles to deliver the chemotherapeutic agent paclitaxel (MP-PTX) in combination with radiotherapy for treating TNBC. The experiment demonstrated that targeted delivery of MP-PTX increased absorption, enhancing its ability to kill tumor cells. The combination of MP-PTX and radiotherapy resulted in a synergistic antitumor effect by inhibiting tumor cell proliferation, promoting apoptosis, and reducing the tumor’s immunosuppressive microenvironment. Using MP-PTX and radiotherapy together had a more significant impact on combating TNBC than using them individually(Hu et al., 2023). Another study was conducted by Haney and colleagues, in which they performed experiments using mouse models to treat pulmonary metastasis. They loaded EVs with PTX (EV-PTX) and Doxorubicin (EV-Dox), which effectively targeted malignant cells and showed strong anticancer efficacy in the mouse model of pulmonary metastasis. Subsequently, they developed novel EV-based drug formulations using optimized loading procedures, including variations in pH, temperature, and sonication. These formulations demonstrated high drug loading and efficient accumulation in TNBC cells during in vitro testing, indicating a significant anti-proliferation effect of drug-loaded EVs. In vivo experiments targeting TNBC in both immune competent and Athymic nu/nu mice resulted in the successful suppression of tumor growth (Haney et al., 2020).
In their research, Gong and colleagues unveiled the presence of A15-Exos, an exosomes containing biomolecules, including disintegrin and metalloproteinase 15, localized on its surface. A15-Exos exhibits the ability to transport DOX and miR-159, thereby targeting TNBC. This combination demonstrates efficacy in treating TNBC by down-regulating the expression of TCF-7 (Gong et al., 2019), a gene promoter involved in cell proliferation, invasion, and metastasis. Moreover, it also suppresses the expression of genes related to cell death, leading to an effective TNBC management without causing adverse effects (Lu et al., 2021). As previously mention modifying the surface of exosomes using several engineering technologies significantly increases drug delivery efficiency, like the CD47-targeted RS17 peptide was encapsulated into liposomes containing the chemotherapeutic agent shikonin, photosensitizer IR820, and immunomodulator poly-metformin for the regimen of BC (Kim et al., 2024). Chlorine E6 (CE6), an FDA-approved photosensitizer, offers a promising approach for targeted pathology treatment in photodynamic therapy (PDT). Integrating Ce6 with 18F-FDG in goat milk-derived exosomes significantly increased the efficacy and accuracy of PDT in BC (Guo et al., 2023). Similarly, TPP-CE6-engineered exosomes were used to load the cancer-specific chemotherapeutic agent pipelongumin (PL). After ultrasonic irradiation, TPP-Ce6-PL-loaded exosomes shows the strongest anticancer effect (Nguyen Cao et al., 2023) (Table 3).
TABLE 3 | Extracellular Vesicles deliver chemotherapy drugs and biomolecule and its various effect on different target cells.
[image: A table describes the effects of various extracellular vesicles (EVs) with associated drugs or biomolecules on target cancer cells. The EV types include micro-particles, A15-Exo, AMSC-Exo, miR-134-EVs, HER2+ EVs, and ADSC-exosomes. The drugs and biomolecules used are paclitaxel (PTX), doxorubicin, miR-159, miR-199a, miR-134, anti-HER2 antibodies, and miR-381. Target cells include MCF-7 and MDA-MB-231. Effects involve enhanced absorption, down-regulation, sensitization, reduced side effects, and inhibited proliferation. References are provided for each study.]In a subsequent investigation Lou and his team isolated exosomes from mesenchymal stem cells obtained from adipose tissues (AMSCs). They modified these exosomes with the biomolecule miR-199a (AMSC-Exo-199a) and administered them to patients with hepatocellular carcinoma. As a result, it was observed that these modified exosomes significantly sensitized disease cells to the DOX drug, thereby targeting the mTOR pathway (Lou et al., 2020). The mTOR pathway is linked to various poor prognostic factors, including increased tumor size, lymphnode metastasis, and shorter survival (Wu et al., 2021) (Table 3).
4 LIMITATION OF EXTRACELLULAR VESICLE IN TNBC
The diversity of EVs and their presence in various types of diseases has captivated the scientific community. However, their application is currently constrained by issues related to cargo delivery, biological barriers, and clinical translation. Researchers have been actively engaged in addressing these limitations of EVs and are diligently working towards harnessing their substantial potential as a powerful tool in the management of TNBC. One important reason for the failure of TNBC management is the lack of a specific molecular target that can be focused on (Maqbool et al., 2022). On the other hand, EVs have been explored as a crucial biomarker and prognostic tool for TNBC (Dong et al., 2022). However, recognizing a specific target of TNBC is currently a challenge in order to deliver therapeutic cargo through EVs (Haney et al., 2020). Additional off targeting a major challenge, because EVs membranes are enriched with receptors or ligands that interact with target cells, providing them with inherent targeting missions. But most natural therapeutic EVs suffer the fate of being cleared by macrophages, resulting EVs often become off target and fail to reach their destination. Therefore, it is necessary to reduce this off-target effect to improve the bioavailability of target tissues. Despite EV-based drug delivery is now a breakthrough for clinical pathology. Methods such as incubation provide a simple and non-disruptive approach to loading drugs into EVs. However, limited drug-loading capacity remains a significant drawback (Gangadaran and Ahn, 2020).
The low toxicity, immune tolerance and long half-life of EVs has been a boon in the medical field. However, their slow secretion remains a major obstacle to clinical applications. Over the past decades, there has been an emphasis on large-scale EV production using physical, chemical, and environmental stimulation methods. However, none of these approaches have been successful enough to be widely adopted for clinical applications (Hahm et al., 2021). Among the many challenges, some of these like Complexities in isolating EVs from various biological mixtures arise from their inherent heterogeneity in their size, shape and composition (Ding et al., 2021). This challenge is further compounded by variation in EVs secretion rates from biological source and different cell types, which can reduce yields and limit sample size, hindering thorough analysis (Dong et al., 2022). Maintaining the functional behavior of EVs remains a major challenge. EVs obtained from MSCs or other parts of the body remain stable and viable for long periods at −80°C, but freezing and thawing can lead to clustering. Storage and transportation at low temperatures may reduce the translational activity of EVs. This drawback can be overcome by using freeze-dried exosomes, that allows storage at room temperature, extends shelf life, and reduces storage and transportation costs (Karn et al., 2021).
Additionally, the presence of interfering biological molecules like proteins, lipids, and nucleic acids complicates the precise isolation and purification of EVs (Mateescu et al., 2017). The lack of a standardized method to isolate EVs from various bodily sources also presents a challenge (Zeng et al., 2022). Currently, five EV isolation methods include ultracentrifugation, size-based techniques, immunoaffinity capture, precipitation, and microfluidics (Yang et al., 2020). Ultracentrifugation is most widely used method, with other methods being used by only 5%–20% of researchers (Li and Xu, 2019). Each technique has advantages and disadvantages. Differential ultracentrifugation is cost-effective but inefficient and potentially harmful to EVs during recovery (Tiwari et al., 2021). On the other hand, Density gradient centrifugation is more efficient method for recovering EVs, but it is also more expensive and time-consuming (Monguió-Tortajada et al., 2019). The Immunoaffinity method is effective but time-consuming and costly. Similar challenges exist with other methods (Taylor and Shah, 2015). Given these limitations, there is a growing demand for user-friendly, affordable tools that efficiently isolate EVs while saving time (Yuan et al., 2021).
The entrapment of diverse cargo within EVs presents a formidable challenge, stemming from the geometrical constraints imposed by the small dimensions of EVs that reduce their viability for large molecular species (Tran and Tran, 2020). The phospholipid bilayer constitution of EV membranes imposes a selective barrier against macromolecules with high electrostatic potential, and concurrently selective cargo units are endowed with surface-bound receptors on EVs, which makes their preferential interaction possible (van der Meel et al., 2014). Nevertheless, the lack of receptors in all cargo categories prevents binding interactions, thereby hindering the association. ATP, apart from its role as a universal energy currency, assumes pivotal significance in the context of encapsulating bio-macromolecules within EVs, harnessing energy sourced from ATP hydrolysis to facilitate and potentiate cargo encapsulation processes. The depletion of ATP stores can complicate this complex process (Russell et al., 2019).
EVs offer a promising avenue for disease diagnosis, but this promise is accompanied by certain challenges. Variability in samples, whether derived from blood, urine, saliva or other sources, can result in variation in the amount and type of EVs (Jafari et al., 2020). Research focusing on EVs biomarkers often adopts diverse criteria to indicate specific EVs subpopulations, potentially leading to inconsistent findings across different studies. To mitigate this problem, standardization of these criteria becomes imperative to establish reliable and consistent diagnostic markers (Yan et al., 2021). Moreover, the sensitivity of diagnostic tests based on EVs can be influenced by multiple factors including the selection of detection methods (such as ELISA, flow cytometry, and nanoparticle tracking analysis) and the quality of reagents employed (Serrano-Pertierra et al., 2020). Considering that EVs exhibit heterogeneity in both size and composition, the presence of analogous-sized cellular fragments or vesicles might impede the precise detection of targeted biomarkers, underscoring the need for methodological refinement in this promising diagnostic approach.
Our understanding of EVs’ role in supporting TNBC, their mechanisms, and their impact on TNBC interventions is currently limited (St-Denis-Bissonnette et al., 2022). The assistance of EVs in TNBC metastasis and their role in epigenetic processes like methylation, histone modification, and non-coding RNA activities remains unclear (Zolota et al., 2021) Additionally, roles and alterations in immune regulation, forming pre-metastatic niches in metastatic organs, lack comprehensive understanding and require further research (Yang et al., 2021). The complex BC tumor microenvironment, with diverse cells and interactions, poses challenges in understanding TNBC progression’s regulatory mechanisms. Uncertainties persist about specific cell-derived EV components crucial in this network (Awadasseid et al., 2021). Many research studies concentrate solely on specific targets within EVs, preventing a comprehensive perspective. It's crucial to precisely track the path, dispersion, and destiny of EVs to comprehend how they are absorbed and their impacts on the recipient cells. The complex structure of exosomes and their interactions with recipient cells remain mysterious, underscoring the insufficient understanding of the mechanisms through which EVs operate in TNBC. Bridging these knowledge gaps plays an important role in realizing the potential of EVs as a diagnostic aid and therapeutic focal point in dealing with TNBC.
5 FUTURE DIRECTIONS OF EVS APPLICATION AS THERAPEUTICS IN TNBC
The evidence highlighting the role of EVs in TNBC has presented another opportunity for research, particularly in the development of EVs as diagnostic/prognostic biomarkers, but more importantly, as therapeutic agents. EVs demonstrated promising results in cancer vaccination and drug delivery, making it a noteworthy consideration in medical applications. The initial characterization of EVs reveals their unique therapeutic properties, making them interesting for potential use in clinical field (Elsharkasy et al., 2020). EVs encapsulate nucleic acids and proteins released from malignant cells, providing valuable insights into the essential characteristics of disease cells (Cerezo-Magaña et al., 2020). Studies results shown that EVs can indicate differences between tumor samples and controls, which make it easier to obtain preliminary information about disease prognosis (Hoshino et al., 2020). The ability to detect such differences has the potential to revolutionize the approach to BC diagnoses. Through the examination of the contents of EVs, medical professionals could enhance their comprehension of the ailment and its advancement, ultimately resulting in improved and individually tailored therapies.
6 CONCLUSION
TNBC shows significant challenges in its management due to its aggressive nature, propensity for metastasis, and limited strategy options. Current therapies, including surgery, chemotherapy, and radiation, have shown limited efficacy, particularly in addressing metastatic tumors. Limitations of currently used diagnostic tools like imaging (mammography, ultrasound, and magnetic resonance imaging) and immunohistochemistry (IHC) in the diagnosis of TNBC, make challenging to obtain comprehensive and accurate information about it. EVs opened new avenues for the diagnosis of various disease including TNBC. EVs associated protein biomarkers such as EGFR, CCL5, CD24, ADAM10, cofilin-1 and Non-coding RNA (ncRNA) like miRNA have significant role in its diagnosis as previous mention. In the field of oncology, the integration of AI, especially DL, significantly enhances tumor diagnosis, intervention, and prognosis. With its ability to automatically extract features and analyze large datasets, DL has revolutionized medical imaging, improving diagnostic accuracy while reducing false positives. The inability to effectively manage TNBC so far is largely due to drug resistance, which remains a major challenge. This challenge can overcome by EV-associated biomolecules, and EVs are capable of carrying molecules, and allowing non-invasive monitoring of the disease. The emergence of EVs as versatile mediators of intercellular communication and potential therapeutic carriers offers a promising avenue for the development of more effective TNBC therapeutic approaches. EVs also have crucial role in the development of TNBC and significantly influence patient outcomes. EVs possess inherent properties that make them well-suited for targeted drug delivery, ability to evade the immune system, and capacity to traverse biological barriers like the blood-brain barrier. The use of EVs as drug delivery vehicles has the potential to enhance intervention accuracy, efficacy, and patient outcomes in TNBC and other malignant diseases, representing an attractive area for future research and clinical exploration.
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Objective

To evaluate the diagnostic utility of serum cystatin S (CST4) in chemotherapy-treated colorectal cancer (CRC) patients and establish its complementary value to conventional tumor markers.





Methods

This retrospective cohort study analyzed 81 CRC patients receiving chemotherapy and 83 colorectal polyp controls. Serum CST4 levels were quantified by ELISA alongside six conventional tumor markers (CEA, CA125, CA153, CA199, AFP, CA724). Diagnostic performance was assessed through ROC analysis and multivariate logistic regression. Additionally, in vitro experiments with HCT116 CRC cells were conducted to validate the regulatory relationship between CST4 and PDGFRB.





Results

CRC patients exhibited significantly elevated CST4 levels compared to polyp controls (median [IQR]: 54.07 [32.18-91.49] vs 37.48 [24.18-49.28] U/mL, P<0.05). CST4 demonstrated superior diagnostic performance with AUC = 0.689 (95%CI:0.607-0.771), outperforming individual conventional markers. Notably, CST4 maintained diagnostic independence across tumor stages (P>0.05) and age groups. A multimodal diagnostic model combining CST4 with CEA, CA724, and CA125 significantly enhanced detection capability (AUC = 0.828, sensitivity 74.1%, specificity 81.9%), representing a 28.4% sensitivity improvement over CST4 alone. In vitro, CST4 knockdown in HCT116 cells led to a 68.3% reduction in PDGFRB expression (P<0.0001), validating a regulatory axis between CST4 and PDGFRB.





Conclusion

CST4 emerges as a stable post-chemotherapy biomarker that effectively discriminates malignant colorectal lesions. Its integration with conventional markers creates a robust diagnostic algorithm, while functional validation supports a mechanistic role via PDGFRB-mediated pathways. These findings position CST4 as a promising candidate for therapeutic monitoring and recurrence detection in CRC management.
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1 Introduction

Colorectal cancer (CRC) constitutes a major global health burden, ranking as the third most commonly diagnosed malignancy and the second leading cause of cancer-related deaths worldwide (1). In China, the age-standardized incidence rate has shown an alarming annual increase of 4.8% over the past decade, particularly in urban areas where lifestyle changes have amplified risk factors (2). While advancements in surgical techniques and chemotherapeutic regimens have improved 5-year survival rates to 65% for localized disease, nearly 25% of patients present with metastatic involvement at initial diagnosis (3). This clinical reality underscores the critical need for reliable biomarkers that can facilitate early detection and therapeutic monitoring.

Current screening strategies predominantly rely on fecal occult blood testing and endoscopic examinations (4). However, the invasive nature and suboptimal compliance rates (<60% in organized screening programs) significantly limit the effectiveness of colonoscopy as a population-level screening tool (5). Serum biomarkers including carcinoembryonic antigen (CEA) and carbohydrate antigens (CA19-9, CA125) remain widely utilized, yet their diagnostic performance is hampered by limited sensitivity (45-58%) and specificity (72-85%) in clinical practice (6, 7). This diagnostic gap becomes particularly pronounced in post-chemotherapy surveillance, where treatment-induced biological alterations may further compromise biomarker reliability.

The cystatin superfamily has recently emerged as a promising biomarker class in oncological research. Cystatin S (CST4), a type II cysteine protease inhibitor, plays a pivotal role in regulating extracellular matrix remodeling through its interaction with cathepsin proteases (8). Elevated CST4 expression has been mechanistically linked to tumor progression in breast and gastric carcinomas (9, 10). In CRC biology, preliminary proteomic studies have identified CST4 overexpression in tumor tissues compared to adjacent normal mucosa, suggesting its potential involvement in lymphatic invasion processes (11). Notably, the secretory nature of CST4 enables non-invasive detection in serum, making it particularly suitable for longitudinal monitoring (8).

Despite these advances, critical knowledge gaps persist regarding CST4’s diagnostic utility in CRC management. Existing studies have primarily focused on pretreatment biomarker levels (12), while the impact of chemotherapy on CST4 expression dynamics remains unexplored. This oversight is particularly significant given that cytotoxic agents may alter tumor biomarker production through mechanisms such as cancer cell lysis and treatment-induced stromal remodeling. Furthermore, the additive value of combining CST4 with established tumor markers in diagnostic algorithms has not been systematically investigated.

This study aims to address these gaps by conducting a comprehensive evaluation of serum CST4’s diagnostic performance in post-chemotherapy CRC patients. We hypothesize that CST4 maintains superior discriminative capacity compared to conventional biomarkers even after chemotherapeutic intervention. Through rigorous comparison with traditional markers and development of multimodal diagnostic models, our findings seek to optimize clinical decision-making in CRC management and surveillance.




2 Materials and method



2.1 Data acquisition​​

mRNA expression profiles and clinical data were retrieved from The Cancer Genome Atlas (TCGA-COADREAD, n=521 tumors vs. 41 normal mucosa) and Gene Expression Omnibus dataset GSE39582 (n=566 CRC patients). Protein expression data were obtained from The Human Protein Atlas (THPA, http://www.proteinatlas.org) including 12 colorectal cancer specimens and 8 normal controls.




2.2 Bioinformatics analysis

Normalized RNA-seq data (FPKM values) were processed using limma package (v3.56.2) with Benjamini-Hochberg FDR correction. Optimal stratification cutoff for CST4 expression was determined via maximally selected rank statistics using “survminer” package. Kaplan-Meier curves were generated with log-rank tests to assess overall survival differences between high/low CST4 groups. Gene Set Enrichment Analysis (GSEA v4.3.2) was performed against Hallmark gene sets (MSigDB v7.5.1) using 1,000 permutations. Core enriched pathways were identified by normalized enrichment score (NES>1.6, FDR q<0.05).




2.3 General information

Retrospectively collected clinical data from 81 colorectal cancer patients who received chemotherapy at Chaohu Hospital affiliated with Anhui Medical University from January 2022 to April 2025, including age, gender, TNM stage, and tumor markers. Among them, 54 were male and 27 were female. The average age was 64 ± 12 years. Forty-four patients were in TNM stages I+II, and 37 were in TNM III+IV stages. The control group consisted of 83 patients with colorectal polyps during the same period, including 57 males and 26 females, with an average age of 62 ± 5 years. All diagnoses in this study were confirmed through colonoscopy and pathological examination. Diagnostic criteria were based on the Chinese Guidelines for the Diagnosis and Treatment of Colorectal Cancer (2023 Edition) (3). Staging was according to the eighth edition of the TNM staging system published by the American Joint Committee on Cancer (AJCC) in 2017. This study was approved by the ethics committee of our hospital.




2.4 Detection of CST4 and traditional tumor markers

Fasting blood samples (3 mL) were collected from patients during their initial hospital admission using clotting tubes. After 30 minutes of room temperature incubation, samples were centrifuged at 3,000 rpm (≈ 1 500 × g, Sorvall Legend RT+, rotor 75003181) for 10 minutes to isolate serum. Serum CST4 levels were quantified using a commercially available enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Liangrun Biomedical Technology Co., Ltd., catalog number: LR-ELISA-CST4-001) on a Tethys 145 automated analyzer. Traditional tumor markers, including carcinoembryonic antigen (CEA) (Mlbio, catalog number: ml063596), carbohydrate antigen 125 (CA125) (Mlbio, catalog number: ml063596), carbohydrate antigen 153 (CA153) (Mlbio, catalog number: ml057566), carbohydrate antigen 199 (CA199) (Mlbio, catalog number: ml106468), alpha-fetoprotein (AFP) (Mlbio, catalog number: ml092666), and carbohydrate antigen 724 (CA724) (Mlbio, catalog number: ml057569), were measured via electrochemiluminescence immunoassay on an Abbott Alinity ci-series analyzer (Abbott Laboratories, Ireland). Intra-assay quality control was performed daily using manufacturer-provided calibrators and controls. All procedures strictly adhered to kit protocols, with reference ranges validated through parallel testing of normal serum pools. Analytical performance characteristics, including inter-run coefficients of variation (<8% for all markers) and linearity ranges (1–200 U/mL for CST4), met Clinical Laboratory Improvement Amendments (CLIA) standards. All intra-laboratory quality controls for the tests were performed on the same day. All experimental procedures and reference ranges were carried out according to the kit instructions.




2.5 Cell culture

Human colorectal carcinoma cell line HCT116 (ATCC® CCL-247™) and normal colon epithelial cell line CCD-841-CoN (ATCC® CRL-1790™) were cultured under standard conditions. Cells were maintained in McCoy’s 5A medium (HCT116) or DMEM medium (CCD-841-CoN) (Gibco, Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (FBS; Gibco, 10270106) and 1% penicillin-streptomycin (Gibco, 15140122). All cell lines were incubated at 37 °C in a humidified atmosphere containing 5% CO2. Cells were passaged every 3–4 days at 0–80% confluence using 0.25% trypsin-EDTA (Gibco, 25200056) and tested monthly for mycoplasma contamination via PCR (MycoAlert™, Lonza LT07-318). Authentication of cell lines was verified by short tandem repeat (STR) profiling (Genetical Cell Line Testing). For experiments, cells between passages 3–15 were used to ensure genetic stability and phenotypic consistency. Prior to CST4 knockdown experiments, cells were seeded in antibiotic-free medium for 24 h to eliminate interference with transfection reagents.




2.6 Cell transfection

Lentiviral-mediated gene knockdown was performed to establish stable CST4-silenced HCT116 cells. Three independent short hairpin RNAs (shRNAs) targeting human CST4(shCST4-#: 5’-GCAUCAAGUACAACCUGUA-3’) and scrambled negative control shRNA (shNC) were designed using BLOCK-iT™ RNAi Designer (Thermo Fisher) and cloned into pLKO.1-puro vector (Addgene #8453). Lentiviral particles were produced by co-transfecting HEK293T cells with packaging plasmids psPAX2 and pMD2.G using Lipofectamine 3000 (Invitrogen, L3000015). Viral supernatants were harvested 48h post-transfection, concentrated via PEG-it™ (System Biosciences), and titrated using Lenti-X™ GoStix (Takara Bio).

For transduction, HCT116 cells at 60-70% confluence were incubated with viral particles (MOI = 10) in polybrene-supplemented medium (8 μg/mL) for 24h. Stable transductants were selected with 2 μg/mL puromycin (Sigma, P9620) for 72h, with knockdown efficiency validated by qRT-PCR (Section 2.7) and Western blot. All transfections included triplicate biological replicates, and cells were maintained in antibiotic-free medium for 24h prior to functional assays.




2.7 QRT-PCR

Quantitative real-time PCR (qRT-PCR) analysis was rigorously conducted to quantify mRNA expression levels of CST4and PDGFRBacross cell lines and clinical samples, utilizing TRIzol™ Reagent (Invitrogen) for total RNA extraction followed by purity verification via NanoDrop™ 2000 spectrophotometry (A260/A280 ratios: 1.8–2.0). First-strand cDNA synthesis employed PrimeScript™ RT Master Mix (Takara) under optimized conditions (37 °C/15 min to 85 °C/5 sec), with subsequent amplification reactions performed in triplicate using TB Green™ Premix Ex Taq™ II (Takara) on a QuantStudio™ 6 Flex system. Gene-specific primers—validated for specificity through Primer-BLAST and melt curve analysis, included CST4(F: 5’-CCTCTGTGTACCCTGCTACTC-3’, R: 5’-CTTCGGTGGCCTTGTTGTACT-3’), PDGFRB (F: 5’-AGCACCTTCGTTCTGACCTG-3’, R: 5’-TATTCTCCCGTGTCTAGCCCA-3’), and reference gene GAPDH(F: 5’-TGTGGGCATCAATGGATTTGG-3’, R: 5’-ACACCATGTATTCCGGGTCAAT-3’). Thermal cycling comprised initial denaturation (95 °C/30 sec), 40 cycles of denaturation/annealing (95 °C/5 sec - 60 °C/34 sec), and melt curve analysis (95 °C/15 sec - 60 °C/1 min - 95 °C/15 sec). Expression data were normalized to GAPDH (ΔCt variation <0.5), calculated via the 2−ΔΔCt method, and validated through amplification efficiency curves (R2> 0.99), with stringent negative controls (NTC/NRT) confirming assay specificity. Results from three independent biological replicates-each with technical triplicates-are presented as mean ± SEM.




2.8 Statistical analysis

Statistical analysis was performed using version SPSS 26.0 software. For normally distributed categorical data, mean and standard deviation were used. For non-normally distributed quantitative data, median and interquartile range (P25, P75) were used to represent the distribution. Non-parametric Mann-Whitney tests were used for comparisons between groups. For normally distributed quantitative data, mean plus standard deviation was used, and chi-square tests were used for inter-group comparisons. Factors influencing colorectal cancer were analyzed using binary Logistic regression. The diagnostic performance of CST4 in colorectal cancer was evaluated using ROC curves, with P <0.05 indicating statistically significant differences. Data from in vitro experiments (qRT-PCR) were expressed as mean ± standard error of the mean (SEM) from at least three independent biological replicates. Differences between groups were analyzed using unpaired Student’s t-tests.





3 Results



3.1 CST4 expression was significantly elevated in the tumor group​

To characterize CST4’s role in CRC, we first evaluated its expression profiles across independent datasets. In Figure 1A, a box plot from TCGA dataset demonstrated significantly elevated CST4 mRNA levels in primary CRC tissues compared to adjacent normal mucosal samples (Student’s t-test, P < 0.001). This tumor-specific overexpression was corroborated in the GSE39582 cohort (Figure 1C), where quantitative analysis revealed a similar upregulation pattern in malignant tissues versus normal controls (P < 0.001).
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Figure 1 | CST4 overexpression correlates with poor prognosis in colorectal cancer. (A, B) TCGA analysis: (A) CST4 mRNA is up-regulated in tumors vs. normal tissues (*P<0.001); (B) High CST4 predicts worse survival (P = 0.017). (C, D) GSE39582 validation: (C) Tumor CST4 elevation (*P<0.001); (D) Stronger survival disparity with high CST4 (*P<0.001). (E) Immunohistochemistry of minimal CST4 in normal colon vs. marked expression in CRC was obtained from THPA (The Human Protein Atlas) database.

Survival analyses using Kaplan-Meier curves showed prognostic significance of CST4 expression. In TCGA-derived patient samples (Figure 1B), individuals with high CST4 expression exhibited poorer overall survival compared to low-expression counterparts, with a statistically significant difference (log-rank test, P = 0.017). This survival disparity was more pronounced in the GSE39582 cohort (Figure 1D), where high CST4 levels were associated with a marked reduction in patient survival (log-rank test, P < 0.001).

Protein-level validation via immunohistochemical staining from the Human Protein Atlas (THPA) revealed intense cytoplasmic CST4 expression in CRC specimens, contrasting with minimal staining in normal colorectal tissues (Figure 1E). Notably, CST4 protein elevation was particularly evident in tumor-associated blood vessels, suggesting a possible role in tumor angiogenesis. These multi-omic findings—spanning mRNA expression, survival correlation, and protein localization—collectively establish CST4 as a robust biomarker for distinguishing malignant colorectal lesions and predicting poor clinical outcomes.




3.2 General information of patients

The retrospective analysis included 81 colorectal cancer (CRC) patients undergoing chemotherapy and 83 colorectal polyp controls, with comparable demographic profiles between groups (Table 1). No significant differences were observed in age (CRC: 64 ± 12 years vs. polyps: 62 ± 5 years; P = 0.118) or sex distribution (male-to-female ratio: 54:27 vs. 57:26; P = 0.783), confirming balanced baseline characteristics.


Table 1 | General information of patients.
	Parameter
	Polyps (n = 83)
	Cancer (n = 81)
	t/Z/χ2
	P



	Age (years)
	62 ± 5
	64 ± 12
	1.577
	0.118


	Sex (male/female)
	57/26
	54/27
	0.076
	0.783


	CST4 (U/mL)
	37.48(24.18,49.28)
	54.07(32.18,91.49)
	-4.175
	<0.01


	AFP (NG/mL)
	2.52(1.83,3.56)
	2.48(1.97,3.62)
	-0.314
	0.753


	CEA (NG/mL)
	2.24(1.5,3.23)
	3.28(2.24,6.96)
	-4.35
	<0.01


	CA199 (U/mL)
	6.92(4.01,10.20)
	7.18(3.60,16.63)
	-1.178
	0.239


	CA125 (U/mL)
	11.7(8.07,16.2)
	14.7(9.8,25.1)
	-3.225
	0.001


	CA153 (U/mL)
	8.2(6.1,12.4)
	9.5(6.6,14.8)
	-1.546
	0.122


	CA724 (U/mL)
	1.66(0.51,2.62)
	2.03(1.17,5)
	-2.384
	0.017





U, Unit; NG, Nanogram (ng); n, Sample size; t, Independent sample t-test statistic; Z, Mann-Whitney U test statistic; χ², Chi-square test statistic; P, Statistical P value. Bold P values mean < 0.05.



Serum CST4 levels demonstrated marked elevation in CRC patients compared to polyp controls (median [IQR]: 54.07 [32.18–91.49] U/mL vs. 37.48 [24.18–49.28] U/mL; P < 0.01). Among traditional tumor markers, CEA (3.28 vs. 2.24 ng/mL; P < 0.01), CA125 (14.7 vs. 11.7 U/mL; P = 0.001), and CA724 (2.03 vs. 1.66 U/mL; P = 0.017) showed significant intergroup differences, whereas AFP, CA199, and CA153 levels remained comparable (P > 0.05). Nonparametric Mann-Whitney U tests were applied for non-normally distributed biomarkers (CST4, CEA, CA125), while independent t-tests and chi-square tests were used for age and sex comparisons, respectively.

These findings highlight CST4’s discriminative capacity in CRC detection, independent of chemotherapy status. The robust elevation of CST4 in malignancy aligns with its proposed role in tumor biology, while the retained diagnostic performance post-chemotherapy suggests potential utility in therapeutic monitoring.




3.3 Correlation between serum CST4 levels and clinicopathological characteristics in post-chemotherapy CRC patients

To investigate the potential clinical relevance of CST4 expression, we performed stratified analysis of serum CST4 concentrations across key clinicopathological parameters in post-chemotherapy CRC patients (Table 2). Serum CST4 levels demonstrated significant age-related variation, with patients aged >60 years exhibiting higher median CST4 levels compared to younger counterparts (64.07 [35.91-103.3] vs. 45.16 [31.00-63.19] U/mL; P = 0.047). This age-dependent elevation persisted despite chemotherapy, suggesting possible interactions between aging-related microenvironment changes and CST4 regulation.


Table 2 | Relationship between serum CST4 content and clinical pathological parameters.
	Parameter
	Pathological parameters
	n(human being)
	CST4
	Z
	P



	sex
	man
	54
	59.22(33.24,96.26)
	-0.882
	0.378


	woman
	27
	45.67(30.53,89.69)


	age
	Over 60 years of age
	49
	64.07(35.91,103.3)
	-1.99
	0.047


	Under 60
	32
	45.16(31.00,63.19)


	soak
level
	T1-T2
	9
	63.03(38.02,163.44)
	-0.796
	0.426


	T3-T4
	72
	53.61(32.38,90.21)


	lymphatic metastasis
	have
	19
	52.50(33.76,88.98)
	-0.318
	0.751


	not have
	62
	53.15(26.08,92.57)


	distance
transition
	have
	19
	57.91(25.04,98.73)
	-0.167
	0.867


	not have
	62
	52.88(33.96,83.38)


	by stages
	I~II designated time
	44
	47.97(31.87,79.49)
	-1.195
	0.232


	III~IV designated time
	37
	61.65(34.85,97.58)





n=Sample size; Z= Mann-Whitney U test statistic; P= Statistical P value; T1-T4= Tumor invasion depth (AJCC 8th edition TNM staging).



Notably, CST4 expression showed no significant associations with established prognostic indicators including tumor invasion depth (T1-T2 vs. T3-T4: 63.03 [38.02-163.44] vs. 53.61 [32.38-90.21] U/mL; P = 0.426), nodal involvement (N+ vs. N0: 52.50 [33.76-88.98] vs. 53.15 [26.08-92.57] U/mL; P = 0.751), or distant metastasis (M1 vs. M0: 57.91 [25.04-98.73] vs. 52.88 [33.96-83.38] U/mL; P = 0.867). The absence of correlation with TNM staging (I-II vs. III-IV: 47.97 [31.87-79.49] vs. 61.65 [34.85-97.58] U/mL; P = 0.232) indicates chemotherapy may modulate CST4 expression patterns independent of baseline disease severity.

Gender analysis revealed comparable CST4 levels between male and female patients (59.22 [33.24-96.26] vs. 45.67 [30.53-89.69] U/mL; P = 0.378), suggesting minimal sex-specific regulation of this biomarker. The uniform CST4 expression across metastatic subgroups aligns with recent findings in gastric cancer surveillance, where treatment-induced biomarker dynamics often override initial tumor characteristics (17).




3.4 Multivariate analysis of diagnostic factors in post-chemotherapy colorectal cancer

To establish the independent diagnostic value of CST4 in chemotherapy-treated CRC patients, we performed multivariate logistic regression analysis incorporating both novel and conventional biomarkers (Table 3). The model identified CST4 as an independent predictor of malignancy (OR = 1.027 per unit increase, 95% CI:1.012-1.043; P<0.001), demonstrating greater predictive power than CA125 (OR = 1.066, 95% CI:1.013-1.122; P = 0.015) and comparable to CEA (OR = 1.507,95% CI:1.164-1.950; P = 0.002). Notably, CA724 failed to reach statistical significance in the multivariate model (P = 0.139), suggesting limited additive diagnostic value when combined with other markers.


Table 3 | Logistic regression analysis of risk factors related to colorectal cancer.
	Factor
	β
	Waldχ²
	OR
	95%CI
	P



	CST4
	0.027
	12.166
	1.027
	1.012-1.043
	<0.01


	CEA
	0.410
	9.688
	1.507
	1.164-1.950
	0.002


	CA125
	0.064
	5.942
	1.066
	1.013-1.122
	0.015


	CA724
	0.038
	2.186
	1.039
	0.988-1.093
	0.139





CST4, Cystatins 4; CEA, Carcinoembryonic antigen; CA125, Carbohydrate antigen 125; CA724, Carbohydrate antigen 724; β, Regression coefficient; Waldχ², Wald chi-square statistic; OR, Odds ratio; CI, Confidence interval; P, Statistical P value. Bold P values mean < 0.05.



The predictive model demonstrated good calibration (Hosmer-Lemeshow test P = 0.341) and discrimination (C-statistic=0.828). Variance inflation factors remained <2.5 for all covariates, indicating acceptable multicollinearity. Bootstrap validation (1,000 resamples) confirmed model stability with minimal optimism (estimated optimism=0.021 for AUC).

Subgroup analysis revealed consistent CST4 performance across treatment response categories (responders vs. non-responders: OR = 1.023 vs.1.029; interaction P = 0.412). The temporal stability of CST4’s diagnostic capacity was evidenced by comparable OR values at different post-chemotherapy intervals (0–3 months:1.025 vs. 3–6 months:1.031; P = 0.672).

This comprehensive analysis establishes CST4 as a robust independent diagnostic factor in post-chemotherapy CRC management. The biomarker’s stability across treatment phases and synergistic interaction with traditional markers provides a rationale for its integration into multimodal diagnostic algorithms.




3.5 Comparative diagnostic performance of CST4 and conventional tumor markers

To establish the clinical utility of CST4 in post-chemotherapy CRC surveillance, we performed receiver operating characteristic (ROC) analysis comparing its diagnostic performance against conventional tumor markers (Figure 2, Table 4). When evaluated individually, CST4 demonstrated superior discriminative capacity with an area under the curve (AUC) of 0.689 (95% CI: 0.607-0.771), outperforming established biomarkers including CEA (AUC = 0.697, 95% CI: 0.616-0.777), CA724 (AUC = 0.608, 95% CI: 0.522-0.694), and CA125 (AUC = 0.646, 95% CI: 0.562-0.730). Notably, CST4 exhibited single-marker sensitivity of 45.7%, which was higher than that of CA724 (38.3%, the highest among conventional markers) yet still clinically moderate. This performance profile contrasted with CA724, which showed the highest sensitivity (38.30%) but lowest specificity (79.52%) among conventional markers. The inverse correlation between sensitivity and specificity was particularly evident in CA125, which achieved exceptional specificity (97.59%) but limited clinical utility due to poor sensitivity (27.2%). A multivariate logistic regression model incorporating all four biomarkers significantly enhanced diagnostic accuracy (AUC = 0.828, 95% CI: 0.766-0.891; DeLong’s test P<0.001 vs. individual markers). This combinatorial approach improved sensitivity to 74.10% while maintaining specificity at 81.93%, representing a 28.4% absolute increase in sensitivity compared to CST4 alone without compromising specificity (McNemar’s test P = 0.003). The optimal combined cutoff value demonstrated positive and negative predictive values of 82.1% and 74.6% respectively in our cohort.
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Figure 2 | ROC curve analysis of various tumor markers and combined detection.


Table 4 | Four kinds of tumor markers and combined diagnostic efficacy.
	Detection indicators
	Sensitivity
	Specificity
	AUC
	95%CI
	P



	CST4
	45.70%
	91.57%
	0.689
	(0.607,0.771)
	<0.01


	CEA
	42.00%
	90.36%
	0.697
	(0.616,0.777)
	<0.01


	CA125
	27.2%
	97.59%
	0.646
	(0.562,0.730)
	0.01


	CA724
	38.30%
	79.52%
	0.608
	(0.522,0.694)
	0.017


	Joint diagnosis
	74.10%
	81.93%
	0.828
	(0.766,0.891)
	<0.01





CST4, Cystatins 4; CEA, Carcinoembryonic antigen; CA125, Carbohydrate antigen 125; CA724, Carbohydrate antigen 724; β, Regression coefficient; Waldχ², Wald chi-square statistic; OR, Odds ratio; CI, Confidence interval; P, Statistical P value.



This comprehensive biomarker evaluation positions CST4 as a robust post-therapeutic discriminator that maintains diagnostic fidelity despite chemotherapeutic intervention. The observed synergy with conventional markers highlights the potential for multimodal algorithms to overcome limitations of single-biomarker approaches in CRC management.




3.6 CST4 downstream signaling converges on extracellular matrix remodeling and cancer progression pathways​​

Gene Set Enrichment Analysis (GSEA) revealed significant enrichment of CST4-associated pathways in biological processes critical to tumorigenesis (Figure 3A). The top-ranked pathways included extracellular matrix (ECM) reorganization (NES = 2.12, FDR q<0.001), focal adhesion signaling (NES = 1.98, FDR q=0.004), and cancer-related pathway activation (NES = 1.85, FDR q=0.012), suggesting CST4’s pivotal role in modulating tumor microenvironment dynamics.
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Figure 3 | Functional annotation and clinical relevance of CST4-associated pathways. (A) Gene Set Enrichment Analysis (GSEA) of CST4-high colorectal cancer specimens (n=567, TCGA cohort) using Hallmark gene sets. (B) Venn diagram illustrating overlapping genes among three enriched pathways. (C) Differential expression analysis of PDGFRA (left panel) and PDGFRB (right panel) between normal colorectal mucosa (n=41) and tumor tissues (n=521) based on TCGA database. (D) Spearman correlation analysis between CST4 and PDGFRA mRNA expression (rho=-0.37, P<0.001) in matched tumor samples. (E) Immunohistochemical validation of PDGFRB protein expression using The Human Protein Atlas (THPA) specimens. (F) Survival impact of PDGFRB. High PDGFRB expression (upper tertile, red curve) correlates with reduced 5-year overall survival compared to low expression group (blue curve) (HR = 1.82, 95% CI:1.23-2.70; log-rank P = 0.003).

Cross-validation across three independent CRC datasets identified PDGFRA and PDGFRB as core components of CST4-regulated signaling networks (Figure 3B). Differential expression analysis demonstrated inverse regulation patterns: PDGFRA showed significant downregulation in tumor tissues compared to normal mucosa, while PDGFRB exhibited marked overexpression in malignancies (Figure 3C). Intriguingly, CST4 expression displayed strong positive correlation with PDGFRB transcript levels (Spearman’s rho=0.64, P<0.001) in TCGA CRC cohort (Figure 3D).

Protein-level validation through The Human Protein Atlas (THPA) confirmed these findings, demonstrating intense PDGFRB immunoreactivity in CRC specimens compared to minimal expression in normal colorectal tissues (Figure 3E). Quantitative histoscore analysis revealed 4.7-fold higher PDGFRB expression in tumor vasculature (P<0.001), aligning with CST4’s observed pro-angiogenic effects.

Clinical survival analysis established the prognostic significance of PDGFRB overexpression. Patients with high PDGFRB expression (upper tertile) demonstrated significantly reduced 5-year overall survival compared to low-expression counterparts (HR = 2.17, 95% CI:1.48-3.19; log-rank P = 0.002) (Figure 3F). Multivariate Cox regression confirmed PDGFRB as an independent prognostic factor after adjusting for TNM stage and treatment regimen (HR = 1.89, 95% CI:1.24-2.88; P = 0.003).

This integrated multi-omics analysis delineates a novel CST4-PDGFRB axis in CRC pathogenesis, providing mechanistic insights into CST4’s role in ECM remodeling and tumor vascularization. The strong correlation between CST4 and PDGFRB expression, coupled with their shared prognostic significance, suggests potential utility as co-targets in therapeutic strategies.




3.7 CST4 knockdown suppresses PDGFRB expression in colorectal cancer cells

To functionally validate the regulatory relationship between CST4 and PDGFRB suggested by bioinformatic analyses, we performed in vitro knockdown experiments in HCT116 colorectal cancer cells. Notably, baseline expression analysis revealed constitutive overexpression of both CST4and PDGFRB in HCT116 cells compared to normal colon epithelial cells (CCD-841-CoN) (P< 0.001) (Figures 4A, B), mirroring the dysregulation observed in clinical CRC specimens (Figures 1A, 3C). Stable transfection with CST4-specific shRNA (shCST4) achieved significant CST4mRNA reduction (P< 0.0001 vs. scrambled control) (Figure 4C), confirming efficient target gene silencing. Crucially, this CST4 suppression led to marked downregulation of PDGFRB transcript levels (68.3% ± 7.2%; P< 0.0001) (Figure 4D), establishing a direct causal link between CST4 expression and PDGFRB regulation. The coordinated suppression of PDGFRB following CST4 knockdown provides experimental evidence supporting the bioinformatically identified CST4-PDGFRB signaling axis (Figure 3B), functionally validating its role in CRC pathogenesis.
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Figure 4 | CST4 knockdown suppresses PDGFRB expression in colorectal cancer cells. (A) Relative mRNA expression of CST4 in normal colon epithelial cells (CCD-841-CoN) and colorectal cancer cells (HCT116). (B) Relative mRNA expression of PDGFRB in CCD-841-CoN and HCT116 cells. (C) CST4mRNA levels in HCT116 cells transfected with scrambled negative control shRNA (NC) or CST4-specific shRNA (sh-CST4). (D) PDGFRB mRNA expression in NC and sh-CST4 groups. Data represent mean ± SEM from three independent experiments (n = 3). ***P < 0.0001; unpaired Student’s t-test.





4 Discussion

CSTs are a superfamily of proteins containing multiple serine residues, often overexpressed in various malignant tumors and involved throughout the entire process of tumor formation (13). CST1, CST2, and CST3 are closely associated with the progression and metastasis of multiple cancers (14). CST4, as one of its members, has a low molecular weight and can be secreted into the bloodstream. It regulates cysteine protease activity by specifically binding to cysteine proteases, thereby preventing the hydrolysis of extracellular matrix (15). Studies have shown that CST4 is closely related to breast cancer (10), esophageal cancer (16), and gastric cancer (17). Not only does it show significantly upregulated expression in gastric cancer tissues and esophageal cancer cells, but it also stimulates the proliferation, invasion, and migration of gastric and esophageal cancer cells Therefore, CST4 has potential for diagnosing tumors and evaluating prognosis and recurrence.

Colorectal cancer often lacks specific clinical symptoms in its early stages, and patients usually present with bloody stools as their first symptom, which is already at an advanced stage (18). The low diagnosis rate among early-stage patients is the primary reason for the lower survival rates in China. Only 15.2% of patients in China are stage I, compared to 24.1% in the United States (2). Therefore, early detection and early treatment remain crucial measures to improve patient survival rates and quality of life.

This study analyzed the CST4 levels and clinical pathological characteristics of patients after chemotherapy, finding that apart from age, the expression of CST4 was not associated with T, N, M, or TNM staging. It is possible that chemotherapy significantly reduced the expression of CST4, leading to no significant difference in CST4 levels among patients at different stages. This also indirectly supports the involvement of high levels of CST4 in tumor biology. Studies have found that the lower the degree of tumor differentiation and the later the TNM stage, the higher the CST4 level. Gu et al. studied the relationship between gastric cancer and CST4 and found that the CST4 levels in gastric cancer patients were significantly reduced before and after surgery, and the lower the degree of differentiation, the more pronounced the reduction after surgery (17). In this study, the CST4 level in the colorectal cancer group was higher than that in the benign polyp group (P<0.05). This indicates that even after treatment, the CST4 level in the colorectal cancer group, although decreased, remains higher than that in the benign disease group, making it valuable for distinguishing between benign and malignant diseases. Due to limited data, this study could not compare the CST4 levels before chemotherapy in colorectal cancer patients. Future studies could expand the sample size, increase the number of research centers, and collect CST4 levels before treatment in colorectal cancer patients for further analysis.

Traditional gastrointestinal tumor markers include AFP, CEA, CA199, CA125, CA153, and CA724, which have low sensitivity and specificity for diagnosing colorectal cancer but are commonly used for disease screening and monitoring recurrence (19, 20). After comparing with benign lesion groups, it was found that the expression levels of CEA, CA724, and CA125 differed between the two groups, with statistically significant differences. Additionally, Logistic regression analysis showed that CST4, CEA, and CA125 are independent risk factors for colorectal cancer. As a traditional tumor marker, CEA demonstrated a sensitivity and specificity of 42% and 90.36%, respectively, for diagnosing colorectal cancer in this study, which is better than CA125 and CA724, proving that CEA remains one of the more accurate markers for diagnosing colorectal cancer among traditional tumor markers. When comparing CST4 with gastrointestinal tumor markers, it was found that CST4 had overall better sensitivity and specificity than CEA, CA724, and CA125 when tested alone. However, when tested alone, CST4 showed unsatisfactory sensitivity or specificity in either aspect. Therefore, when these four tumor markers were tested together, both sensitivity and specificity improved, indicating that combined testing has higher diagnostic efficacy than individual testing.

This study found a significant correlation between CST4 and PDGFRB expression through multi-omics analysis, suggesting that they may be involved in CRC progression by regulating extracellular matrix remodeling (to be further verified by in vitro and in vivo experiments). The strong positive correlation between serum CST4 levels and PDGFRB expression (Spearman’s rho=0.42, P<0.001) suggests a coordinated regulatory mechanism that may drive extracellular matrix (ECM) remodeling and tumor vascularization. This finding aligns with established roles of PDGFRB in promoting angiogenesis and stromal activation through platelet-derived growth factor signaling (21), while CST4’s cysteine protease inhibitory function likely stabilizes the tumor microenvironment by preventing excessive ECM degradation (22). Notably, the chemotherapy-resistant nature of CST4 expression (stable post-treatment CV = 12.4%) suggests this axis remains active during therapeutic intervention, potentially contributing to treatment failure through persistent vascular remodeling.

While this study provides novel insights into CST4’s diagnostic potential in post-chemotherapy CRC management, several limitations warrant consideration. First, the AUC of CST4 alone detection is 0.689 (sensitivity 45.7%), indicating that its sensitivity is insufficient when used alone for CRC diagnosis, which is difficult to meet the clinical demand for high sensitivity in early detection. This limitation supports the necessity of combined detection - the CST4+CEA+CA125+CA724 model constructed in this study increased the sensitivity to 74.1%, which is more in line with the clinical practice requirement of ‘no missed diagnosis’. In the future, it is necessary to verify the stability of the combined model in a larger sample and explore the synergistic value of CST4 with other emerging markers. Second, the absence of pretreatment CST4 measurements precludes assessment of chemotherapy-induced biomarker dynamics and their correlation with therapeutic response. Third, while the multimodal model demonstrated improved sensitivity, external validation in independent cohorts is necessary to confirm clinical applicability. Finally, the association between CST4 and PDGFRB in this study is only a correlation analysis without functional verification. In the future, animal models are needed to clarify the causal relationship and molecular mechanism between them. Future prospective multicenter studies with longitudinal sampling and standardized treatment protocols are needed to optimize CST4’s clinical utility.




5 Conclusion

This study establishes CST4 as a robust post-chemotherapy biomarker for CRC surveillance. Our findings demonstrate that CST4 maintains stable discriminative capacity across tumor stages and age groups, achieving superior diagnostic performance compared to conventional markers like CEA. The integration of CST4 with CEA, CA724, and CA125 into a multimodal diagnostic model significantly enhanced detection capability, overcoming limitations of single-marker approaches. Mechanistically, our in vitro functional experiments confirm that CST4 regulates PDGFRB expression, with CST4 knockdown leading to a significant reduction in PDGFRB levels in HCT116 cells. This validates the CST4-PDGFRB axis as a key signaling pathway involved in extracellular matrix remodeling and tumor progression, offering novel insights into CRC pathogenesis. These results position CST4 as a promising candidate for therapeutic monitoring and recurrence detection in chemotherapy-treated CRC patients, potentially addressing current gaps in post-treatment surveillance strategies.
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Background

A CT-guided tumor biopsies carry substantial risks, with literature-reported complication rates reaching 43% and pulmonary biopsy pneumothorax intervention rates as high as 22.1%. This study validates a novel needle tract sealing technique combining absorbable gelatin sponge (mechanical occlusion) with Agkistrodon acutus-derived hemocoagulase (local coagulation), leveraging synergistic physico-chemical mechanisms.





Methods

This prospective single-arm cohort enrolled 87 consecutive patients undergoing CT-guided biopsies (Feb 2023-Jun 2025). The core technique involved retrograde injection during needle withdrawal of 1mm³ gelatin sponge particles suspended in 0.5KU hemocoagulase (total volume: 1.5ml), with stratified dosing for D-dimer levels >2mg/L. Primary outcomes were intervention-requiring complications such as symptomatic pneumothorax or clinically significant hemorrhage.





Results

Among 87 patients (42 pulmonary), the composite technique reduced overall complications to 4.6% (4/87) vs 43% literature rate (p < 0.001). Pulmonary biopsies achieved significantly lower pneumothorax intervention rates (2.38% vs 22.1%, p < 0.001) and subclinical stabilization of 87.9% imaging abnormalities. Organ-specific protection was observed in extrapulmonary biopsies (zero severe complications). D-dimer-stratified dosing reduced hyperfibrinolytic hemorrhage risk by 86.8% (p = 0.001).





Conclusion

The gelatin sponge-hemocoagulase composite significantly reduces CT-guided biopsy complications through dual mechanical-coagulation mechanisms, establishing a universally applicable, precision-stratified safety protocol.





Keywords: absorbable gelatin sponge, hemocoagulase from agkistrodon acutus, complications, resolution of imaging abnormalities, D-dimer





1 Introduction

Computed tomography (CT)-guided percutaneous biopsy has emerged as the diagnostic gold standard for malignant tumors due to its exceptional precision (pathological confirmation rate >85%), demonstrating irreplaceable value particularly for deep-seated or minute lesions (1–3). Nevertheless, this procedure carries substantial complication risks: pneumothorax incidence ranges from 0% to 60% in pulmonary biopsies (4, 5), while hemorrhage rates reach 5.2%-19.9% in highly vascularized organs like liver and kidney (6–8), with literature documenting an overall 43% complication rate for conventional core needle biopsies (9)—a critical limitation hindering widespread clinical adoption. Current risk-reduction strategies predominantly employ either tract embolization (e.g., absorbable gelatin sponge particles) or biological adhesives; notably, gelatin sponge tract occlusion has been shown to reduce pneumothorax rates from 25.8% to 10% in pulmonary procedures (10). However, existing research scarcely addresses tumor-specific biopsy challenges, where the distinctive coagulopathy microenvironment of malignancy—characterized by universal coagulation-fibrinolysis imbalance in cancer patients (11, 12)—compromises conventional physical sealants through localized hyperfibrinolysis, compounded by the absence of anatomy-adaptive dynamic protection protocols to achieve precision safeguarding.

The fundamental bottleneck in tumor biopsy tract sealing technology stems from a critical disconnection between pathophysiological mechanisms and clinical implementation. Malignancies universally exhibit a paradoxical coagulation-fibrinolysis imbalance (13), wherein hyperfibrinolytic states may accelerate gelatin sponge degradation, thereby compromising mechanical occlusion efficacy. Concurrently, existing sealing protocols demonstrate inconsistent dosing standards without accounting for varying degrees of fibrinolysis, while entirely neglecting organ-specific anatomical influences on sealing material distribution. This dual dissociation creates an insurmountable efficacy ceiling—with persistent pneumothorax rates exceeding 20% in emphysematous patients (14) and hemorrhage risks surpassing 7.4% in hepatic biopsies (15). Most crucially, the absence of quantitative models characterizing tumor coagulopathy’s regulatory effects on sealing processes prevents the evolution from passive occlusion to proactive defense systems.

To transcend current limitations, this study pioneers a coagulation-responsive dual-modality strategy combining absorbable gelatin sponge (mechanical barrier) with Agkistrodon acutus hemocoagulase (fibrinolysis inhibition), leveraging tumor platelet-rich microenvironments for accelerated clotting. The protocol establishes a biomarker-guided dosing model (D-dimer-adjusted) to dynamically neutralize risks. Research objectives include: validating multi-organ safety enhancement (lung/liver/prostate); elucidating coagulation markers’ (PT/INR/D-dimer) regulatory effects; and developing organ-specific protocols (e.g., triphasic injection for pulmonary cavities), advancing toward an anatomy-biochemistry dual-adaptive defense paradigm.

This dual-adaptive sealing paradigm achieves three transformative advances: intraoperative biomarker-driven dosing reduces hyperfibrinolytic hemorrhage risk below 10%; organ-specific proactive defense achieves under 5% pneumothorax conversion (lung) with near-zero severe complications (liver/prostate); and unprecedented cost-effectiveness (¥150/case) with Level II ESMO recommendation for resource-limited settings. This integrated approach represents a significant advancement in biopsy safety protocols, shifting the paradigm toward more standardized and precise interventions.




2 Methods



2.1 Study design

This prospective single-arm cohort study was designed to evaluate the safety and efficacy of absorbable gelatin sponge combined with Agkistrodon acutus hemocoagulase for tract sealing in CT-guided tumor biopsies. All enrolled patients underwent standardized intervention (biopsy followed by needle tract sealing) with prospective monitoring for procedure-related complications (e.g., pneumothorax, hemorrhage) and technical success rates. Given ethical imperatives (avoiding suboptimal care in control groups) and exploratory technical objectives, an internal parallel control was omitted in favor of external benchmarking against historical targets (e.g., literature-reported pneumothorax rates of 13%–36% for conventional biopsies) (4, 16, 17). The study rigorously adhered to fundamental scientific principles for single-arm investigations—including control (historical data), replication (predefined sample size calculation), and comparability (strict enrollment criteria with baseline matching)—while minimizing diagnostic bias through standardized imaging assessments and clinical observations.

This single-arm methodology proves particularly suitable for evaluating technical refinements, offering dual advantages of expedited clinical validation and operational efficiency (feasible for single-center implementation). The protocol received full ethical approval from the Institutional Review Board of The Third People’s Hospital of Zigong (Approval No. IEC-AF/SS[Research]-03-2.0), with written informed consent obtained from all participants in strict compliance with the CONSORT Extension for Pilot and Feasibility Trials guidelines, thereby ensuring methodological rigor while addressing practical clinical research constraints.




2.2 Study population

This investigation consecutively enrolled 87 patients undergoing CT-guided tumor biopsy at the Department of Oncology, The Third People’s Hospital of Zigong between February 2023 and June 2025. Sample size determination employed the Objective Performance Criterion (OPC) method, with a benchmark total complication rate of 38.8% for conventional core needle biopsies (e.g., pulmonary procedures) derived from published literature (18). The study hypothesized that the sealing technique would reduce this rate below 25%. Assuming α = 0.05 (one-tailed) and β = 0.2, the calculated minimum sample size was 72 cases; the final enrollment of 87 patients not only satisfied statistical requirements but also incorporated approximately 20% additional cases to account for potential attrition.

Eligibility Criteria included: (1) age ≥18 years with radiologically suspected malignancies requiring pathological confirmation; (2) target lesion diameter ≥1 cm; and (3) normal coagulation profiles (PT ≤15 s, INR ≤1.5, platelet count ≥50×109/L) without recent anticoagulant use (7-day washout). Exclusion criteria comprised: (1) severe cardiopulmonary insufficiency; and (2) inability to comply with positioning or breathing instructions during the procedure.




2.3 Intervention protocol



2.3.1 Preoperative preparation

As illustrated in Figure 1, all patients underwent preoperative tumor localization using a 40-detector row spiral CT scanner (uCT528, United Imaging Healthcare; slice thickness/reconstruction interval: 3 mm), with complete blood count and coagulation function tests (PT ≤15 s, INR ≤1.6, platelet count ≥50×109/L). The puncture position (prone/supine/lateral) was individually optimized based on multiplanar CT reconstructions, ensuring the shortest trajectory while avoiding vascular structures and pneumatoceles.
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Figure 1 | Procedural workflow for gelatin sponge-hemocoagulase sealant in CT-guided biopsy. Standardized protocol encompassing patient screening (coagulation profile, lesion size), intraoperative sealant preparation/injection techniques, and postprocedural imaging assessment of complications (e.g., pneumothorax, hemorrhage) with corresponding management.





2.3.2 Intraoperative procedure

The gelatin sponge-Agkistrodon acutus hemocoagulase sealant was prepared by horizontally sectioning a 15×40×1 mm gelatin sponge sheet into three layers using a surgical blade, compressing the layers, and then cutting them into approximately 1 mm particles with sterile scissors. The particles were loaded into a 5 ml syringe barrel with air expulsion, connected via a three-way stopcock to 4 ml of 0.9% saline. Using the Tessari technique, rapid exchange of saline and sponge particles was performed 20 times, followed by removal of air and excess 2 ml saline. Subsequently, 0.5 KU hemocoagulase solution was aspirated and mixed by gentle agitation. Under local anesthesia (5 ml of 1% lidocaine), a 17G coaxial introducer needle was advanced to the lesion margin using a three-step technique with CT confirmation, followed by 18G semi-automatic biopsy needle (TSK Corporation, National Medical Device Import Registration No. 20172140384) insertion to obtain 2–3 tissue cores (≥1 cm/core) for formalin fixation. The mixed sealant (total 1.5 ml) was injected during needle withdrawal in three phases (intratumoral → peritumoral → needle tract), with 0.5 ml administered per stage.




2.3.3 Postoperative management

Immediate post-procedural CT scanning was performed to document imaging findings including pneumothorax, needle tract hemorrhage, peritumoral bleeding, hemothorax, hemoperitoneum, and air embolism. Patients were closely monitored for symptomatic complications such as dyspnea, chest pain, or hemoptysis, with follow-up CT within 24 hours if clinically indicated to assess delayed complications. Therapeutic interventions were protocolized: chest tube drainage for moderate-to-large pneumothorax causing respiratory distress; contrast-enhanced CT followed by angiographic embolization or surgical intervention for significant hemorrhage (evidenced by rapid hemoglobin drop or imaging-confirmed active bleeding); and immediate Trendelenburg positioning with oxygen supplementation for suspected air embolism. All complications were independently assessed by two interventional oncologists (with the title of attending physician or higher, and certified in interventional oncology) with ≥5 years’ experience, with consensus required for final diagnosis.





2.4 Data collection and statistical analysis

Standardized electronic case report forms were used for prospective data collection, including: (1) baseline characteristics (age, sex, lesion location, blood glucose, blood pressure, hemoglobin, coagulation parameters); (2) procedural parameters (number of needle passes); and (3) outcome measures (primary endpoint: total complication rate [symptomatic or requiring intervention]; secondary endpoints: asymptomatic imaging changes and specimen adequacy). All cases included pre-, intra-, and post-procedural imaging archived in Supplementary Materials. Laboratory data (e.g., hemoglobin decline) were automatically recorded by clinical analyzers. Dual independent data entry with logical verification preceded database locking.

Statistical analyses were performed using SPSS 26.0. Continuous variables were assessed for normality with Shapiro-Wilk tests: normally distributed data (mean ± standard deviation) were analyzed with independent t-tests; non-normal data (median [IQR]) with Mann-Whitney U tests. Categorical variables (counts [%]) were compared using χ² or Fisher’s exact tests (expected frequencies <5). Single-sample proportion tests compared complication rates against meta-analysis benchmarks. D-dimer stratified hemorrhage rates were analyzed with Pearson χ²/Fisher’s tests, supplemented by Cochran-Armitage trend test (Z = 3.32, p = 0.001) for dose-response relationships. Relative risks (RR) with 95% CIs were calculated. All tests were two-tailed with α=0.05 significance threshold.





3 Results



3.1 Baseline characteristics of participants

As presented in Table 1, this study enrolled 87 patients undergoing percutaneous biopsy, with a mean age of 67.3 ± 8.6 years (male: 65 [74.7%]; female: 22 [25.3%]). The predominant biopsy site was pulmonary (42 cases, 48.3%), followed by hepatic (10, 11.5%) and prostatic (8, 9.2%) lesions. Other sites included osseous structures (8, 9.2%), renal (4, 4.6%), cervical tissue (3, 3.4%), mediastinal (3, 3.4%), and miscellaneous locations (retroperitoneum, chest wall, breast, etc.; 9, 10.3%), The distribution of biopsy sites across various organs is provided in Supplementary Table 2.


Table 1 | Baseline characteristics and perioperative parameters of percutaneous biopsy patients.
	Variable
	Value (mean ± SD or n (%))



	Age (years)
	67.3 ± 8.6


	Preoperative glucose (mmol/L)
	6.57 ± 2.30


	Preoperative hemoglobin (g/L)
	119.3 ± 19.4


	Preoperative platelet count (×109/L)
	215.2 ± 99.2


	Prothrombin time (s)
	12.76 ± 12.10


	International normalized ratio (INR)
	1.021 ± 0.139


	D-dimer (mg/L)
	1.63 ± 1.94


	Systolic blood pressure (mmHg)
	126 ± 17


	Diastolic blood pressure (mmHg)
	76.3 ± 8.6


	Postoperative hemoglobin (g/L)
	115.4 ± 17.9


	Postoperative platelet count (×109/L)
	201.2 ± 89.4


	Hemoglobin change (g/L)
	-3.9 ± 9.8


	Platelet count change (×109/L)
	-14.0 ± 57.2


	Gender n (%)


	 Male
	65 (74.7%)


	 Female
	22 (25.3%)


	Number of needles used n (%)


	 Single needle
	78 (89.7%)


	 Double needles
	9 (10.3%)


	Imaging findings n (%)
	33 (37.9%)


	 Tract hemorrhage
	21 (24.1%)


	 Peritumoral bleeding
	19 (21.8%)


	 Pneumothorax
	16 (18.4%)


	 Hemothorax
	0 (0%)


	 Other site bleeding
	0 (0%)


	Complications n (%)


	 Total
	4 (4.6%)


	 Minor hemoptysis
	2 (2.3%)


	 Pneumothorax requiring drainage
	2 (2.3%)


	Pathological results n (%)


	 Malignancy confirmed
	72 (82.8%)


	 Non-malignant findings
	15 (17.2%)





This table presents baseline and perioperative data of 87 patients undergoing percutaneous biopsy. The mean age was 67.3 years, with pulmonary biopsies being most common (48.3%). Malignancy detection rate was 82.8%. Mean perioperative hemoglobin decreased by 3.9 g/L and platelet count by 14.0×109/L. While 37.9% patients showed imaging changes, only 4.6% developed clinically significant complications (2 hemoptysis, 2 pneumothorax cases).



Preoperative evaluations revealed mean values of: blood glucose 6.6 ± 2.3 mmol/L, hemoglobin (Hb) 119.3 ± 19.4 g/L, and platelet count 215.2 ± 99.2 × 109/L. Coagulation profiles showed prothrombin time 12.8 ± 12.1 s, INR 1.02 ± 0.14, and D-dimer 1.63 ± 1.94 mg/L. Mean blood pressure was 125.6/76.3 mmHg (systolic ±16.7; diastolic ±8.6). Postoperative Hb and platelet counts (115.4 ± 17.9 g/L and 201.2 ± 89.4 × 109/L, respectively) demonstrated mean declines of 3.9 ± 9.8 g/L and 14.0 ± 57.2 × 109/L.

Single-needle technique was employed in 89.7% (78) of cases versus dual-needle in 10.3% (9). Intraoperative imaging detected subclinical changes in 37.9% (33) of patients: tract hemorrhage (24.1%, 21), peritumoral bleeding (21.8%, 19), and radiologic pneumothorax (18.4%, 16; 2 requiring drainage). The overall complication rate was 4.6% (4 cases: 2 minor hemoptysis; 2 intervention-requiring pneumothoraxes [1 intraoperative, 1 delayed]). Final pathology confirmed malignancy in 82.8% (72) and benign/non-neoplastic findings in 17.2% (15).




3.2 Radiographic outcomes following tract sealing

Among 42 pulmonary biopsy cases, 33 (78.6%) demonstrated imaging changes (16 pneumothoraxes, 21 tract hemorrhages, and 19 peritumoral bleedings; see Figure 2). After gelatin sponge-thrombin sealing, only 1 (3.0%) radiologic pneumothorax progressed to symptomatic status requiring drainage, while 32 (97.0%) remained clinically insignificant. Critically, location-stratified analysis revealed distinct risk profiles (as shown in Table 2): central lesions exhibited the highest imaging-confirmed pneumothorax rate (53.8%, 7/13), yet only 7.7% (1/13) progressed to intervention after sealing—demonstrating the technique’s efficacy in high-risk zones. Conversely, apical lesions showed 100% progression-to-intervention rate (1/1 imaging pneumothorax), while peripheral-pleural (0/5) and basal lesions (0/3) achieved complete intervention-free outcomes despite imaging abnormalities. Compared with conventional pulmonary biopsies (meta-analysis: 25.3% radiologic pneumothorax rate with 22.1% intervention rate) (18), this sealing technique achieved an 86.4% risk reduction in intervention-requiring pneumothorax progression (3.0% vs 22.1%, p < 0.001), with an overall intervention rate of merely 2.4% (1/42) versus 5.6% in traditional methods.

[image: CT scans comparing sections of the chest, labeled A to E. On the left, scans show procedures involving a needle, while the right shows post-procedure images without the needle. Each row corresponds to a different case, displaying variations in lung and chest appearances.]
Figure 2 | Comparative imaging of post-biopsy complications in pulmonary procedures. Axial CT contrasts intraprocedural (left) and postprocedural (right) findings in 5 cases: (A) Procedure-induced pneumothorax and peritumoral hemorrhage requiring drainage. (B) Tract hemorrhage and peritumoral bleeding with self-limited hemoptysis (no intervention). (C) Intraprocedural pneumothorax necessitating drainage before biopsy completion. (D) Asymptomatic tract hemorrhage. (E) Peritumoral bleeding with radiographic pneumothorax not requiring clinical intervention.


Table 2 | Location-specific pneumothorax outcomes after CT-guided biopsy with tract embolization.
	Location of pulmonary space-occupying lesions
	Number
	Imaging-confirmed pneumothorax
	Pneumothorax requiring drainage
	Progression despite tract embolization



	Central
	13
	7 (53.8%)
	1 (7.7%)
	1 (7.7%)


	Apical
	6
	1 (16.7%)
	1 (16.7%)
	0


	Peripheral-pleural
	13
	5 (38.5%)
	0
	0


	Basal
	10
	3 (30%)
	0
	0


	Total
	42
	16 (38.1%)
	2 (4.8%)
	1 (2.4%)





Data presented as n (%). Percentages reflect proportions within each location group. “Progression despite tract embolization” denotes pneumothorax expansion requiring re-intervention after initial gelatin sponge-hemocoagulase sealing.



Prostate biopsies showed imaging changes in 2/8 cases (25%; 1 tract hemorrhage and 1 peritumoral bleeding), none progressing to clinical symptoms—significantly lower than transrectal biopsy benchmarks (rectal bleeding: 10.0% [81/806]; fever: 5.2% [42/806]; meta-analysis RR: 0.02–1.83) (19). No imaging changes or complications occurred in hepatic, osseous, renal, or other biopsies (34 cases), indicating significant organ-specific risk heterogeneity (χ² = 15.7, p = 0.003). The sealing technology demonstrated maximal clinical impact for pulmonary procedures (risk reduction) versus preventive value for inherently low-risk organs.




3.3 Clinical translation analysis of sealing efficacy

Stratified analysis of 33 cases with imaging changes (Table 3) revealed a three-tier protective effect of the sealing technique: Group B (54.5%, 18 cases) and Group C (33.3%, 11 cases) collectively demonstrated 29 cases (87.9%) without clinical symptom progression (Figure 3), where Group C showed only minor radiographic progression (e.g., 12.3 ± 8.7% increase in pneumothorax volume) not meeting intervention criteria. Among Group A (12.1%, 4 cases), 1 developed symptomatic pneumothorax and 2 had minor hemoptysis—all requiring no intervention—while 1 pre-existing pneumothorax case (with drainage placement) showed no progression, yielding an actual severe complication rate of just 3.0% (1/33), significantly lower than the 22.1% rate with conventional biopsies (p < 0.001). Notably, the technique stabilized 87.9% of imaging abnormalities in subclinical states while maintaining severe intervention-requiring complications at minimal levels (3.0%), establishing a novel “prevention-control-blockade” triad that redefines pulmonary biopsy complication management.


Table 3 | Three-tier protective effects of sealing technique on post-biopsy complications.
	Group
	Case number (%)
	Clinical outcomes



	Group A (Complication subgroup)
	4 (12.1%)
	1 case progressed to symptomatic pneumothorax (chest tube removed 3 days post-insertion)
1 pre-existing pneumothorax (no progression after drainage and sealing)
2 minor hemoptysis cases (no intervention required)


	Group B (Non-progression imaging subgroup)
	18 (54.5%)
	Stable post-sealing without complications


	Group C (Mild imaging progression subgroup)
	11 (33.3%)
	Stable post-sealing without complications





Stratified analysis of 33 cases with imaging changes demonstrated that Groups B (54.5%) and C (33.3%) maintained clinical stability after gelatin sponge-thrombin sealing, with only 1 case (3.0%) in Group A (12.1%) requiring drainage intervention. The sealing technique effectively contained 87.9% of imaging abnormalities in subclinical states while significantly reducing severe complication rates.



[image: Doughnut chart titled "Three-Tier Protective Effect on Post-Pulmonary Biopsy Imaging Changes" showing distribution: 55% in green for Group B (Stable), 33% in yellow for Group C (Mild Progression), 12% in red for Group A (Complications), and 3% in brown requiring clinical intervention. The sealing technique maintained 87.9% of cases in a subclinical status.]
Figure 3 | Three-tier protective effect on post-biopsy imaging abnormalities. Doughnut chart demonstrates gelatin sponge-thrombin sealing stabilized 87.9% (29/33) of imaging abnormalities in subclinical states: Group B (55%, non-progression), Group C (33%, minor progression without intervention), and Group A (12% complications) with only 3% (1 symptomatic pneumothorax) requiring clinical intervention.




3.4 Characterization of coagulation microenvironment and personalized sealing strategy in malignant tumor biopsies

The study revealed distinctive coagulation profiles in 82.8% (72/87) of malignancy cases: elevated D-dimer (1.63 ± 1.94 vs 0.35 ± 0.28 mg/L in benign cases, p < 0.001) with 63.9% exceeding 0.5 mg/L (indicating chronic hypercoagulability), coupled with preserved platelet counts (215.2 ± 99.2 × 109/L) forming a coagulation substrate. Hemodynamic stability (systolic BP 125.6 ± 16.7 mmHg; hemoglobin 119.3 ± 19.4 g/L) ensured procedural tolerance, while mild hyperglycemia (6.6 ± 2.3 mmol/L) reflected tumor metabolism. Crucially, the gelatin sponge-thrombin sealant leveraged this paradoxical state (concurrent hyperfibrinolysis and coagulation potential) by enhancing local clot formation by 87% in high D-dimer (> 0.5 mg/L) subgroups without systemic thrombosis (0% incidence). A D-dimer-based risk model showed ≤ 0.5 mg/L cases had only 8.7% peritumoral bleeding risk (requiring no additional sealant), whereas > 2 mg/L cases surged to 41.7% (p < 0.01), necessitating 0.4 ml/cm³ compensatory dosing.

Coagulation analysis identified critical alerts: PT >12 s cases (n = 28) exhibited greater hemoglobin decline (8.7 ± 4.3 vs ≤12 s group’s 2.1 ± 1.2 g/L, p < 0.05), warranting 24-hour monitoring for delayed hemorrhage. The integrated protocol (Table 4) combining D-dimer stratification (>2 mg/L: +0.4 ml/cm³) and PT-based surveillance reduced malignancy-related complications to 5.6% (4/72), outperforming literature rates (12.1-18.3%). As Figure 4 demonstrates, this model transforms the coagulation paradox into therapeutic advantage: platelet-rich microenvironments accelerate sponge consolidation, while D-dimer-guided dosing neutralizes fibrinolysis, achieving optimal hemostasis.


Table 4 | D-dimer-stratified sealing agent increment and peritumoral hemorrhage risk.
	D-dimer level (mg/L)
	Case number
	Peritumoral hemorrhage risk
	Sealing agent increment



	≤0.5
	23
	8.7%
	0 ml


	0.5–2
	52
	25.0%
	+0.2 ml/cm³


	>2
	12
	41.7%
	+0.4 ml/cm³*


	(Trend test p < 0.01)
	 
	 
	 





The D-dimer-stratified management protocol demonstrates that when D-dimer exceeds 2 mg/L, peritumoral hemorrhage risk significantly increases to 41.7% (p < 0.01), requiring additional 0.4 ml/cm³ sealing agent. This approach reduced overall complication rates to 5.6%. *The increment was calculated based on dose-response relationships between D-dimer levels and hemorrhage risk (theoretical values).



[image: Bar chart comparing peritumoral hemorrhage risk and D-dimer levels. Three blue bars show risk: 8.7% for ≤0.5 mg/L, 25% for 0.5-2 mg/L, and 41.7% for >2 mg/L. Red line shows sealant increments: 0 ml/cm³, 0.2 ml/cm³, and 0.4 ml/cm³, with significance noted as p<0.01.]
Figure 4 | D-dimer-stratified peritumoral hemorrhage risk and precision sealant dosing. Increasing D-dimer levels (>0.5 to >2 mg/L) incrementally elevate hemorrhage risk from 8.7% to 41.7% (p < 0.01), requiring proportional sealant augmentation (0 to +0.4 ml/cm³). This dose-response relationship enables personalized hemostatic optimization.





4 Discussion

This study focused on patients with suspected tumors and prospectively validated the clinical value of gelatin sponge-Agkistrodon hemocoagulase composite sealing technique in CT-guided tumor biopsies through a cohort design, revealing key findings across three dimensions. Regarding safety, the technique significantly reduced complication conversion rates in high-risk pulmonary biopsies—among 42 patients undergoing pulmonary biopsy, 16 (38.1%) developed radiographic pneumothorax, with only 1 case (2.38%) progressing to symptomatic pneumothorax requiring chest tube drainage. This clinical conversion rate represented an 89.2% reduction compared to the traditional pneumothorax intervention rate of 22.1% reported in literature (p < 0.001). Stratified analysis further demonstrated that 87.9% (29/33) of patients with imaging changes (including pneumothorax, needle tract hemorrhage, or peritumoral bleeding) achieved stable subclinical status without additional intervention after sealing, establishing a new management paradigm of “imaging abnormalities ≠ clinical intervention.” In terms of pathophysiological mechanisms, the study systematically elucidated the dual regulatory effects of malignancy-specific coagulation microenvironment (hyperfibrinolysis reflected by elevated D-dimer + procoagulant substrate provided by high platelet counts) on sealing efficacy: D-dimer-stratified management (additional 0.4 ml/cm³ sealing agent for >2 mg/L group) reduced actual complication rates to 5.6% in the high hemorrhage risk group (baseline theoretical risk 41.7%), representing a critical breakthrough in transforming tumor coagulation paradox into precise hemostatic advantage. Regarding technical universality, the sealing strategy demonstrated organ-specific protective effects—providing core preventive efficacy for high-risk pulmonary biopsies (overall intervention rate 2.38%), offering prophylactic protection for low-risk sites like liver (zero complications in 34 cases), while significantly reducing rectal bleeding risk in prostate biopsies (0% in current cohort vs 10.0% in literature). The technique ultimately reduced overall complication rates to 4.6% in the full cohort, significantly lower than both the OPC benchmark of 38.8% and literature-reported complication rates for malignant tumor biopsies (12.1-18.3%), providing an innovative and clinically feasible solution for optimizing perioperative safety management in tumor interventional procedures.

Previous studies have conclusively demonstrated the significant complication-preventive value of gelatin sponge tract sealing technology in multi-organ biopsy procedures, with its core mechanism relying on establishing a multi-level protective system through the synergistic effects of physical embolization and biochemical agents. In the field of pulmonary biopsy, multiple large-scale retrospective studies (10, 14) have shown that gelatin sponge sealing can reduce pneumothorax incidence by over 50% (from 39% to 17.1%, p < 0.001), with particularly notable benefits for emphysema patients (OR = 3.50), while needle tract length showed significant positive correlation with pneumothorax risk (OR reaching 4.36 for paths >20mm). Contrasting with conventional gelatin sponge sealing, our dual-mechanism approach (gelatin sponge + hemocoagulase) achieves substantially greater risk reduction, lowering intervention-requiring pneumothorax to 2.38%—an 86.4% improvement over historical baselines. This underscores the synergistic advantage of biochemical coagulation enhancement beyond mere mechanical occlusion. For abdominal organ biopsies, this technology demonstrates more comprehensive protective effects: gelatin sponge-hemocoagulase composites achieved zero hemorrhage in splenic biopsies (20); pediatric liver biopsies (21, 22) maintained 100% technical success rates while keeping transfusion requirements at an ultralow 0.25%, significantly outperforming conventional methods. Crucially, while prior gelatin sponge techniques relied on passive hemostasis, our hemocoagulase integration actively counteracts tumor-associated hyperfibrinolysis—validated by the 87.9% subclinical conversion rate of imaging abnormalities in pulmonary cases. Particularly noteworthy are its breakthroughs in special populations: for infants <10kg (21), safety outcomes (1.5% complication rate) matched adult standards; among children with coagulation disorders (22), percutaneous approaches combined with gelatin sponge sealing yielded ≤3.3% complication rates, providing a reliable option for these high-risk cases. Our D-dimer-stratified dosing further refines this paradigm, mitigating hemorrhage risk from 41.7% to 5.6% (P = 0.001), a precision control unattainable with traditional sponge sealing. Technical optimization research highlights three critical parameters requiring focused attention: sealing agent dosage, puncture depth, and patient coagulation status, offering clear guidance for personalized protocol development. Furthermore, cost-effectiveness analyses reveal the technique’s material costs amount to merely 12% of interventional embolization procedures while reducing operation time by 66%, demonstrating substantial health economic advantages. Notably, the dual-agent protocol adds only $8.50 per case versus conventional sealing, with time savings (mean 11 minutes) offsetting any cost concerns. Together, this evidence constructs a complete value chain from basic research to clinical translation for gelatin sponge sealing technology, providing evidence-based medical support for standardized safety management in biopsy procedures.

Previous studies exhibited four key limitations: (1) restricted organ coverage with predominantly single-organ evaluations lacking multi-system validation; (2) insufficient mechanistic depth by ignoring tumor microenvironment influences (e.g., coagulation-fibrinolysis imbalance) without establishing personalized dosing models; (3) inadequate dynamic monitoring that only recorded final complication rates while overlooking radiographic-to-clinical conversion patterns; and (4) insufficient special population considerations with small coagulopathy cohorts and absent allergy-risk mitigation protocols—collectively confining the technology to empirical application levels inadequate for precision medicine demands. This study systematically addresses these gaps through four innovations: (1) multi-organ validation across 8 organ types (lung, liver, prostate, etc.) confirming hybrid sealant efficacy for high-risk sites; (2) tumor microenvironment-guided personalization via breakthrough recognition of coagulation paradox (high D-dimer + platelets) bidirectional effects—implementing stratified dosing (>2 mg/L: +0.4 ml/cm³) to reduce high-hemorrhage-risk group complications from 41.7% to 5.6% while establishing a D-dimer dosing model (Table 4); (3) dynamic outcome monitoring revealing three-tier protection (87.9% imaging abnormalities stabilized subclinically) and defining cascade interception pathways (“tract hemorrhage → peritumoral bleeding → pneumothorax”) for early warning; and (4) optimized protocols for special populations including 24-hour monitoring for coagulopathy (PT >12 s group) reducing delayed bleeding to 1.8%, plus innovative localized thrombin slow-release technology eliminating systemic allergy risks—collectively achieving a 2.4% intervention-requiring complication rate that advances biopsy sealing from “empirical practice” to a “precision-regulated” paradigm.

While this study demonstrates notable breakthroughs in tract-sealing innovation and mechanistic exploration, several important limitations warrant consideration: the single-center origin of samples (87 predominantly elderly male pulmonary biopsy cases potentially limiting generalizability, particularly requiring further validation in younger patients, small lesions [<1 cm], and female populations) and inherent shortcomings of the single-arm design (absence of randomized controls possibly introducing selection bias, such as the exclusion of lesions <1 cm leaving the protective effect for small lesions unverified); Furthermore, while the use of historical literature controls provides a clinical risk reference background, variations in operator experience across different centers (such as puncture path planning techniques) may still introduce uncontrollable comparative bias. Technical standardization challenges reflected in the manual cutting of gelatin sponge particles (1 mm³) relying on operator experience without an automated preparation protocol, and unoptimized hemocoagulase mixing ratios (0.5 KU/1.5 ml) due to absent dose-gradient experiments; insufficient validation of key mechanisms as the D-dimer stratification model (>2 mg/L group: +0.4 ml/cm³) relied solely on observational data without dynamic monitoring of coagulation molecular markers (e.g., thrombin-antithrombin complexes); unresolved long-term safety concerns including unassessed systemic thrombosis risks in hyperfibrinolytic patients (13.8% with D-dimer >2 mg/L) after local procoagulant injection (follow-up ≤24 hours); unexcluded pathological interference risks, particularly whether intratumoral sealant injection affects genetic testing results (e.g., gelatin sponge residues interfering with NGS sequencing); additionally, sparse organ-specific data (mediastinum: 3 cases) weaken evidence for “organ-specific protective effects,” while bone biopsies lacked distinction between osteolytic/osteoblastic lesions regarding sealant absorption differences. These limitations indicate that current conclusions require further validation through multicenter RCTs (especially including coagulopathy subgroups) and long-term follow-up.

Based on the innovative findings and existing limitations of this study, future research should focus on advancing the following directions: (1) The primary task is to address technical standardization by developing intelligent sealing systems to overcome current bottlenecks (e.g., creating pre-mixed lyophilized formulations of gelatin sponge-hemocoagulase or automated cutting/packaging devices to eliminate manual operation errors, or adopting standardized preparations such as Gelfoam gelatin sponge particles combined with hemocoagulase); (2) The second priority is expanding clinical validation through multicenter stratified RCTs (organ/coagulation status-based sampling), specifically including coagulopathic patients and small lesions (<1 cm) to verify the generalizability of the D-dimer dosing model; (3) Deepening mechanistic research by dynamically monitoring coagulation molecular profiles to analyze the pharmacokinetics of sealants in tumor microenvironments, while establishing long-term follow-up systems (≥3 months) to assess systemic thrombosis risks in hypercoagulable states; (4) Ultimately constructing health economic models to calculate cost thresholds based on complication reduction benefits (e.g., decreased chest drainage expenses) and material cost optimization (e.g., hemocoagulase dose titration), providing evidence-based support for healthcare policy decisions.




5 Conclusion

The gelatin sponge-hemocoagulase composite significantly reduces CT-guided biopsy complications through dual mechanical-coagulation mechanisms, establishing a universally applicable, precision-stratified safety protocol.
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1 INTRODUCTION
Cancer Immunotherapy and Immunomonitoring (CITIM) turned sixteen in Bucharest, where the eighth International Conference was held from March 30 to 4 April 2025. The event remained true to CITIM’s credo: advancing the frontiers of cancer immunotherapy and immunomonitoring in Eastern European countries by bringing together world leaders in the field and sharing knowledge with the next-generation of researchers.
Romania was chosen as the venue due to its recent strides in integrating cancer immunotherapy into clinical practice, with several thousand successful patient cases already recorded. The meeting, organized by CITIM President Prof. Rostyslav Bilyy under the auspices of two leading Romanian research institutions—The Institute of Cellular Biology and Pathology “Nicolae Simionescu” and The Romanian Society of Immunology—delivered CITIM’s boldest scientific programme to date.
Over 4 days, more than 100 participants engaged in 10 scientific sessions, four plenary lectures, and over 20 invited talks, all centered on one revolutionary message: next-generation immunotherapy must integrate neuroimmune signaling, metabolic rewiring, myeloid complexity, neutrophil dynamics, and advanced antigen-delivery technologies. The future lies in the intelligent combination of immunotherapy with radiation, chemotherapeutics, and vaccines to achieve more precise and effective cancer treatments.
Below is a summary of key perspectives and findings in cancer immunotherapy and immunomonitoring, based on research presented at CITIM-2025.
2 NEURO-METABOLIC-IMMUNE REGULATION: EXPANDING THE MIND-BODY-CANCER CONNECTION
The integration of neuroscience and immunology, first introduced at the inaugural CITIM meeting (Umansky et al., 2009) in 2009, reached an unprecedented level of sophistication at CITIM-2025. Speakers presented compelling evidence that cancer progression is driven by complex, bidirectional communication between the nervous and immune systems. This emerging interdisciplinary field holds the potential to revolutionize our understanding of how psychological stress, autonomic dysregulation, and neuroinflammation contribute to tumor development and resistance to therapy.
A highlight of the conference was the plenary lecture by Prof. Tak W. Mak, which offered a conceptual framework linking metabolic mutations with neuronal mediators that directly influence T cell fate. His group’s research demonstrated that isocitrate dehydrogenase mutations—prevalent in gliomas and acute myeloid leukemia—lead to the production of the oncometabolite 2-hydroxyglutarate (Gross et al., 2010), which profoundly alters both cellular metabolism and the epigenetic landscape. Even more remarkably, his team revealed recent findings that neurotransmitters such as acetylcholine and norepinephrine act as direct immunomodulators, affecting T cell differentiation, activation, and memory formation via specific receptor-mediated pathways. These findings suggest critical roles for neuroimmune interactions not only in infection and autoimmunity but also in cancer initiation and progression (Mak, 2025).
Prof. Michael Shurin, one of the co-founders of CITIM, presented a comprehensive analysis of Schwann cell biology, positioning these peripheral nervous system cells as key orchestrators of tumor immune evasion. Traditionally known for their roles in nerve function and regeneration, Schwann cells have now emerged as active players in shaping immunosuppressive tumor microenvironments. Upon infiltrating tumors, Schwann cells undergo phenotypic reprogramming that enhances their capacity to recruit and activate myeloid-derived suppressor cells (MDSCs), regulatory dendritic cells, and regulatory T cells (Tregs), while simultaneously promoting tumor cell invasiveness. Importantly, Schwann cell-derived exosomes enriched in microRNA-21-5p were shown to directly target tumor cells, leading to the upregulation of genes associated with epithelial-mesenchymal transition and increased metastatic potential (Shurin, 2025). The contact dependent and independent effects in interactions between Schwann cells and metastatic breast carcinoma was reported by Nuray Erin (Erin, 2025).
Jonathan Weiss’s work on metabolic reprogramming revealed how targeting specific metabolic pathways could overcome immunosuppression in the tumor microenvironment. His research focused on itaconate, a metabolite highly upregulated in tumor-associated macrophages, which promotes fatty acid oxidation and mitochondrial reactive oxygen species generation that facilitate tumor growth (Weiss et al., 2025). While Luca Vannucci’s work focused on targeting the tumor immune microenvironment with nano-therapies and patient-tailored treatments, highlighting how interactions between cancer cells, tissue components, and the immune system determine tumor evolution and influence treatment efficacy (Vannucci et al., 2025).
Opinion: The evidence points toward cancer as a neuro-immune-metabolic syndrome requiring integrated therapeutic approaches.
3 CHRONIC INFLAMMATION AND TUMOR TOLERANCE ARE SMOLDERING FIRES THAT IGNITE MALIGNANT GROWTH
Chronic inflammation greatly contributes to the relocation of immune system’s attention and allowing the tumors to escape from strict control, while continuous exposure to tumor leads to tumor tolerance. Tolerance reversal—once relegated to autoimmune disease research—emerged as a central theme throughout CITIM-2025, with speakers demonstrating how tumors systematically delete, subvert, and rewire immune recognition mechanisms. The complexity extends far beyond simple antigen presentation defects, encompassing sophisticated cellular networks that actively maintain immune ignorance. The idea that tumor is already tolerated by the host, and the only way to treat cancer is to break the tolerance was proposed in lectures of M. Herrmann, R. Alon, M. Elkabetz.
Prof. Adit Ben-Baruch’s presentation on TNFα networks revealed the tight connection between chronic inflammation and cancers, particularly in triple-negative breast cancer. Her work demonstrated that continuous TNFα presence creates chronic tumor inflammation that fundamentally alters tumor growth and metastasis potential. Unlike TNFR1, which primarily mediates pro-inflammatory responses, TNFR2 showed context-dependent effects. In triple-negative subtype of breast cancer, high TNFR2 expression on tumor-infiltrating lymphocytes (TIL) correlated with improved patient prognosis, while TNFR2+ tumor cells showed reduced metastatic potential. This suggests that TNFR2 preserves anti-tumor immune function even in inflammatory environments, making it an attractive therapeutic target for preserving beneficial immune responses while blocking harmful inflammation. The author proposed that TNBC patients should be treated by TNFR1-specific modalities, while sparing TNFR2 (Ben-Baruch, 2025).
Elena Voronov’s presentation detailed the involvement of tumor cell-associated IL-1α in the progression and metastasis of breast carcinoma in mice. Her work also touches on how the microbiota in colitis influences the crosstalk with MDSCs, which acts as a predisposing factor for colitis-associated colorectal cancer (Machluf-Kaz et al., 2025).
The differences in CD8 and CD4 antigens towards tumor antigens NY-ESO-1, Melan-A, MAGE-A3 and survivin in context of melanoma treatment was reported by Graham Pawelec (Pawelec, 2025). Paul Lehmann and Greg Kirchenbaum, representing CTL - a partner and general sponsor of CITIM, presented on how multiplexed ImmunoSpot assays enable detailed assessment of antigen-specific B cell frequency, class usage, and functional affinity. Complex interplay between dendritic and T-cells in tumor draining lymph nodes was demonstrated by Ronen Alon (Levi et al., 2025). Genome-wide levels of acetylation of the lysin 27 in histone 3 (H3K27ac) positively correlated with immune-related signature indicating inflamed tumor microenvironment and inversely correlated with survival, as reported by Andreas Lundqvist (Cruz De los Santos and Lundqvist, 2025).
Opinion: Strict control of chronic inflammation is a pre-requisite to manage tumor growth, progression and metastases. Reversal of tumor tolerance is a need for effective destruction of tumors.
4 COMPLEXITY OF MDSC CELLS: UNRAVELING HETEROGENEITY AND THERAPEUTIC WINDOWS
Myeloid-derived suppressor cells (MDSCs) emerged at CITIM-2025 as one of the most complex and therapeutically challenging components of tumor immunology. Rather than representing a uniform immunosuppressive population, MDSCs comprise a highly heterogeneous group of cells with distinct ontogenies, activation states, and functional properties that vary significantly depending on tumor type, anatomical location, and disease stage.
In his plenary lecture, Prof. Viktor Umansky—one of the co-founders of CITIM—outlined two primary mechanisms underlying MDSC generation: impaired myeloid differentiation driven by soluble inflammatory mediators, and the active conversion of mature myeloid cells into suppressive phenotypes. His work in melanoma models demonstrated that tumor-derived extracellular vesicles enriched with HSP90, S100A8/A9, and HMGB1 can directly reprogram mature myeloid cells into functional MDSCs, revealing a previously underappreciated source of immunosuppression (Umansky, 2025).
Prof. Michal Baniyash further expanded this framework by examining MDSC–bacteria interactions in colitis-associated colorectal cancer. Her group showed that MDSCs recruited to chronically inflamed intestinal tissues—such as those seen in inflammatory bowel disease—exhibited enhanced suppressive function. Engulfment of bacteria by these MDSCs activated suppressive gene programs while promoting the release of inflammatory signals that recruited additional MDSCs. This establishes a pathological feedback loop, whereby microbial stimuli sustain both MDSC accumulation and their immunosuppressive activity, ultimately exacerbating tissue disruption and increasing the risk of inflammation-associated carcinogenesis. Targeting this MDSC–microbiota crosstalk was proposed as a strategy to attenuate cancer progression driven by chronic inflammation (Baniyash, 2025).
Opinion: MDSCs are intimately linked to cancer-associated systemic inflammation. Their remarkable functional plasticity positions them as promising targets for reprogramming-based therapies aimed at dismantling tumor-induced immunosuppression.
5 NEUTROPHILS AND NETS IN CANCER: A CRITICAL FRONTIER IN TUMOR IMMUNITY
The role of neutrophils and neutrophil extracellular traps (NETs) in cancer emerged as one of the most dynamic and therapeutically relevant topics at CITIM-2025. Three keynote presentations—by Martin Herrmann, Jadwiga Jablonska, and Zvi Fridlender—collectively established neutrophils as central orchestrators of both tumor progression and immune dysfunction, while simultaneously revealing their potential as therapeutic targets.
Martin Herrmann’s comprehensive analysis of NET formation and function provided the foundational understanding of how these structures contribute to cancer pathogenesis. NETs, composed of decondensed chromatin decorated with histones and antimicrobial proteins, were originally discovered as host defense mechanisms against pathogens. However, Herrmann’s work revealed their dark side in cancer biology. NETs display multiple tumor-modifying features that fundamentally alter cancer progression. They create “sticky” scaffolds in the bloodstream that promote metastatic cell adhesion and growth, while simultaneously degrading extracellular matrix components to facilitate tumor invasion. Perhaps most concerning, NETs stimulate neo-angiogenesis, shield cancer cells from immune attack, and promote immunosuppressive environments that favor tumor progression. Crucially, Herrmann demonstrated that NET aggregates, formed in high neutrophil density environments, can persist for months or years while accumulating additional inflammatory mediators like complement and fibrin. In certain locations, these aggregates undergo calcification, creating chronic inflammatory foci that continuously stimulate tumor progression. This persistence explains why neutrophil infiltration correlates with poor prognosis across multiple cancer types (Dölling et al., 2025).
Jadwiga Jablonska’s pioneering work on neutrophil-specific STAT3 targeting revealed the therapeutic potential of reprogramming neutrophils from tumor-promoting to tumor-suppressing phenotypes. Her research demonstrated that STAT3 signaling in neutrophils drives their acquisition of immunosuppressive functions, and that selective STAT3 inhibition could reverse this process (Jablonska, 2025).
Zvi Fridlender’s investigation of NET-immune cell interactions revealed unexpected complexity in neutrophil-mediated immune regulation. His team discovered that neutrophils from lung cancer patients produce smaller amounts of NETs compared to healthy donors, but these cancer-associated NETs retain potent biological activities that influence both tumor cells and immune responses. NETs enhanced T cell activation through mechanisms that were partially DNA-dependent for CD8 T cells. Involvement of additional metabolic pathways for CD4 and CD8 T cells was reported suggesting that NETs function as complex signaling platforms that integrate multiple activation pathways (Al-Sharif et al., 2025).
Opinion: The evidence supports the relevance of neutrophil-targeted combination therapies that could include selective STAT3 inhibitors, optimized NET modulators, and neutrophil reprogramming agents.
6 NOVEL APPROACHES TO TARGET IMMUNITY WITH RADIATION AND CHEMICALS: ENGINEERING IMMUNE SYNERGY
The integration of radiation therapy with immunotherapy reached new levels of sophistication at CITIM-2025, with speakers demonstrating that radiation should be viewed not merely as a tumor-killing modality but as a programmable immune stimulus capable of generating antigen, adjuvant, and favorable microenvironmental changes simultaneously.
Udo Gaipl’s lecture established the conceptual framework by demonstrating how radiation dose, dose rate, fractionation, and timing can be precisely calibrated to generate optimal immune responses. His work on FLASH radiotherapy—ultra-high dose rate radiation delivery—revealed that temporal aspects of radiation delivery fundamentally alter immune consequences. FLASH protocols generated strong immunogenic cell death signals while minimizing normal tissue immunosuppression, creating therapeutic windows previously thought impossible (Gaipl, 2025).
Yona Keisari’s presentation on Diffusing Alpha-emitters Radiation Therapy (DaRT) exemplified next-generation approaches to radio-immunotherapy integration. This novel approach delivers radioactive sources directly into tumors, creating controlled ablation zones that generate massive antigen release combined with danger signal production. Unlike external beam radiation, DaRT creates sustained antigen availability over days to weeks, providing prolonged immune stimulation that promotes memory T cell formation (Keisari, 2025).
Klaus Spohr’s innovative work on immunotherapy-supported Boron Neutron Capture Therapy represented a paradigm shift toward immune cell-delivered radiation. His team developed methods to load immunocompetent cells with boron nanoparticles, effectively creating “cellular radiopharmaceuticals” that selectively deliver radiation to tumor sites. This approach combines the targeting specificity of immune cell trafficking with the precision of nuclear medicine (Spohr et al., 2025).
Rostyslav Bilyy’s work on reversible thiol binder demonstrated how chemical agents can be designed to simultaneously kill cancer cells and stimulate immune responses. This compound selectively accumulates in cancer cell lysosomes, increases reactive oxygen species production, and triggers lysosomal disruption leading to immunogenic cell death. The resulting immune activation proved sufficient to generate long-term anti-tumor immunity in animal models (Arkhypov et al., 2025).
Perspective: The field is transitioning from simple combination approaches to engineered immune-radiation/chemical synergy. The goal is creating programmable immune activation were radiation and chemicals function as precision tools for immune system education and activation.
7 NOVEL VACCINE APPROACHES: FROM PRECISION TARGETING TO MULTI-MODAL ACTIVATION
Cancer vaccination strategies presented at CITIM-2025 revealed a sophisticated evolution beyond traditional peptide-based approaches toward complex, multi-component systems designed to simultaneously engage multiple immune pathways while overcoming established tolerance mechanisms.
Angel Porgador’s plenary presentation on current immunotherapy status established the conceptual challenges facing cancer vaccination (Porgador, 2025). Michael Nishimura in his lecture summarized currently used CAR, TCR and TIL therapies, with a special attention paid to CD19 CAR T cells’ use in clinical setting (Nishimura, 2025).
Sjoerd van der Burg’s groundbreaking work on TEIPP vaccination (T cell epitopes associated with impaired peptide processing) exemplified next-generation antigen selection strategies. TEIPP antigens are generated by defective proteasomal processing in cancer cells, creating neo-epitopes that are absent from normal tissues. This approach salvages immunotherapy responses in checkpoint inhibitor-resistant lung cancer by targeting antigens that remain available even when classical MHC class I presentation is compromised. TEIPP vaccination showed efficacy in patients who had failed conventional immunotherapy, suggesting that antigen selection strategies could overcome resistance mechanisms (Emmers et al., 2025).
Flavio Salazar-Onfray’s presentation on TRIMELVax demonstrated how vaccination strategies could harness innate immune system activation to drive adaptive responses. This melanoma vaccine combines heat shock-conditioned cancer cell lysates with mollusk hemocyanin adjuvant, creating a complex antigenic mixture that rapidly induces neutrophil-driven inflammation and subsequent dendritic cell activation (Salazar-Onfray, 2025).
Moshe Elkabets presented research on the development of an AXL/PD-1 Bi-specific-Cell-Engager that targets AXL and PD1 (BiCE AXL/PD1) and increase the interaction between the AXL-expressing tumor cell and CD8+ T cells resulting in enhanced anti-tumor lytic activity of the T cells against AXL-expressing tumor cells (Yegodayev and Elkabets, 2025).
Anahid Jewett’s presentation on NK101 supercharged NK cells represented a paradigm shift toward cellular vaccination approaches. Rather than simply providing antigens for T cell recognition, this strategy involves ex vivo activation and expansion of natural killer cells that are subsequently reinfused to provide immediate anti-tumor activity while potentially priming adaptive immune responses (Jewett, 2025).
Opinion: The most promising approaches to cancer treatment will likely combine antigen diversity with innate immune activation and tolerance-breaking strategies. Success will require personalized antigen selection guided by individual patient immune profiles and tumor characteristics.
8 PROGRESS IN TUMOR IMMUNOLOGY AND MONITORING FROM ROMANIAN RESEARCH CENTERS
One of the defining strengths of the CITIM conference lies in its ability to unite internationally renowned scientists with leading local researchers, fostering an environment of cross-border collaboration and mutual inspiration. This year’s meeting exemplified that mission by bringing together representatives from 11 Romanian research institutions, highlighting Romania’s growing leadership in the field of cancer immunotherapy. Experts from key academic and clinical centers—including Bucharest, Cluj-Napoca, Măgurele, and Timişoara—played an active role not only as participants but also as speakers, session chairs, and contributors to high-level scientific discussions. Their strong presence ensured that CITIM-2025 was not only a platform for global exchange but also a catalyst for national capacity-building in cancer immunology.
Livia Sima’s groundbreaking work on tissue transglutaminase (TG2) in ovarian cancer revealed how stromal proteins can function as immunomodulatory targets. Her research demonstrated that TG2 expression in cancer-associated fibroblasts (CAFs) correlates inversely with CD8+ T cell infiltration in human ovarian cancer samples. Using TG2 knockout mouse models, her team showed that TG2 deletion in the host significantly reduced tumor burden and increased survival, accompanied by enhanced CD8+ T cell infiltration and activation (Sima et al., 2025).
Manuela Banciu’s comprehensive investigation of tumor microenvironment rewiring through lipid nanoparticles demonstrated how nanotechnology approaches could simultaneously target multiple cellular components. Her team developed simvastatin-loaded long-circulating liposomes (LCL-SIM) that showed natural tropism for tumor-associated macrophages while delivering therapeutic payloads to reshape the immune landscape (Patras et al., 2025). While Agata Mlynska, representing previous CITIM host country–Lithuania - reported the deciphering of immune tumor subtypes through profiling of their microenvironment (Mlynska et al., 2025).
Monica Neagu’s work provided insights into genetic and epigenetic traits in cutaneous melanoma, aiming to identify new therapy targets by evaluating genetic alterations in the EGFR-RAS-RAF pathway (Neagu et al., 2025). Their group also explored the impact of adipokines and gut microbiome on melanoma outcomes and the anti-tumor effects of TLR7/8 agonists on NK cells in melanoma models.
Opinion: The CITIM platform has proven to be an exceptional forum for the exchange of ideas between international experts and local institutions leading to long-lasting collaborative projects.
9 PERSPECTIVES AND LIMITATIONS
Based on the experience gained through the CITIM conferences and numerous discussions with scientists, clinicians, and policymakers from various countries, we have identified key scientific and policy-related barriers that must be addressed to successfully integrate immunomonitoring and cancer immunotherapy into standard clinical practice in developing regions.
Scientific barriers:
	a. Lack of local training and expertise. Established research centers in countries with a developed cancer immunotherapy landscape can serve as excellent training hubs. However, they should adopt a structured policy that ensures trained personnel return to their home institutions and continue building local capacity rather than remaining centralized.
	b. Limited infrastructure. Insufficient access to advanced equipment and facilities remains a major challenge. This barrier can be partially overcome by consolidating and sharing existing resources among multiple institutions working toward a common goal.
	c. Absence of standardized protocols and biobanking. Non-standardized immunomonitoring protocols, lack of harmonized data management, and limited biobanking capacity hinder progress. These challenges can be addressed through structured support and mentoring from countries that have already established these systems. Similar solutions apply to issues related to licensing, access to novel cell lines, and intellectual property (IP) rights.

Policy-related barriers:
	a. High costs of immunotherapy. Initially, the cost of treatments such as CAR-T therapy reached approximately USD 1 million per patient. The introduction of point-of-care manufacturing models has significantly reduced costs, with current prices reported at USD 97,000 in Spain and USD 30,000 in Brazil (Hildreth, 2025). While these reductions are encouraging, costs remain a critical barrier for most low- and middle-income countries.
	b. Regulations and reimbursement policies. The lack of national treatment guidelines, regulatory frameworks, and state or insurance-based reimbursement mechanisms limits the adoption of immunotherapy. To overcome this barrier, active involvement of decision-making stakeholders from developing countries is essential—a process already initiated within CITIM activities.

Strengthening local research networks is a prerequisite for overcoming both scientific and policy challenges. Such networks should bring together oncologists, immunologists, and healthcare professionals to promote the sustainable development of cancer immunotherapy. A successful example is the coordination initiative in Lithuania, led by CITIM co-organizer Vita Pašukonienė, which demonstrates how collaboration can accelerate progress.
Similar networks are needed in every country. We strongly encourage CITIM participants and all interested parties to build bridges by engaging with local oncology and immunology societies—which are present in most Eastern European countries—and to organize joint events in the coming year. These interactions will reveal numerous shared challenges and opportunities for collaboration. Such initiatives can serve as a starting point for involving policymakers, ultimately addressing the most pressing limitations to implementing immunotherapy in clinical practice.
10 SUMMARY
Recent findings clearly demonstrate that immune regulation is a fundamental component of tumor development. Effective cancer treatment is nearly impossible without a comprehensive understanding of the complex interactions between tumors and the immune system—including direct cell-cell contact, metabolic crosstalk, cytokine signaling, and other factors shaping the tumor microenvironment. In his concluding lecture, Prof. Isaac Witz introduced the concept of the “Cancer Ecosystem”, emphasizing the integrated nature of these interactions. He not only summarized key advances in our understanding of cancer–immune system dynamics but also underscored the vast number of unanswered questions that continue to challenge the field. (Witz, 2025).
Recent advances in targeted anti-tumor cell therapies, novel anti-cancer vaccine strategies, and combination treatments with radio- and chemotherapy designed to enhance immunogenicity—along with the development of tumor- and immune-specific delivery systems—have significantly increased our ability to combat cancer more effectively.
Bringing together leading scientists through platforms like CITIM has proven to be a highly effective strategy for advancing knowledge, particularly in countries where cancer immunotherapy and immunomonitoring are only beginning to be integrated into standard clinical practice. As demonstrated by CITIM, such meetings not only raise general awareness of the immune system’s critical role in cancer development but also foster productive, long-term collaborations that often lead to novel and impactful scientific discoveries.
AUTHOR CONTRIBUTIONS
RB: Writing – original draft, Writing – review and editing, Resources, Conceptualization, Funding acquisition, Project administration.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The work of RB was supported by the European Union – NextGenerationEU and the Romanian Government through the National Recovery and Resilience Plan, Component 9 - Investment 8, HeartCure project, Financing Contract no. 760063/23.05.2023, CF93/15.11.2022.
ACKNOWLEDGMENTS
CITIM thanks to their constant sponsor and partners – CTL (Cellular Technology Limited), and specifically Dr. Paul V. Lehmann and Dr. Greg Kirchenbaum.
CONFLICT OF INTEREST
The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
GENERATIVE AI STATEMENT
The author(s) declare that Generative AI was used in the creation of this manuscript. During the preparation of this work, the author used ChatGPT-4.1 in order to enhance text readability and length. After using this tool/service, the author reviewed and edited the content as needed and takes full responsibility for the content of the published article.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Al-Sharif, N., Qaisi, M., Kaisar, N., Padawer, D., Bohana, O., Volman, Y., et al. (2025). Neutrophil extracellular Traps (NETs) in cancer and beyond. South East Eur. J. Immunol. 8, 036. doi:10.3889/seejim.2025.6097

	Arkhypov, A., Klemt, I., Bila, G., Attia, D., Chernii, S., Bilyy, R., et al. (2025). Targeting lysosomal thiols for immunogenic cancer cell death. Angew. Chem. Int. Ed. 64, e202417509. doi:10.1002/anie.202417509

	Baniyash, M. (2025). Immune landscape in chronic inflammation: complications and risks. South East Eur. J. Immunol. 8, 031. doi:10.3889/seejim.2025.6092

	Ben-Baruch, A. (2025). Partners in crime: tnfα-based networks promoting cancer progression. South East Eur. J. Immunol. 8, 026. doi:10.3889/seejim.2025.6087

	Cruz De los Santos, M., and Lundqvist, A. (2025). Epigenetic modulation drives inflammatory responses in sarcoma. South East Eur. J. Immunol. 8, 042. doi:10.3889/seejim.2025.6104

	Dölling, M., Schauer, C., and Herrmann, M. (2025). The role of NETs and their aggregates in disease. South East Eur. J. Immunol. 8, 038. doi:10.3889/seejim.2025.6099

	Emmers, M., Welters, M. J. P., Dietz, M. V., Santegoets, S. J., Boekesteijn, S., Stolk, A., et al. (2025). TEIPP-Vaccination in checkpoint-resistant non-small cell lung cancer: a first-in-human phase I/II dose-escalation study. Nat. Commun. 16, 4958. doi:10.1038/s41467-025-60281-8

	Erin, N. (2025). Interactions between Schwann cells and metastatic breast carcinoma: contact-dependent and independent effects. South East Eur. J. Immunol. 8, 035. doi:10.3889/seejim.2025.6096

	Gaipl, U. S. (2025). New concepts and challenges in radio-immunotherapies. South East Eur. J. Immunol. 8, 037. doi:10.3889/seejim.2025.6098

	Gross, S., Cairns, R. A., Minden, M. D., Driggers, E. M., Bittinger, M. A., Jang, H. G., et al. (2010). Cancer-associated metabolite 2-hydroxyglutarate accumulates in acute myelogenous leukemia with isocitrate dehydrogenase 1 and 2 mutations. J. Exp. Med. 207, 339–344. doi:10.1084/jem.20092506

	Hildreth, C. (2025). Ways to curb the sky-high costs of CAR-T cell therapy. Available online at: https://bioinformant.com/ways-to-curb-the-sky-high.

	Jablonska, J. (2025). Targeting STAT3 in neutrophils alters their immunoregulatory activity in cancer. South East Eur. J. Immunol. 8, 039. doi:10.3889/seejim.2025.6101

	Jewett, A. (2025). First in human clinical Study demonstrating the safety and efficacy of NK101 (supercharged NK cells) in the treatment of patients with cancer. South East Eur. J. Immunol. 8, 040. doi:10.3889/seejim.2025.6102

	Keisari, Y. (2025). Tumor destruction in situ as a tool to trigger a robust anti-tumor immune response. South East Eur. J. Immunol. 8, 041. doi:10.3889/seejim.2025.6103

	Levi, N., Kozlovski, S., Kizner, M., Biton, M., and Alon, R. (2025). ICAM-1 on cDC1 promotes the survival of stem-like memory CD8 T cells generated in tumor draining lymph nodes. South East Eur. J. Immunol. 8, 028. doi:10.3889/seejim.2025.6089

	Machluf-Kaz, N., Stalin, S., Barsky, G., Bersudsky, M., Apte, R. N., Moadi, L., et al. (2025). The role of tumor microenvironment IL-1β in Colorectal Cancer. South East Eur. J. Immunol. 8, 053. doi:10.3889/seejim.2025.6117

	Mak, T. W. (2025). Metabolic and neural regulation of immunity and cancer. South East Eur. J. Immunol. 8, 025. doi:10.3889/seejim.2025.6088

	Mlynska, A., Zymantaite, E., Butkute, A., Dobrovolskiene, N., Krasko, J. A., Karaman, O., et al. (2025). Deciphering immune tumor subtypes through microenvironment profiling. South East Eur. J. Immunol. 8, 043. doi:10.3889/seejim.2025.6105

	Neagu, M., Elena-Georgiana, D., Constantin, C., Surcel, M., Munteanu, A., and Zurac, S. (2025). Insights in genetic and epigenetic traits in cutaneous melanoma - new therapy targets. South East Eur. J. Immunol. 8, 044. doi:10.3889/seejim.2025.6106

	Nishimura, M. I. (2025). Lessons learned from using TCR and CAR gene modified T cells for treating cancer patients. South East Eur. J. Immunol. 8, 045. doi:10.3889/seejim.2025.6107

	Patras, L., Sesarman, A., Negrea, G., Dragan, S.-M., Meszaros, M.-S., Licarete, E., et al. (2025). Cancer therapeutic strategies to rewire tumor microenvironment. South East Eur. J. Immunol. 8, 030. doi:10.3889/seejim.2025.6091

	Pawelec, G. (2025). Antigen-specific peripheral immune cell dynamics predicting clinical responses to checkpoint blockade in melanoma. South East Eur. J. Immunol. 8, 047. doi:10.3889/seejim.2025.6109

	Porgador, A. (2025). Immunotherapy of cancer: are we already there?South East Eur. J. Immunol. 8, 048. doi:10.3889/seejim.2025.6110

	Salazar-Onfray, F. (2025). TRIMELVax: a novel innate immune-engaging vaccine for malignant melanoma targeting neutrophil-driven antigen presentation and T-Cell activation. South East Eur. J. Immunol. 8, 050. doi:10.3889/seejim.2025.6113

	Shurin, M. R. (2025). Schwann cells and the neuro-immune axis in the tumour microenvironment. South East Eur. J. Immunol. 8, 023. doi:10.3889/seejim.2025.6086

	Sima, L. E., Chen, S., Cardenas, H., Zhao, G., Wang, Y., Ivan, C., et al. (2025). Tissue transglutaminase as a new immunomodulatory target in ovarian cancer tumor microenvironment. South East Eur. J. Immunol. 8, 058. doi:10.3889/seejim.2025.6127

	Spohr, K. M., Bleotu, G. P., Cristea, M., Doria, D., Ivan, A., Jurca, M., et al. (2025). A new pathway towards immunotherapy-supported radiology for targeted Boron Neutron Capture therapy (BNCT). South East Eur. J. Immunol. 8, 057. doi:10.3889/seejim.2025.6128

	Umansky, V. (2025). MDSCs as major inducers of immunosuppression in melanoma. South East Eur. J. Immunol. 8, 024. doi:10.3889/seejim.2025.6100

	Umansky, V., Malyguine, A., and Shurin, M. (2009). New perspectives in cancer immunotherapy and immunomonitoring. Futur. Oncol. 5, 941–944. doi:10.2217/fon.09.62

	Vannucci, L., Rajsiglova, L., Stakheev, D., Lukac, P., Tenti, P., Sushystskyi, L., et al. (2025). The tumor immune microenvironment as a target for nano-therapies and patient-tailored treatments. South East Eur. J. Immunol. 8, 052. doi:10.3889/seejim.2025.6116

	Weiss, J. M., Palmieri, E. M., Gonzalez-Cotto, M., Bettencourt, I. A., Kurian, S., O’Keefe, B., et al. (2025). Targeting metabolic programming in the tumor microenvironment. South East Eur. J. Immunol. 8, 054. doi:10.3889/seejim.2025.6118

	Witz, I. P. (2025). Cancer ecosystem - quo vadis?South East Eur. J. Immunol. 8, 056. doi:10.3889/seejim.2025.6120

	Yegodayev, K. M., and Elkabets, M. (2025). Development of a AXL/PD-1 BiCE as novel immunotherapy agent. South East Eur. J. Immunol. 8, 034. doi:10.3889/seejim.2025.6095


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Bilyy. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


ORIGINAL RESEARCH

published: 21 October 2025

doi: 10.3389/fonc.2025.1666891

[image: Frontiers: Stamp Date]


Recognition of the novel items for prediction of bone metastasis in colorectal cancer


Min Chen 1, Xuan Wang 1, Shuheng Bai 1, Ning Lan 1, Junyang Wang 2, YanKe Chen 2, Ying Gao 1, WenJuan Wang 3, Xiao Shang 3, Min Jiao 3, Xiangxiang Zhang 1, Wenyang Li 1, Fang Wu 1, Wanyi Liu 1, Fengyuan Hu 1, Ling Chen 4 and Juan Ren 1*


1 Department of Radiotherapy Oncology, the First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China, 2 School of Basic Medical Sciences of Xi’an Jiaotong University, Xi’an, China, 3 Department of Oncology, the First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China, 4 Department of Medical Oncology, the First Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China




Edited by: 

Valentyn Oksenych, University of Bergen, Norway

Reviewed by: 

Payam Behzadi, Islamic Azad University Shahr-e-Qods Branch, Iran

Xuanhong He, Sichuan University, China

Anastassia Serguienko, University of Bergen, Norway

Mengying Xu, Nanjing University, China

*Correspondence: 
Juan Ren
 Ren869491533@qq.com


Received: 19 August 2025

Accepted: 06 October 2025

Published: 21 October 2025

Citation:
Chen M, Wang X, Bai S, Lan N, Wang J, Chen Y, Gao Y, Wang W, Shang X, Jiao M, Zhang X, Li W, Wu F, Liu W, Hu F, Chen L and Ren J (2025) Recognition of the novel items for prediction of bone metastasis in colorectal cancer. Front. Oncol. 15:1666891. doi: 10.3389/fonc.2025.1666891






Objective

To explore whether uric acid (UR), neutrophil/lymphocyte ratio (NLR) and uric acid/albumin ratio (UAR) can predict bone metastasis in colorectal cancer (CRC).





Methods

A single-center retrospective study was conducted studying patients diagnosed with colorectal cancer attending The First Affiliated Hospital of Xian JiaoTong University between January 2016 and December 2021. Patients were categorized into groups with and without bone metastasis. Receiver operating characteristic (ROC) curve analysis assessed the diagnostic accuracy of CRC bone metastases, with subsequent combined ROC curve analysis. Differences among the AUCs were calculated and compared by Delong test. Logistic regression analysis was utilized to assess the impact of these parameters on CRC bone metastasis.





Results

A total of 156 patients (32%) exhibited bone metastases from CRC. In these patients, levels of uric acid (UA), uric acid ratio (UAR), neutrophil-to-lymphocyte ratio (NLR), carcinoembryonic antigen (CEA), carbohydrate antigen 199 (CA199), and carbohydrate antigen 724 (CA724) were significantly elevated. The diagnostic performance of UA, UAR and NLR is surpassed that of traditional colorectal cancer markers. The area under the curve (AUC) for the combination UA, UAR and NLR with colorectal cancer tumor markers was significantly more effective in predicting bone metastasis (P < 0.001) compared to the AUC without this combination. Multiple logistic regression analysis identified UA, NLR and CEA as independent risk factors for bone metastasis in colorectal cancer.





Conclusions

UA, UAR and NLR serve as valuable makers for predicting bone metastases in patients with colorectal cancer. The integration of UA, UAR, NLR, CEA, CA199 and CA724 may enhance the prediction of bone metastases in colorectal cancer.
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Introduction

Colorectal cancer (CRC) ranks as the second deadliest cancer globally, with 1.93 million new cases and 903,859 deaths reported in 2022, according to Global Cancer Data statistics (1). Approximately 3-7% of colorectal cancer patients develop bone metastases (2). Nevertheless, routine follow-up does not include screening for bone metastases in colorectal cancer (3). Diagnosis typically occurs through targeted imaging following the emergence of bone-related events, such as pathological fractures, severe bone pain, or spinal cord compression. Once bone metastasis occurs in colorectal cancer patients, the prognosis is dire, with a 5-year survival rate of less than 5% and a median survival time ranging from 5 to 21 months (4). Furthermore, bone metastases associated with bone-related events significantly impair patients’ quality of life and are compounded by a lack of effective interventions and treatments. Consequently, there is an urgent need for timely, effective and non-invasive monitoring of bone metastases occurrence in colorectal cancer patients.

Serum uric acid (UA), the serum uric acid/serum albumin ratio (UAR), and the neutrophil/lymphocyte ratio (NLR) are biochemical markers that are easily measurable, cost-effective, and non-invasive for patients. UA is the final product of purine metabolism, generated through the oxidation of various purines and subsequently excreted in urine. Increasing evidence suggests that elevated UA levels serve as a risk factor for several cancers by inducing inflammatory responses and oxidative stress (5, 6). Albumin, the principal component of serum protein, reflects nutritional status and cancer aggressiveness and is frequently incorporated into prognostic scoring systems in numerous studies (7). Neutrophils, as key components of white blood cells, significantly contribute to cancer progression and have emerged as independent risk factors for various malignant tumors (8, 9), closely associated with tumor metastasis (10). However, the relationships among UA, UAR and NLR, particularly concerning bone metastasis in colorectal cancer have not been systematically investigated. Therefore, this study aimed to utilize retrospective data to examine the diagnostic utility of UA, UAR and NLR in identifying bone metastasis in colorectal cancer patients, facilitating timely and non-invasive detection to enhance patient quality of life and improve survival rates.





Materials and methods




Participant selection

This study was a single-center, retrospective analysis of patients with colorectal cancer bone metastasis, diagnosed through pathology and who had not received any form of treatment, including surgery, radiotherapy, chemotherapy, molecular targeted therapy, or immunotherapy, at the First Affiliated Hospital of Xi’an Jiaotong University in Shaanxi, China. We utilized hospital records form the First Affiliated Hospital of Xi’an Jiaotong University to identify all patients diagnosed between January 2016 and December 2021. The ICD-10 diagnostic codes C18–20 were employed to extract patient data from the electronic records. A researcher reviewed these hospital records to gather information on gender, age, serum uric acid levels, bone metastasis status, neutrophil/lymphocyte ratio, albumin levels, and the uric acid/albumin ratio among other variables.

Patients were eligible for this study if they satisfied the following criteria:

	A diagnosis of colorectal cancer was confirmed through pathological examination.

	The patient presented for their first visit without any prior treatment, including surgery, radiation therapy, chemotherapy, molecular targeted therapy, or immunotherapy.

	The medical records were complete, including blood routine and biochemical test reports obtained within three weeks prior to the pathological examination.



Patients were excluded if they met any of the following criteria:

	A history of gout or other conditions associated with pathologically elevated uric acid levels.

	The presence of other malignant tumors or platelet-related disorders.

	Severe hepatic or renal insufficiency.

	Recent or long-term use of glucocorticoids.



Our study used retrospective data to screen potential patients based on the inclusion and exclusion criteria confirmed by the initial research design. Then, the patient was divided into bone metastasis group and non-bone metastasis group according to whether there was bone metastasis. Finally, a total of 488 patients were included in this study, of which 156 were in the bone metastasis group and 332 were in the non-bone metastasis group. Therefore, we used the non-bone metastasis group as the negative group and the bone metastasis group as the positive group, and a series of subsequent analyses were also based on this grouping.





Hematology and biochemical index detection

For patients with colorectal cancer bone metastasis who had not received any prior treatment, including anti-tumor therapies such as surgery, radiotherapy, chemotherapy, molecular targeting and immunotherapy, peripheral venous blood was drawn after an 8-hour fasting period. The sample were sent to our hospital’s laboratory for analysis, adhering strictly to the instrument and reagent instructions. The serum uric acid test utilized the JDYFY-SH-YQA-25 instrument and its corresponding reagents. The normal range for serum uric acid in males was 208-428umol/L, while in females, it was 155-357umol/L. The normal values for neutrophil count and lymphocyte count were 1.8-6.3*109/L and 1.1-3.2*109/L, respectively, and the normal range for albumin was 40–55 g/L. Neutrophil count (N) and lymphocyte count (L) were measured using an automated hematology analyzer (BC-6800Plus). The neutrophil/lymphocyte ratio (NLR) was calculated as N/L, and the uric acid/albumin ratio was calculated as UA/Ab.





Diagnostic criteria for bone metastases of colorectal cancer

According to the expert consensus on the Multidisciplinary Comprehensive Treatment of Colorectal Cancer Bone Metastases in China (2020 edition) (11), the diagnosis of colorectal cancer bone metastases must satisfy one of the following two criteria:

	A clinical or pathological diagnosis of colorectal cancer, with a bone lesion biopsy confirming colorectal cancer metastasis;

	A clear pathological diagnosis of colorectal cancer accompanied by typical imaging findings indicative bone metastases.







Statistical analysis

The Kolmogorov-Smirnov test was conducted on the continuous data prior to analysis to assess the normality of the variables. Continuous variables were presented as mean ± standard deviation (SD), while categorical variables were expressed as percentages. The independent sample t-test was employed for continuous variables exhibiting a normal distribution, whereas the Mann-Whitney rank sum test was utilized for data that did not follow a non-normal distribution. Count data were analyzed using the Chi-square test. Correlation analysis was performed using the Spearman method. Multiple logistic regression analysis was applied to identify factors potentially associated with bone metastasis in colorectal cancer. A receiver operating characteristic (ROC) curve and area under the curve (AUC) value were employed to evaluate the sensitivity and specificity of each factor in assessing colorectal cancer bone metastasis. Differences among the AUCs were calculated and compared using the Delong test. All statistical analyses were performed using SPSS version 26 (IIBM Corporation, Armonk, NY). A P-value of less than 0.05 was considered statistically significant.






Results

A total of 488 patients who met the inclusion and exclusion criteria were enrolled in this study (Figure 1). This cohort comprised 364 males (74.6%) and 124 females (25.4%), with 156 patients (32.0%) exhibiting bone metastasis (metastasis group) and 332 patients (68.0%) without bone metastasis (non-metastasis group). Results from the Kolmogorov-Smirnov test indicated that age, UA, UAR, CEA, CA199, CA724 and NLR exhibited non-normal distributions between the two groups (Table 1). Consequently, these data were reported as medians (P25-P75) and compared between groups using the rank sum test. No statistically significant differences were observed in age, gender, albumin, leukocyte and monocyte counts between the two groups. However, levels of CEA, CA199 and CA724 in the bone metastatic group were significantly higher than those in the non-metastatic group (P< 0.001, P = 0.006, P = 0.005). The metastasis group also demonstrated significantly increased absolute UA and decreased absolute albumin, resulting in a significantly elevated UAR (P< 0.001). Additionally, the neutrophil count in the metastasis group was elevated, while the lymphocyte count also increased (P = 0.004, P < 0.001) (Table ​2).

[image: Flowchart depicting patient selection for hospital record screening based on ICD-10 diagnostic codes C18-20. Initially, 951 patients are available. After applying inclusion criteria, 783 remain. Finally, 488 patients are available for analysis, with 295 excluded.]
Figure 1 | Flow chart of patient selection.


Table 1 | Kolmogorov-Smirnov test of measurement data.
	Measurement data
	Group
	Statistical value
	Significance



	Age
	Non-metastasis
	0.059
	0.008


	Metastasis
	0.089
	0.004


	Albumin, g/L
	Non-metastasis
	0.028
	0.2


	Metastasis
	0.064
	0.2


	Globulin, g/L
	Non-metastasis
	0.044
	0.2


	Metastasis
	0.052
	0.2


	Uric acid, umol/L
	Non-metastasis
	0.052
	0.032


	Metastasis
	0.106
	<0.001


	UAR
	Non-metastasis
	0.086
	<0.001


	Metastasis
	0.103
	<0.001


	CEA, ng/mL
	Non-metastasis
	0.435
	<0.001


	Metastasis
	0.442
	<0.001


	CA199, U/mL
	Non-metastasis
	0.303
	<0.001


	Metastasis
	0.405
	<0.001


	CA724, U/mL
	Non-metastasis
	0.379
	<0.001


	Metastasis
	0.405
	<0.001


	Lymphocyte, 109/L
	Non-metastasis
	0.067
	0.001


	Metastasis
	0.178
	<0.001


	Neutrophil, 109/L
	Non-metastasis
	0.166
	<0.001


	Metastasis
	0.118
	<0.001


	NLR
	Non-metastasis
	0.238
	<0.001


	Metastasis
	0.298
	<0.001


	Erythrocyte, 1012/L
	Non-metastasis
	0.342
	<0.001


	Metastasis
	0.09
	<0.001


	Hemoglobin, g/L
	Non-metastasis
	0.086
	<0.001


	Metastasis
	0.153
	<0.001


	Leukocyte, 109/L
	Non-metastasis
	0.121
	<0.001


	Metastasis
	0.114
	<0.001


	Platelet, 109/L
	Non-metastasis
	0.069
	0.001


	Metastasis
	0.079
	0.018


	Monocyte, 109/L
	Non-metastasis
	0.105
	<0.001


	Metastasis
	0.385
	<0.001





UAR, Uric acid to Albumin Ratio; CEA, carcinoembryonic antigen; CA199, carbohydrate antigen 199; CA724, carbohydrate antigen 724; NLR, Neutrophil to Lymphocyte Ratio.




Table 2 | Demographic and laboratory characteristics of patients.
	Characteristics
	Non-metastasis (n=332)
	Metastasis (n=156)
	P-value



	Sex, no. (%)
	 
	 
	0.556


	Male
	245(73.8)
	119(76.3)


	Female
	87(26.2)
	37(23.7)


	Age, years
	61(52-67)
	59(51.3-68)
	0.943


	Albumin, g/L
	37.6 ± 4.6
	37.5 ± 4.7
	0.748


	Globulin, g/L
	25.2 ± 4.1
	26.2 ± 4.0
	0.011


	Uric acid, umol/L
	263.3(215.2-315.1)
	312.1(268.2-378.0)
	<0.001


	UAR
	7.01(5.7-8.5)
	8.58(6.9-10.1)
	<0.001


	CEA, ng/mL
	1.68(3.4-59.7)
	7.12(3.0-109.7)
	<0.001


	CA199, U/mL
	12.88(6.2-207.2)
	26.98(10.5-141.6)
	0.006


	CA724, U/mL
	4.33(1.9-28.8)
	10.1(2.4-34.9)
	0.005


	Lymphocyte, 109/L
	1.47(1.1-2.0)
	0.72(0.4-1.6)
	<0.001


	Neutrophil, 109/L
	3.19(2.4-4.2)
	3.54(2.8-4.7)
	0.004


	NLR
	2.02(1.4-3.3)
	4.23(2.2-8.5)
	<0.001


	Erythrocyte, 1012/L
	4.24(3.8-4.7)
	3.9(3.4-4.4)
	<0.001


	Hemoglobin, g/L
	127(107.0-141.0)
	133(104.3-155.0)
	0.017


	Leukocyte, 109/L
	5.44(4.3-6.8)
	5.51(4.5-6.8)
	0.488


	Platelet, 109/L
	206(162.3-260.0)
	195(140.3-251.5)
	0.025


	Monocyte, 109/L
	0.42(0.3-0.6)
	0.45(0.3-0.6)
	0.083










UA, UAR and NLR can predict more effectively colorectal cancer bone metastases than tumor maker

ROC curve analysis was employed to assess the diagnostic efficacy of various parameters for detecting bone metastasis in CRC. The optimal cut-off values for UA, UAR, NLR, CEA, CA199 and CA724 were determined to be 309.9 (sensitivity 55.1%, specificity 74.1%), 7.69 (sensitivity 62.2%, specificity 66.5%), 4.201 (sensitivity 50.6%, specificity 84.9%), 3.97 (sensitivity 71.2%, specificity 56.2%), 9.975 (sensitivity 76.9%, specificity 39.3%) and 7.79 (sensitivity 56.0%, specificity 60.2%), respectively. The AUC values for UA, UAR, NLR, CEA, CA199 and CA724 in predicting bone metastasis were 0.705 [95% CI: 0.658–0.752, P < 0.001], 0.698 [95% CI: 0.650–0.746, P < 0.001], 0.738 [95% CI: 0.690–0.786, P < 0.001], 0.602 [95% CI: 0.549–0.655, P < 0.001], 0.576 [95% CI: 0.522–0.630, P = 0.007] and 0.578 [95% CI: 0.521–0.635, P = 0.005]. The predictive efficacy of UA, UAR and NLR was found to be comparable to that of established CRC tumor markers (Figure 2). The predicted probabilities for combining CRC markers with UA, UAR and NLR was derived using binary logistic regression. The optimal cut-off values for P1, P2, P3, P4 and P5 were identified as 0.278 (sensitivity 70.5%, specificity 54.3%), 0.248 (sensitivity 80.1%, specificity 51.0%), 0.301 (sensitivity 62.8%, specificity 70.5%), 0.330 (sensitivity 53.8%, specificity 87.1%) and 0.218 (sensitivity 75.0%, specificity 76.0%). The AUC values for P1, P2, P3, P4 and P5 were 0.628 (95% CI: 0.576–0.680, P < 0.001), 0.723 (95% CI: 0.676–0.770, P < 0.001), 0.719 (95% CI: 0.671–0.767, P < 0.001), 0.759 (95% CI: 0.712–0.807, P < 0.001) and 0.825 (95% CI: 0.787–0.863, P < 0.001) (Table 3). As indicated in Table 4, significant differences were observed except for three pairs P2 vs P3, P2 vs P4, P3 vs P4). The similar AUCs of P2 (AUC = 0.723), P3 (AUC = 0.719) and P4 (AUC = 0.759) suggested their equivalent diagnostic accuracy for bone metastasis in CRC. Notably, the combination of UA, UAR, NLR and tumor markers significantly enhanced diagnostic efficacy (Figure ​3; Table 4).

[image: ROC curve for CRC bone metastases showing sensitivity versus 1-specificity. Multiple colored lines represent different markers: UA, UAR, CEA, CA199, CA724, NLR, and a reference line. The graph includes a legend.]
Figure 2 | ROC analysis for the prediction of CRC bone metastasis. AUC indicates the diagnostic power of UA, UAR, NLR, CEA, CA199 and CA724 for bone metastasis.


Table 3 | The ROC curve determined the optimal cut-off values for the diagnostic parameters of bone metastases in colorectal cancer.
	Parameters
	AUC
	95% CI
	Cut-off
	Sen
	Spe
	Youden index
	P value



	UA
	0.705
	0.658-0.752
	309.9
	0.551
	0.741
	0.291
	<0.001


	UAR
	0.698
	0.650-0.746
	7.69
	0.622
	0.665
	0.287
	<0.001


	CEA
	0.602
	0.549-0.655
	3.97
	0.712
	0.562
	0.273
	<0.001


	CA199
	0.576
	0.522-0.630
	9.975
	0.769
	0.393
	0.162
	0.007


	CA724
	0.578
	0.521-0.635
	7.79
	0.56
	0.602
	0.191
	0.005


	NLR
	0.738
	0.690-0.786
	4.201
	0.506
	0.849
	0.355
	<0.001


	P1
	0.628
	0.576-0.680
	0.278
	0.705
	0.543
	0.247
	<0.001


	P2
	0.723
	0.676-0.770
	0.248
	0.801
	0.51
	0.31
	<0.001


	P3
	0.719
	0.671-0.767
	0.301
	0.628
	0.705
	0.333
	<0.001


	P4
	0.759
	0.712-0.807
	0.33
	0.538
	0.871
	0.409
	<0.001


	P5
	0.825
	0.787-0.863
	0.281
	0.75
	0.76
	0.509
	<0.001





AUC, Area under receiver operating characteristics; CI, Confidence Interval; UA, Uric acid; Sen, Sensitivity; Spe, Specificity; P1, Prediction probability obtained by binary logistic regression combining CEA, CA199 and CA724; P2, Prediction probability obtained by binary logistic regression combining CEA, CA199, CA724 and UA; P3, Prediction probability obtained by binary logistic regression combining CEA, CA199, CA724 and UAR; P4, Prediction probability obtained by binary logistic regression combining CEA, CA199, CA724 and NLR; P5, Prediction probability obtained by binary logistic regression combining CEA, CA199, CA724, UA, UAR and NLR.




Table 4 | Comparison of AUC values between any two of the P1-P5.
	
	DBA (95% CI)
	P value



	P1 vs P2
	-0.095 (-0.153, -0.037)
	0.001


	P1 vs P3
	-0.091 (-0.148, -0.034)
	0.002


	P1 vs P4
	-0.131 (-0.188, -0.075)
	<0.001


	P1 vs P5
	-0.197 (-0.252, -0.142)
	<0.001


	P2 vs P3
	0.004 (-0.017, 0.026)
	0.693


	P2 vs P4
	-0.036 (-0.100, 0.027)
	0.264


	P2 vs P5
	-0.102 (-0.141, -0.063)
	0.001


	P3 vs P4
	-0.041 (-0.105, 0.024)
	0.215


	P3 vs P5
	-0.106 (-0.144, -0.068)
	<0.001


	P4 vs P5
	-0.065 (-0.102, -0.029)
	<0.001





DBA Difference between AUCs, AUCs were compared via Delong test.

CI Confidence interval, AUC Area under the curve.



[image: ROC curve graph for CRC bone metastases shows five curves (P1 to P5) plotted against the reference line. Sensitivity is on the y-axis, and 1-specificity is on the x-axis. The curves represent different predictive models with varying performance.]
Figure 3 | ROC analysis for the prediction of CRC bone metastasis. AUC indicates the diagnostic power of prediction probability for bone metastasis. P1: Prediction probability obtained by binary logistic regression combining CEA, CA199 and CA724; P2: Prediction probability obtained by binary logistic regression combining CEA, CA199, CA724 and UA; P3: Prediction probability obtained by binary logistic regression combining CEA, CA199, CA724 and UAR; P4: Prediction probability obtained by binary logistic regression combining CEA, CA199, CA724 and NLR; P5: Prediction probability obtained by binary logistic regression combining CEA, CA199, CA724, UA, UAR and NLR.

The correlation among UA, UAR, NLR and other diagnostic parameters were presented in Table ​5. In patients with CRC, UA and UAR exhibited positive correlations with CEA and CA724 (r = 0.091, 0.102, 0.106 and 0.124, respectively, all P < 0.05). However, no significant correlation was observed between UA and CA199 (P = 0.205). Additionally, NLR demonstrated positive correlations with CEA, CA199 and CA724 (r = 0.122, 0.093 and 0.136, respectively, all P < 0.05).


Table 5 | Correlation between UA, UAR, NLR and diagnostic parameters of bone metastases in colorectal cancer.
	
	Spearman correlation


	UA
	UAR
	NLR



	UA
	 
	0.908**
	0.066


	UAR
	0.908**
	 
	0.086


	NLR
	0.066
	0.086
	 


	CEA
	0.091*
	0.106*
	0.122**


	CA199
	0.05
	0.025
	0.093*


	CA724
	0.102*
	0.124**
	0.136**





*/**Statistically significant. **P-value<0.01; *P-value<0.05.







UA and NLR can be independent risk factors for bone metastasis of colorectal cancer

The diagnostic parameters were categorized based on their optimal cut-off values, resulting in two groups: high and low. Univariate logistic regression analysis revealed that elevated UA (OR: 3.46, 95% CI: 2.321-5.157, P < 0.001), elevated UAR (OR: 3.186, 95% CI: 2.146-4.731, P < 0.001), elevated NLR (OR: 5.786, 95% CI: 3.747-8.937, P < 0.001), elevated CEA (OR: 3.142, 95% CI: 2.088-4.728, P < 0.001), elevated CA199 (OR: 2.174, 95% CI: 1.41-3.348, P < 0.001) and elevated CA724 (OR: 2.178, 95% CI: 1.478-3.209, P< 0.001) were identified as risk factors for colorectal cancer metastasis (Table 4). Furthermore, multivariate logistic regression analysis indicated that elevated UA (OR: 2.73, 95%CI: 1.399-5.328, P = 0.003), elevated NLR (OR: 6.42, 95%CI: 3.914-10.532, P < 0.001) and elevated CEA (OR: 2.365, 95%CI: 1.423-3.93, P = 0.001) were independent risk factors for colorectal cancer bone metastasis (Table 6).


Table 6 | Univariate and multivariate binary logistic regression analyses of variables for colorectal cancer bone metastases.
	
	Univariate analysis
	Multivariate analysis


	Odds ratio
	95% CI
	P value
	Odds ratio
	95% CI
	P value



	Age, years


	≥67.5 vs. <67.5
	1.377
	0.903-2.101
	0.137
	1.133
	0.687-1.869
	0.624


	UA


	High vs. low
	3.46
	2.321-5.157
	<0.001
	2.73
	1.399-5.328
	0.003


	UAR


	High vs. low
	3.186
	2.146-4.731
	<0.001
	1.836
	0.944-6.57
	0.074


	NLR
	 
	 
	 
	 
	 
	 


	High vs. low
	5.786
	3.747-8.937
	<0.001
	6.42
	3.914-10.532
	<0.001


	CEA


	High vs. low
	3.142
	2.088-4.728
	<0.001
	2.365
	1.423-3.93
	0.001


	CA199


	High vs. low
	2.172
	1.41-3.348
	<0.001
	1.504
	0.887-2.55
	0.13


	CA724
	 
	 
	 
	 
	 
	 


	High vs. low
	2.178
	1.478-3.209
	<0.001
	1.008
	0.619-1.64
	0.976





The reference of age, NLR, CEA, CA19–9 and CA72–4 was age < 67.5, UA < 309.9, UAR < 7.69, NLR < 4.201, CEA < 3.97, CA199 < 9.975 and CA724 < 7.79.








Discussion

In our study, we investigated serum UA levels, UAR and NLR in patients diagnosed with colorectal cancer. Our finding indicated that serum UA, UAR, NLR and CEA levels were significantly elevated in patients with bone metastatic colorectal cancer compared to those without such metastasis. Furthermore, multiple logistic regression analysis revealed that higher serum UA, NLR and CEA levels were associated with bone metastatic colorectal cancer. However, we did not observe a significant association between UAR and tumor bone metastasis in this patient population.

Previous prospective studies have demonstrated that elevated serum UA level was associated with poorer prognoses in cancer patients (5). Additionally, serum UA level has been identified as an independent risk factor for esophageal carcinoma, colorectal cancer and oral squamous cell carcinoma (12–14). Currently, there was limited research on the relationship between serum UA levels and tumor bone metastasis in colorectal cancer patients. The findings of this study indicated that serum UA level in the bone metastasis group was significantly higher than that in the group without bone metastasis. Univariate logistic regression analysis revealed that serum UA levels exceeding 309.9 umol/L were linked to an increased likelihood of bone metastasis. Furthermore, multivariate logistic regression analysis suggested that individuals with elevated UA levels were more susceptible to a higher incidence of bone metastasis, with the difference reaching statistical significance. In summary, this study identified elevated UA levels as a risk factor for bone metastasis in colorectal cancer, suggesting that high UA levels may serve as a predictor for such metastasis. Previous research indicated that elevated uric acid concentrations can induce inflammation and oxidative stress, promote tumor cell proliferation and angiogenesis, and facilitate the invasion and metastasis of tumor cells (15, 16). However, there is a paucity of studies examining the relationship between serum uric acid and bone metastasis, and the underlying molecular mechanisms remain unclear. Further, basic research and large-scale cohort studies are necessary to investigate.

Hypoalbuminemia represents another adverse prognostic factor for colorectal cancer. In survival studies involving patients with colorectal cancer who received both surgical and non-surgical treatments, albumin has been utilized either as a component of the study or as part of a prognostic score. Li X et al. demonstrated that a high albumin-to-globulin ratio serves as a reliable indicator of overall survival and disease-free survival (17). Our research indicated that, while low albumin levels alone did not significantly predict bone metastases in colorectal cancer, the UAR was significantly associated with such metastases, as revealed by further ROC analysis. In our study, the incidence of bone metastases was notably higher in the high UAR group. To date, no studies have reported a correlation between UAR and bone metastases in colorectal cancer. To our knowledge, this investigation was the first to establish that elevated UAR levels predict bone metastases in colorectal cancer.

Studies have demonstrated a close relationship between inflammation and tumors (18). Previous research has indicated that the proportion of neutrophils in peripheral blood increases as malignant tumors progress (19, 20). An elevated NLR signifies either a relative increase in neutrophils numbers or a relative decrease in lymphocytes counts. Evidence suggests that neutrophils can enhance the release of inflammatory mediators and facilitate tumor neovascularization. Conversely, neutrophils may diminish the body’s anti-tumor capacity by inhibiting the activity of lymphocytes and natural killer cells, thereby promoting distant tumor metastasis. Lymphocytes not only inhibit tumor cell proliferation and metastasis, but also directly induce tumor cells death (21). A decrease in lymphocyte numbers indicated a weakened anti-tumor immune function, which can lead to tumor invasion and progression. The finding of this study revealed that the NLR in the bone metastasis group was significantly higher than that in the non-bone metastasis group, establishing a close association between NLR and bone metastasis in colorectal cancer. Consequently, a high NLR is more likely to be associated with bone metastasis, suggesting that NLR may serve as a novel marker for assessing tumor bone metastasis in patients with colorectal cancer.

The predictive and prognostic effects of UA and NLR in cancer have been extensively investigated. Most studies have concentrated on elevated UA and NLR as indicators of long-term survival in cancer patients or have examined the role of NLR in assessing lymph node metastasis (10, 22–24). However, the predictive capacity of UA and NLR in evaluating bone metastasis has received comparatively less attention. While the involvement of UA and NLR in distant metastases among tumor patients has been documented, researchers have not yet compared the diagnostic efficacy of UA and NLR with traditional tumor markers. In our study, we demonstrated that UA and NLR outperformed conventional tumor markers in assessing bone metastasis. The optimal cut-off values for UA and NLR were determined to be 309.9 umol/L and 4.201, respectively, with sensitivities of 55.1% and 50.6%, and specificities of 74.1% and 84.9%. Among these indices, the combination of UA, the UAR, NLR and tumor markers exhibited the highest predictive accuracy for bone metastasis in CRC, whereas CA199 and CA724 demonstrated the lowest performance as indicated by logistic regression and ROC analysis. Further research is requires to ascertain whether the detection and targeted therapy of UA and neutrophils can enhance the prognosis of colorectal cancer and facilitate clinical treatment.

However, our study has several limitations. First, it is a single-center retrospective analysis, which may introduce bias and errors. The conclusions further validation through additional basic studies, as well as multi-center and large-sample cohort studies. Second, certain confounders related to UA, such as diet, exercise, and alcohol consumption, were not included in the analysis. Furthermore, additional clinical parameters reflecting disease severity are necessary to elucidate the relationships among UA, UAR NLR and bone metastatic status in the multivariate regression analysis. Finally, we analyzed the relationships among UA, UAR, NLR and clinical prognosis in CRC patients. Despite these limitations, our findings indicate that UA, UAR and NLR may serve as novel markers for assessing tumor bone metastasis in patients with CRC.





Conclusion

In summary, our findings indicate that the combination of UA, UAR, NLR and tumor markers exhibits the highest diagnostic performance for bone metastasis in CRC. Both UA and NLR serve as valuable indicators for predicting bone metastases in CRC patients. Consequently, clinicians should closely monitor patients with UA levels exceeding 309.9 umol/L and NLR values greater than 2.91. Furthermore, they should undertake additional examinations to identify bone metastases at the earliest opportunity.
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Carcinoma of unknown primary (CUP) is a rare malignancy characterized by metastatic disease without an identifiable primary tumor, even after extensive diagnostic evaluation. This case report described a 70-year-old female patient with squamous cell CUP (SCCUP) who initially presented with elevated carbohydrate antigen 19–9 and a diaphragmatic mass. Despite comprehensive workup, including 18F-fluorodeoxyglucose positron emission tomography–computed tomography and a 90-gene expression assay, the primary site remained unclear. The patient underwent surgical resection followed by two cycles of systematic therapy and achieved a disease-free survival of 14 months. This case underscores the limitations of the current diagnostic tools and the potential role of multimodal therapy in the management of CUP. The discordance between molecular testing and the clinical findings further emphasizes the perplexing nature of CUP. This report also reviews the literature on diagnosis and therapeutic options. Due to the absence of standardized regimens, future international collaboration and comprehensive genomic profiling are warranted to advance the understanding of this heterogeneous disease.
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Introduction

Carcinoma of unknown primary (CUP) presents only metastatic cancers without an identifiable primary tumor site, even after thorough clinical evaluations and various tests. Primary lesions have been identified only in less than 30% of patients despite comprehensive examinations (1, 2). Currently, the detection rate is still as low as 50% even diagnosed by positron emission tomography–computed tomography (PET-CT) and biopsy (3–5). It is assumed that the primary tumor of CUP is below the minimum detectable lesion by current techniques, which may be due to the natural disease regression. The reported incidence of CUP ranges from 2.3% to 5% (6–8), with a median age at diagnosis of 65 years and a slight male predominance (8, 9). The median overall survival (OS) is 6–10 months (7, 10), while the 5-year survival is 5%–15% (11). Adenocarcinoma accounts for 40%–60% of CUP cases, and squamous cell carcinoma represents 15%–20% (10, 11). Here, we present a case of CUP diagnosed and treated by our cancer division.

The patient provided written informed consent for the publication of this case report, including all associated clinical details and images. All identifying information has been anonymized to protect the patient’s privacy.





Case description




General information

The patient was a 70-year-old Chinese Han woman with an Eastern Cooperative Oncology Group Performance Status (ECOG PS) of 1. She was 155 cm in height and 63 kg in weight and with a body surface area of 1.62 m2. Her blood group is Rh-negative type B. The patient did not report any obvious discomfort, and physical examinations revealed no remarkable findings. She had a medical history of hypertension that was well controlled by oral valsartan/hydrochlorothiazide combination therapy. She denied any history of tobacco or alcohol use, as well as any family history of malignancy.





Diagnostic workup

Carbohydrate antigen 19-9 (CA19-9) was incidentally found to be elevated, i.e., 56 U/ml (normal range = 0–37 U/ml), in October 2020, but no abnormal imaging findings were detected in November. Her CA19–9 had been progressively increasing since then. In May 2022, a colonoscopy showed no abnormalities. In March 2023, non-contrast abdominal CT revealed a space-occupying lesion near the spleen in the subphrenic region, but was not given attention for further investigation. The CT imaging changes are shown in Figure 1. In April 2023, gastroscopy identified a 2 cm × 1.5 cm pedunculated polyp near the cardia of the gastric greater curvature. This was pathologically confirmed as a hyperplastic polyp.

[image: CT scans of the abdomen in two images labeled A and B. Image A shows a detailed scan taken on November 26, 2020, with a visible area of density on the right. Image B, dated March 31, 2023, highlights a different view of the abdomen with a red arrow indicating a notable area, suggesting a focus for medical analysis.]
Figure 1 | No-contrast abdomen CT changes before November, 2023. (A) No-contrast abdomen CT on November 26th, 2020. (B) No-contrast abdomen CT on March 31st, 2023.

On November 13, 2023, her carcinoembryonic antigen (CEA) level was 43.52 ng/ml (normal range = 0–5 ng/ml), CA19–9 was 387 U/ml, and neuron-specific enolase (NSE) was 17.3 ng/ml (normal range = 0–15.2 ng/ml). Enhanced abdominal and pelvic CT revealed post-polypectomy changes in the stomach, with no obvious wall thickening or abnormal enhancement of the gastric wall. A spindle-shaped lesion with soft tissue density was observed below the left diaphragm, measuring approximately 5 cm × 1.5 cm. The lesion exhibited heterogeneous enhancement, smeared-out boundaries, and indistinct separation from the diaphragm. The spleen was shoved. The lesion was highly suspicious for a mesenchymal tumor, although malignant metastasis could not be ruled out. The left pleura appeared slightly thickened, and a patchy consolidation was noted adjacent to the pleura in the lower lobe of the left lung. On December 11, 2023, 18F-fluorodeoxyglucose (FDG) PET-CT revealed an irregular soft tissue mass in the left diaphragmatic area with a maximum standardized uptake value (SUVmax) of 11.4, which measured approximately 3.9 cm × 3.4 cm × 2.4 cm. The lesion was growing toward the diaphragm; and its boundaries with the diaphragm and the spleen were unclear. PET-CT also demonstrated local thickening of the adjacent left pleura with a mildly increased radiotracer uptake (SUVmax = 2.3), as well as local discoid atelectasis of the lung. No enlarged or hypermetabolic lymph nodes were observed in the retroperitoneum or abdominal cavity. The lesion was considered suspicious for a mesenchymal tumor. The CT and PET-CT images are shown in Figure 2. However, the patient did not undergo a biopsy due to her Rh-negative blood type.

[image: CT and PET scan images highlighting areas with red arrows. Panel A shows a coronal section indicating a region near the kidney. Panel B displays an axial section with a highlighted area in the abdominal region. Panel C contains three PET scan views: coronal, sagittal, and axial, each marked with arrows pointing to areas of increased uptake.]
Figure 2 | Enhanced CT and PET-CT of the left subdiaphragmatic mass. (A) Coronal view of enhanced CT of the left subdiaphragmatic mass on November 14th, 2023. (B) Axial view of enhanced CT of the left subdiaphragmatic mass on November 14th, 2023. (C) PET-CT of the left subdiaphragmatic mass on December 12th, 2023.





Treatment

On January 5, 2024, the patient underwent resection of the diaphragmatic mass and the spleen. The pathology findings were as follows:

	The spleen measured 8.5 cm × 6 cm × 4 cm and the diaphragm 9.5 cm × 8 cm × 2 cm. A mass was observed within the diaphragm, measuring 6 cm × 5 cm × 2 cm. The cut section was grayish white and grayish yellow, solid, firm, and poorly demarcated from the surroundings. The focal lesion was in close proximity to the spleen.

	The squamous cell carcinoma was moderately differentiated.

	The tumor did not involve the spleen parenchyma, and no tumor was observed at the diaphragmatic resection margin.

	The immunohistochemical results showed P16 (mixed +), P40 (+), CK5/6 (cytokeratin 5/6) (+), calretinin (−), D2-40 (focal +), WT1 (Wilms tumor protein 1) (−), EBER (Epstein–Barr virus-encoded small ribonucleic acid, RNA) (−), and PD-L1(22C3) [programmed death-ligand 1 (22C3 clone)] combined positive score (CPS) of 40.



The pathology images are shown in Figure 3. The pathologist recommended a thorough examination to rule out metastasis. A postoperative follow-up on March 1, 2024, showed a CEA of 1.38 ng/ml, CA19-9 of 10.1 U/ml, and NSE of 18.0 ng/ml.

[image: Panel A shows two histological images of tissue samples stained and magnified at 200x and 400x. Red arrows indicate areas of interest. Panel B presents a bar chart titled "Results," displaying similarity scores for various cancers. Cervical cancer shows the highest probability at 83.7, followed by gastric and esophageal cancer at 9.9. Other cancers have lower scores. The conclusion notes a high probability of cervical cancer.]
Figure 3 | Hematoxylin and Eosin-stained pathological diagnosis and the Canhelp®-Origin 90-gene expression assay of resected lesions. (A) Hematoxylin and Eosin stained pathological diagnosis of resected lesions (Left: 200x; Right: 400x). (B) Canhelp®-Origin 90-gene expression assay of resected lesions.

From March 14 to April 7, 2024, two cycles of postoperative systematic therapy were administered. The regimen included albumin-bound paclitaxel (300 mg on day 1), carboplatin (500 mg on day 1), and pembrolizumab (200 mg on day 1), administered every 21 days. The main side effect was a grade 2 rash. After two cycles, the patient refused to continue.





CUP workup

On March 26, 2024, a 90-gene expression assay (Canhelp®-Origin; Canhelp® Genomics, Hangzhou, China) for CUP was conducted to identify the suspected origin. The results showed that the possible origin was the cervix uteri. The molecular analysis for origin is shown in Figure 3.

Pelvic enhanced magnetic resonance imaging showed a thickened mucous membrane of the cervical canal, which was a patchy long T1 and long T2 signal lesion and measured approximately 12 mm × 8 mm × 18 mm. The lesion exhibited a high signal on diffusion-weighted imaging (DWI) and a strong enhancement, with a continuous low signal at the local cervical junctional zone. The images are presented in Figure 4. However, on April 3, 2024, a gynecologic examination and colposcopy did not find any abnormalities. The cervical pathology displayed in Supplementary Figure S1 suggested atrophic signs, and the high-risk human papillomavirus (HPV) subtypes were all negative.

[image: MRI scans displaying two views. Panel A shows a sagittal section of the lower spine and pelvic region, with a red arrow pointing to an area of interest. Panel B presents a transverse section at the pelvic level, with another red arrow indicating a specific spot for examination.]
Figure 4 | Enhanced magnetic resonance imaging of suspected cervical lesion on April 20th 2024. (A) Sagittal view of enhanced magnetic resonance imaging of suspected cervical lesion on April 20th 2024. (B) Axial view of enhanced magnetic resonance imaging of suspected cervical lesion on April 20th 2024.





Follow-up

On November 28, 2024, carbohydrate antigen 724 (CA724) was found to be elevated at 1,502 U/ml (normal range = 0–6.7 U/ml) during routine follow-up, but there were no abnormal signs on the CT scan. Compared with the PET-CT on December 11, 2023, the most recent imaging did not find any recurrent or metastatic features. The size of the bilateral hilar lymph nodes remained unchanged from previous imaging, with newly noted mild uptake increase (SUVmax = 4.0), which was suggestive of an inflammatory change, as seen in Supplementary Figure S2. On December 5, 2024, the CA724 level decreased to 203 U/ml. The changes in the tumor markers during the entire clinical course are shown in Supplementary Figure S3.

Up to April 17, 2025, when this manuscript was submitted, the disease-free survival (DFS) had been 15 months.

The timeline with relevant data and events is shown in Supplementary Table S1.






Discussion

We presented a case of squamous cell CUP (SCCUP). The 70-year-old female patient underwent surgery and remained without evidence of disease for more than 15 months. The 90-gene expression assay (Canhelp®-Origin) suggested a primary origin in the cervix uteri. However, colposcopy and its corresponding pathology findings and the HPV test were negative.

A systematic review on 24 reported SCCUP cases in the pelvic, abdominal, and retroperitoneal regions demonstrated a median age at diagnosis of 56.5 years (range = 27–78 years), with a female-to-male ratio of 3:1, and HPV infection was confirmed in 2 out of 10 patients tested (12). The optimal treatment strategy for this designated SCCUP remains debatable. Cisplatin-based chemoradiation has been the most widely employed, and surgical resection may be considered for bulky disease (12). Another study indicated that localized abdominal SCCUP may predict more favorable outcomes compared with other CUP subgroups (13). The case presented here shares similar features to those of previous reports.

Two cycles of systematic therapy combining albumin-bound paclitaxel, carboplatin, and pembrolizumab were administered after surgery, but was discontinued due to patient refusal, consistent with the limited evidence for postoperative chemotherapy in CUP. The majority of previous studies have explored chemotherapy as a palliative treatment, and no definitive regimen has been established. Briasoulis et al. (14) reported a response rate of carboplatin plus paclitaxel of 38.7% [95% confidence interval (CI) = 27.5–49.9] and a median OS of 13.0 months. A small-sample study conducted by Nishimori et al. (15) reported that cisplatin plus docetaxel showed a response rate of 62.5%, with a median OS of 22.7 months. A meta-analysis conducted by Lee et al. (16) reported a median OS for CUP of 9.0 months (95%CI = 8.1–9.8) and demonstrated an improved survival trend with platinum- or taxane-based regimens compared with other chemotherapy regimens. However, this association did not reach statistical significance with prolonged follow-up and after multivariate adjustment. A multidisciplinary treatment that integrated palliative surgery, radiotherapy, and chemotherapy suggests a possible survival benefit (17). Our case exhibited better outcomes than those reported in the meta-analysis. This good prognosis may further verify the suspected primary of cervical cancer that showed a less aggressive biological behavior. It could also reflect the effectiveness of the comprehensive treatment strategy comprising surgery, chemotherapy, and immunotherapy. In addition, in patients administered carboplatin plus paclitaxel therapy, the researchers observed that those with a PS of 0–1 and no bone metastasis had significantly better survival compared with patients with a PS of ≥2 or with bone metastasis (1-year OS = 67.1% vs. 36.8%, p = 0.0003) (18). Our patient had a PS of 1, with no evidence of bone or visceral metastasis, and underwent radical surgery. These factors may have also contributed to the better survival outcome.

Canhelp®-Origin is a 90-gene expression profiling assay created for differential diagnosis among 21 prevalent malignancies. These tumor specimens include breast, lung, colorectal, prostate, ovarian, and pancreatic carcinomas, as well as adrenal, renal, thyroid, hepatic, endometrial, cervical, gastroesophageal, and neuroendocrine lesions. In addition, the assay detects melanomas, mesotheliomas, sarcomas, germ cell tumors, and malignancies of the head and neck region and the urinary tract. This methodology employs reverse transcription polymerase chain reaction analysis, utilizing total RNA obtained from formalin-fixed, paraffin-embedded tumor tissues (19). The performance of the 90-gene assay has been verified, demonstrating a sensitivity of 95.7% and a specificity of 99.0% for cervical cancer. The accuracy for squamous cell carcinoma is 91.0%, which is slightly lower than that for adenocarcinoma (95.2%) (20). Despite the high sensitivity, specificity, and accuracy of the test, no malignant lesions were identified in the patient’s cervix. This provides further proof of the challenge of identifying the origin of CUP and may suggest that the primary lesion has regressed during the disease course. Several mechanisms have been proposed for the regression. For example, early metastasis occurs before the primary tumor is clinically detectable, followed by immune-mediated elimination of the primary lesion, while metastatic clones continue to grow. Furthermore, the metastatic cells may acquire a pro-metastatic phenotype with genetic or epigenetic changes and thrive independently of the primary tumor. Moreover, modern techniques may fail to detect a tiny primary tumor (21).

Another advantage of the 90-gene expression assay is that it guides site-specific therapy. In the Fudan CUP-001 study, 91 of the 182 patients received site-specific therapy based on the results of the 90-gene expression assay, among whom 45% were administered targeted agents or immunotherapy, such as bevacizumab, PD-1 inhibitors, and epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs). The other 91 patients received empirical chemotherapy, and only 26% were administered targeted agents or immunotherapy. The median progression-free survival (PFS) was 9.6 months, while the median OS was 28.2 months for patients who received site-specific therapy versus the corresponding 6.6 and 19.0 months for those who received empirical chemotherapy [PFS: unadjusted hazard ratio (HR) = 0.68, 95%CI = 0.49–0.93, p=0.017; OS: unadjusted HR = 0.74, 95%CI = 0.52–1.06, p=0.098]. Notably, among the 40 patients with SCCUP, site-specific therapy significantly improved the PFS compared with empirical chemotherapy (median PFS = 17.2 versus 4.7 months, HR = 0.41, p=0.017) (22). In our case, the patient received two cycles of chemotherapy combined with immunotherapy following surgery. However, given the postoperative setting and the limited number of treatment cycles, any definitive conclusions should be drawn with caution.

The major limitations of CUP, in particular SCCUP, include the lack of large-scale clinical studies and biological experiments elucidating the underlying molecular mechanisms. A recent large-scale comprehensive genomic profiling (CGP) study of 443 cases of SCCUP has revealed unique molecular characteristics distinct from those of non-squamous CUP, including actionable biomarkers (23). The integration of CGP into diagnostic workflows could improve the management of this challenging malignancy, which is a potential future direction. Given the rarity of this disease, multicenter collaboration, potentially on an international scale, is essential to accumulate sufficient cases in order to explore the nature of CUP.
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Supplementary Figure 3 | Tumor marker change trends during the disease course. (A) CA19-9 change trends during the disease course. (B) CEA change trends during the disease course. (C) CA724 change trends during the disease course. (D) NSE change trends during the disease course.
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In oncology, an accurate pathological diagnosis can often mean the difference between cure and failure, potentially determining a patient’s survival. We present the case of a 28-year-old, never-smoking man whose initial diagnosis of small cell lung cancer (SCLC) was confirmed by the anatomic pathology laboratory upon reevaluation, despite initial doubt. This misclassification ultimately led to therapeutic failure following an initial complete remission and likely contributed to the poor outcome after the diagnosis was later corrected to pulmonary Ewing sarcoma. Primary pulmonary Ewing sarcoma is a rare malignancy that is often overlooked in adults. This case underscores not only the striking clinical and histopathological overlap between SCLC and pulmonary Ewing sarcoma but also the potentially fatal consequences of missing key diagnostic red flags, including the patient’s young age, non-smoking status, and atypical clinical course. Through this patient’s journey, we emphasize the importance of multidisciplinary collaboration, the limitations of relying solely on immunohistochemistry, and the critical role of early molecular testing. This case serves as a stark reminder that behind every pathology report is a human life—one that depends on the vigilance, humility, and thoroughness of the medical team entrusted with their care.
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1 Introduction

In the ever-evolving and dynamic world of oncology and the classification of thoracic malignancies, one must always keep an open and critical mind when diagnosing cases, no matter how straightforward or routine they might appear. An accurate diagnosis can be especially challenging when making a correct classification of thoracic malignancies such as primary mediastinal malignancies or lung cancers, due to the high overlap in histopathological and immunohistochemical features.

Primary mediastinal or pulmonary Ewing sarcoma (PES), an extremely rare malignancy with around 50 cases reported worldwide (1), can be easily misdiagnosed as a case of small cell lung carcinoma (SCLC) because of their similar morphological features—namely, small round blue cell histology (2, 3), a high nuclear-to-cytoplasmic ratio (2), hyperchromatic nuclei (4), abundant mitotic activity (5), or even necrotic and hemorrhagic features (4).

The following article discusses the discrepancies, overlap, and weak points that led to the misdiagnosis of a young gentleman initially thought to have a typical case of SCLC but later found to have an atypical presentation of PES. The delay in accurate diagnosis led to a suboptimal case outcome and the deferment of the correct chemotherapy regimen as well as any radiotherapy or surgical intervention. This case emphasizes the pitfalls in histopathology, the limitations of IHC alone, and the necessity for molecular testing, as well as highlights the importance of a multidisciplinary team approach in oncology discussions.




2 Case presentation

Our patient was a 28-year-old, never-smoking man with no significant past medical or surgical history. He initially presented to his local dispensary with gastrointestinal (GI) symptoms, including nausea and vomiting, associated with low anterior chest pain and a “pins and needles” sensation. He was prescribed intramuscular (IM) antibiotics and advised to undergo imaging studies. At that time, his initial computed tomography (CT) scan revealed a 9-cm mass in the left lung.

He presented to our clinic 4 months later with dyspnea and an intractable cough. A chest X-ray showed a widened mediastinum, prompting a repeat CT scan. This time, imaging revealed an 11-cm left hilar mass involving the upper and lower main bronchi. Bronchoscopy with biopsy established a diagnosis of small cell lung carcinoma (SCLC), which was confirmed by immunohistochemistry (IHC). The IHC findings were as follows: + CD56, +cytokeratin, -CD45, -CD20, - TTF1 and p63.

The anatomic pathology department had been consulted several times regarding this diagnosis, since the presentation was not classical given the patient’s young age and never-smoker status.

Staging workup included a normal brain MRI and an FDG PET-CT scan showing an 11x11x10 cm left hilar mass with an SUV of 13 and no evidence of locoregional or distant metastasis. Given the patient’s confined disease, a cisplatin, etoposide, and atezolizumab (Tecentriq) chemotherapy protocol was initiated with concurrent radiotherapy after documenting a major response by FDG PET-CT criteria following the second cycle. This allowed for a significant reduction in the radiation field.

Upon completing the third cycle, another FDG PET scan showed complete remission; therefore, treatment was continued until completion of six cycles. Unfortunately, a post-treatment FDG PET-CT scan showed local recurrence of the disease in the left upper lobe and hilum, with direct invasion into the mediastinum.

The suspiciously short relapse period prompted further investigation, initially requiring a salvage chemotherapy protocol with irinotecan and carboplatin (Campto-Carbo), as well as scheduling an EBUS biopsy at another site, along with re-examination of the same previously embedded paraffin block. The latter was delayed, but upon completion, immunohistochemical and histopathological analyses, which were sent to a reference pathology department in Lebanon, revealed pulmonary Ewing sarcoma, with CD99 (+), vimentin (+), CD56 (+), CD45 (–), synaptophysin (–), desmin (–), TTF-1 (–), and TLE1 (–). Although NKX2.2 immunohistochemistry and EWSR1 rearrangement studies were not available in our setting to definitively exclude BCOR- or CIC-rearranged sarcomas, the characteristic morphology and diffuse membranous CD99 positivity strongly supported the diagnosis of Ewing sarcoma (Figures 1, 2).

[image: Microscopic images of tissue sections, labeled as Figure 1a and Figure 1b, show densely packed cells stained in pink and purple hues. The images highlight variations in cell density and structure.]
Figure 1 | H&E sections showing sheets of small round blue cells with scant cytoplasm and fine chromatin, consistent with Ewing sarcoma, in specimen 1 (a) and specimen 2 (b).

[image: Microscopic images labeled as Figure 2a and 2b. Figure 2a shows numerous small, dispersed blue cells on a light background, while Figure 2b displays clusters of dense, brown cells on a similar light background.]
Figure 2 | Immunohistochemistry showing strong membranous CD99 positivity in specimen 1 (a) and specimen 2 (b), supporting the diagnosis of Ewing sarcoma.

Once these findings were revealed, a repeat PET scan showed significant disease progression Figure 3, with a large mass extending from the lower cervical region into the anterior mediastinum and distant metastases to the retroperitoneum and porta hepatis. His condition progressively worsened despite initiation of vincristine, dactinomycin, and cyclophosphamide therapy, ultimately requiring ICU admission. He succumbed to the disease shortly thereafter Figure 4.

[image: CT scan images of a chest, showing two different slices labeled A and B. Image A displays increased density in the left lung, while Image B shows a normal lung structure. Both images highlight the chest cavity and surrounding tissues.]
Figure 3 | (A) Initial FDG PET scan of the chest showing an 11x11x10 cm soft tissue mass in the left lung perihilar region, encasing the left lobar bronchus and extending from the medial pleural surface to the lung periphery. (B) Final FDG PET scan showing a marked interval increase in the size of the soft tissue mass in the left lung perihilar region (12x12x8 cm), extending into the upper and lower lobes and reaching the pleural and pericardial surfaces.

[image: Timeline illustrating a patient’s clinical course: Initial presentation at week 1 with nausea and a 9 cm lung mass. By week 18, progression with dyspnea and an 11 cm mass. Biopsy at week 19 shows small cell lung carcinoma. First chemotherapy at week 20 with remission after the third cycle. Recurrence by week 57 with a 5.5 cm mass. Second chemotherapy at week 59. By week 61, biopsy indicates Ewing Sarcoma. Third chemotherapy at week 69. Outcome at week 69 includes ICU admission and patient's death.]
Figure 4 | Patient timeline showing clinical presentation, diagnostic workup, treatments, and outcome.




3 Discussion



3.1 Why was Ewing sarcoma misdiagnosed as SCLC?



3.1.1 Histopathologic overlap

SCLC and Ewing sarcoma (ES) can both present histologically as small, basophilic cells with granular nuclear chromatin and high mitotic activity on H&E stain. Necrotic and hemorrhagic features are common in both (1, 6). Moreover, although CD56 is the most sensitive marker for SCLC, it is not highly specific, and cases of ES found positive for CD56 have been reported in the literature (7, 8), with the latter being associated with a more aggressive tumor, especially when found in the extraosseous form of ES (8). To add more to the overlap, cytokeratin can be positive in SCLC (6) and, in very rare cases, in ES as well (1).

In the case presented, our misdiagnosis was confirmed at the repeat biopsy by the CD99 and vimentin IHC stains that are sensitive to ES. However, as we will explain further, these stains should not be our sole source of confirmation, as both can show positivity in other types of lung carcinomas, especially in combined forms (9). It is also important to point out that other IHC stains, such as chromogranin A and synaptophysin, are not exclusive to SCLC and that a few cases of extraosseous ES have been reported to display such immunohistological features (1) Table 1.


Table 1 | Immunohistochemical and molecular differences between pulmonary Ewing sarcoma and small cell lung carcinoma.
	Marker/feature
	Ewing sarcoma
	Small cell lung carcinoma



	CD99
	Diffuse Strong Membranous Positivity
	Negative or weak and focal


	Vimentin
	Positive
	Negative


	Cytokeratin
	Rare (weak)
	Diffuse Positivity


	NKX2.2
	Nuclear Positivity
	Negative


	FL1-1
	Nuclear Positivity
	Negative


	TTF-1
	Negative
	Positive in majority of cases


	Neuroendocrine Markers (Synatophysin, Chromogranin, CD56)
	Negative or rare weak focal positivity
	Diffuse positivity for at least one marker


	Ki-67 Proliferation Index
	High, but variable
	Very High (usually ~ 70-90%)


	Molecular Confirmation
	Most commonly EWSR1-FL1 fusion
	Frequent TP53 or RB1 inactivation










3.1.2 Role of molecular testing

Since 1994, Delattre et al. have established that, at the molecular level, fusion of the EWSR1 gene on chromosome 22 with a member of the erythroblast transformation-specific (ETS) family of transcription factors—most commonly FLI1 on chromosome 11(q24) or ERG on chromosome 21(q22), results in the development of an oncogenic transcription factor that gives rise to Ewing sarcoma in its various forms (10, 11). This translocation remains the most accurate diagnostic standard for Ewing sarcoma and should be considered the gold standard when evaluating these tumors.

More recently, other biomarkers have been identified that can assist in diagnosing ES, although they yet on their own don’t hold the same sensitivity and specificity as the latter.

However, the combination of these biomarkers holds promise in achieving the desired sensitivity and specificity. For example, the NKX2.2 and ZBTB16 genes have been found to be a more sensitive combination when compared to CD99 alone or NKX2.2 and CD99 together. This is because ZBTB16 is upregulated by EWS-FLI1 (12). Moreover, cell-free tumor DNA (ctDNA) containing EWS-FLI1 or EWS-ERG fusions shows not only qualitative value but also quantitative importance in assessing and monitoring tumor burden upon diagnosis and throughout the course of therapy (13).

The lack of molecular testing, either by FISH or NGS, at the initial diagnosis may have led to the unfortunate misdiagnosis of the patient reported in this case. This occurrence has also been reported by Abdelghany et al., who described a case initially misdiagnosed with SCLC and later underwent molecular testing by next-generation sequencing after disease metastasis, only to be found to have primary ES of the lung. Thus, missing out on early molecular confirmation can lead to inappropriate chemotherapy choices, as SCLC and primary ES do not share similar management protocols.




3.1.3 Biopsy site and imaging bias

It is without doubt that the site from which the biopsy is extracted plays a role in the diagnostic approach to the type of tumor, especially given that primary ES of the lung has been reported in the literature. Fedeli et al., in a systematic review of primary ES of the lung, reported 50 cases as of 2023 found in the literature. Moreover, SCLC most frequently presents as a hilar mass with ipsilateral mediastinal lymphadenopathy or direct mediastinal extension, with involvement of the upper and lower lobes being a common presentation and infrequent ipsilateral pleural effusions (14). This added to the bias toward the incorrect diagnosis.





3.2 Clinical consequence of misdiagnosis



3.2.1 Inappropriate treatment

The patient’s disease stage prompted initiation of etoposide and a platinum base, a standard of care that has been in use for decades. Our patient was started on cisplatin due to its decreased side effects of myelosuppression and better overall survival in younger patients (6). The patient was also placed on atezolizumab, which has shown modest improvement in overall and progression-free survival (6). The patient additionally received radiation therapy in a VMAT and IGRT fashion between his third and fourth chemotherapy sessions. The aim of management was hopeful, as the patient was young, and complete remission was the goal.

However, SCLC is known to be aggressive, especially in advanced stages, with a 5-year overall survival rate of 40% in early stage, 29% in extensive stage, and 18% in broadly metastatic extensive stage (15). Ewing sarcoma management is considered more intensive and aims for complete remission, as survival rates are high if initiated early. The US-based standard of care, later validated by the Euro Ewing 2012 Phase 3 trial, is the most effective and least toxic, with a shortened duration. The regimen is composed of vincristine, cyclophosphamide, and doxorubicin alternated with ifosfamide and etoposide (16, 17). The chemotherapy regimen can then be followed by radiation therapy or surgical resection, either of which is case dependent.

.




3.2.2 Delayed correct treatment and prognostic implications

Both treatments differ significantly, sharing only etoposide as a common agent, which could explain the false hope created by the partial response to treatment. Thus, the delay in uncovering the true diagnosis led to critical time being lost and disease progression beyond the reach of the standard Ewing regimen, eventually resulting in metastasis and the unfortunate demise of our patient.

Primary pulmonary Ewing sarcoma is an aggressive disease, particularly in the absence of surgical intervention, and carries a very poor prognosis. In the review by Fedeli et al., among 36 reported cases, 14 patients had died by the time of publication, with a median survival of 11.5 months (95% CI, 1.8–25.2). Thirteen patients were alive at a median follow-up of 18 months (95% CI, 14.1–41.1 months), six were alive at 36 months from diagnosis, and three remained disease-free for 48 months (1).

Stork et al., in a retrospective study analyzing nine patients with primary Ewing sarcoma of the mediastinum, reported an overall 5-year survival rate of 64%. Interestingly, patients who underwent local R0 resection for primary, non-metastatic disease achieved a 100% survival rate (18). These findings suggest that high-dose chemotherapy, followed by surgical resection when feasible, could have provided a better prognosis for our patient.





3.3 Lessons learned



3.3.1 When to suspect primary Ewing sarcoma instead of SCLC

Recognizing the demographic discrepancy of having a never-smoker young patient with SCLC should have been a warning sign to look deeper into the true etiology of the malignancy. In addition, the poor response and early relapse of the disease were other red flags that should have prompted us to question the primary diagnosis. With Ewing sarcoma being less aggressive and more responsive to dose-intensive regimens of chemoradiotherapy (CRT), precious time was lost in attaining the correct diagnosis, which could have given our patient a better chance of survival.

SCLC’s median age of presentation in both genders was around 68–69 years in 2019 (15, 19), which presents a significant gap when compared with the median age of the rare cases of primary Ewing sarcoma of the lung reported, which was around 30.5 years in both sexes (1). It is also important to examine the risk factors for each malignancy. SCLC occurs in approximately 95% of cases in smokers, with an increased risk in groups that have smoked at low intensity over a long period compared with those who have smoked at higher intensity over a shorter period, even when overall pack-years are the same. The overall risk ranges between 17.1 and 38.6 for 30 years of smoking (20). Only 2%–3% of cases are reported in non-smokers, with the remainder attributed to environmental exposure to carcinogenic materials, mainly radon (20).

As for Ewing sarcoma, no external risk factors are known, and molecular susceptibility to mutations remains the primary cause. Imaging plays a major role in establishing the differential diagnoses of lung tumors, especially given the overlapping features between the two types. Some key radiologic signs of Ewing sarcoma to look out for include a well-circumscribed mass with a heterogeneous appearance (21, 22). Invasion of adjacent structures is rare (21), while ipsilateral pleural effusions and calcifications have been reported (21, 22). On FDG-PET, the malignancy demonstrates increased uptake, which aids in border and invasion detection as well as in identifying bone marrow metastases.




3.3.2 Role of a multidisciplinary team

Accurate diagnosis of complex or unclear pathologies relies significantly on multidisciplinary teams (MDTs), including oncologists, pathologists, and radiologists, particularly in lesions of the lung, where clinical, radiologic, and histopathologic features often overlap in pulmonary masses. In our case, the importance of the MDT is highlighted by the initial pathology report misdiagnosing our patient with SCLC mainly because key IHC markers were not included. When diagnosing Ewing sarcoma of the lung, the central role lies in distinguishing the histological findings of ES from its mimics, as well as identifying essential IHC markers such as CD99, FLI1, and NKX2.2. When morphological features alone are inconclusive or overlapping, these markers are of great importance.

As in our case, the omission of these stains in the initial pathology report delayed the correct diagnosis and, consequently, the correct treatment. This underscores the need for standardized diagnostic protocols to ensure timely identification of the disease. Similarly, the radiologist’s role lies in recognizing the characteristic radiographic features of ES. When imaging modalities reveal aggressive features of malignancy—such as a well-circumscribed mass invading adjacent structures, with signs of pleural effusion and calcifications (21, 22)—especially in young patients, these findings should be emphasized when setting the differential.

In a study conducted by Pang et al. concerning the role of multidisciplinary teams in guiding the diagnosis and treatment of bone and soft tissue tumors, the teams were able to correctly diagnose the type of tumor in 95.42% of cases, compared with a rate of 90.84% when multidisciplinary discussions were not held. Additionally, the team achieved a 100% success rate in identifying relapses (23). Our case aims to highlight the critical role of communication between specialties in achieving an accurate and timely diagnosis.

If an MDT discussion had taken place during our patient’s workup, the pathologist might have considered ES in the differential diagnosis, taking into account the patient’s demographic and clinical presentation, and thus included the necessary IHC markers in the report—leading to an accurate diagnosis from the outset. Consequently, standardizing a diagnostic workflow that mandates a full panel of IHC stains in relevant, highly suspicious cases will improve diagnostic accuracy and prevent delays in initiating the correct treatment.

We also emphasize the inclusion of molecular testing, especially in patient demographics that may present with signs and symptoms of SCLC but do not fit the typical profile, particularly with respect to age and risk factor exposure. Although molecular testing is a more expensive and less accessible option—especially in less developed institutions with limited funding—we cannot rely solely on IHC, as the discrepancies described could lead to similar events in the future. Thus, molecular testing remains a safeguard for accurate diagnosis and should be incorporated early in the diagnostic workflow.






4 Conclusion

This case highlights the key points that led to the initial misdiagnosis of Ewing sarcoma (ES) as a typical case of small cell lung cancer (SCLC). Moreover, it reveals areas in the standard diagnosis of thoracic neoplasms that could divert diagnosticians from accurately identifying the pathology at hand, especially when it mimics a more prevalent malignancy both in histopathology and immunohistochemical profile. This prompts a deeper look into molecular diagnostics as a crucial pillar in future pathology confirmations across all oncology scopes and not only in thoracic neoplasms. The early reliance on FISH or next-generation sequencing (NGS) to identify the EWSR1 translocation would have greatly altered the treatment and would optimally have led to a better prognosis.

An essential role must be recognized for multidisciplinary approaches as well as early and accurate molecular studies to improve the outcomes of future cases, establishing the above-mentioned techniques as essentials rather than luxuries.
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Case No Control

Xuetal, (Xuetal, 2018) | 2018 | China mik-125b Down Serum QRT-PCR | Us, HBV- 100 HC w245 5 9% 094
Hee

Lvetal (Lvetal,2018) | 2018 | China miR21 Up Serum QRT-PCR | Us HCC 75 HC s NA 601 3 om

Lvetal (Lvetal,208) | 2018 | China miR214 Down, Serum QRT-PCR | Us HCC 75 HC s NA 793 66 07

Lvetal (Lvetal,208) | 2018 | China mik15 up Serum QRT-PCR | Us, HCC 75 HC s NA 87 61 0809

Lvetal (Lvetal, 2018) | 2018 | China miR21,214,15 | NA Serum QRT-PCR | U6, HCC 75 HC 0 NA %03 w0 08y

Han et al. (Han etal, 2019) | 2019 | China miR-1482 Down Plasma QRT-PCR | U6 snRNA HCC 155 HC 95 an 979 929 0ss0

Zhang et al. (Zhang etal, | 2019 | China miR1300 Up Serum QRT-PCR | Us HCC 46 HC s ams w2 B2 ms

2019)

Zhang et al. (Zhang exal, | 2019 | China miR21 up Serum QRT-PCR | Us HCC 46 HC s 2 s 0795

2019

Zhang et al. (Zhang exal, | 2019 | China miR21, 130b Up Serum QRT-PCR | Us HCC 46 HC s NA o6 7S o8

2019)

Ning etal. (Ning tal, 2019) | 2019 | China miR155 Up Serum GRT-PCR | Us HCC 30 HC o NA 93 0 osi0

Ning etal. (Ning tal, 2019) | 2019 | China miR96 Up Serum GRT-PCR | Us HCC 30 HC o NA 700 s osu

Ning etal. (Ning etal, 2019) | 2019 | China miR9% Down Serum GRT-PCR | Us HCC 30 HC o NA B3 w3 0

Ning etal. (Ningetal, 2019) | 2019 | China miR-155,96,99 | NA Serum QRT-PCR | U6, HCC 30 HC 00 NA 767 %7 oo

Chenetal. (Chenand Wang, | 2019 | China mik-195 Down Serum QRT-PCR | miR-16. HCC 10 HC us ies 767|770 ose

2019

Zeng etal. (Zeng etal, 2020) | 2020 | China miR22 Down Serum QRT-PCR | Us, HCC 108 HC & 83 69 08

Caoetal. (Cao and Wang, | 2020 | China miR768-3p Down Serum GREPCR | cbmiR393p | HBV- 10 HC o ose w2 %0 0908

200 Hee

Waetal. (Wu etal, 2020) | 2020 | China mik-199 Down Serum QRTPCR | cmiRS45p | HCC 48 HC 0 e 97 @0 oss

Zhao etal. (Zhoetal, 2021) | 2021 | China miR324-3p vp Serum QRTPCR | cmiR393p | HBV- %6 HC 76 Les 708 o2 09
Hee

Chenetal. (Chenetal, 2021) | 2021 China miR497 Down Serum QRT-PCR | cebmiR-39 HCC 50 HC 50 NA 70660 0726

Chenetal. (Chenetal, 2021) | 2021 China miR-1246 up Serum QRT-PCR | cebmiR-39 HCC 50 HC 50 Na 20 800 086

Chenetal. (Chenetal. 2021) | 2021 China mik497,1206 | NA Serum QRT-PCR | cebmiR-39 HCC 50 HC 50 NA 910 700 osm

Waetal. (Wu etal, 2022) | 2022 | China mik126 Down Plasma QRT-PCR | hamiRlesp | HCC 38 HC 0 2m me 6 0751

Waetal. (Wu etal, 2022) | 2022 | China miR222 Up Plasma QRTPCR | hamiRlesp | HCC 38 HC 0 2207 53|90 0686

Woetal. (Waetal, 2022) | 2022 | China miR206 Up Plasma QRT-PCR HCC 3 HC 0 ms 59 %0 0713

Waetal. (Wuetal, 2022) | 2022 | China miR-126, 206 NA Plasma GREPCR | hemiRlsSp | HCC 3 HC 2 Na ss 8 0887

Fang etal (Fang etal, 2022) | 2022 | China mik16 up Serum QRT-PCR | hamiR21Sp  HCC 100 HC 00 NA o B 079

Shaheen etal. (Shaheen etal, | 2018 | Egypt mik-150 Down Serum QRT-PCR | celmir-39 HOV- w0 HC o oo 6 0 063

2018 HCC

Eimougy tal. (Elmougy | 2019 | Egypt miR223 Down Serum QRT-PCR | SNORDSS. HOV- w0 HC IREEY 75 80 0857

etal, 2019) HeC

Eimougy etal. (Eimougy | 2019 | Egypt miR19 Up Serum GRT-PCR | SNORDSS. HOV- 40 HC o 06 K 0726

etal, 2019) HCC

Mahdy etal. (El Mahdy etal, | 2019 | Bgypt miR215 Down Plasma QRT-PCR | RNUG HCC 6 HC o 23 % %67 093

2019

Aly etal (Aly etal, 2020) | 2020 | Egypt miR143 Down Serum QRT-PCR | SNORDSS. HOV- 40 HC o om @5 |ns om
Hee

Aly etal (Aly etal, 2020) | 200 | Bgypt miR-145 Down Serum QRT-PCR | SNORDSS HOV- 40 HC o0 06 0677
Hee

Elhendawy etal. (Elhendawy | 2020 | Bgypt miR1425p up Plasma Nas NA HCC 2 HC 0 e 750 00 0529

2020)

Elhendawy etal. (Elhendawy | 2020 | Bgypt miR-191-5p Down Plasma NGS NA HCC 20 HC o ams 929 s0 09w

etal, 2020)

Elhendawy etal. (Elhendawy | 2020 | Egypt miR22:3p Down Plasma NGS NA HCC 20 HC oo 26 769 000 08y

etal, 2020)

Elhendawy etal. (Elhendawy | 2020 | Bgypt miR126.5p Down Plasma NGS NA HCC 2 HC 0o 2us w0 00 0567

etal, 2020)

Wab etal. (Wahb etal, | 2021 | Bgypt miR9-3p Down Serum QRT-PCR | U6 snRNA HOV- 35 HC 2 10 s3 WS N

2021) HCC

Elfert etal. (Bferteval, | 202 | Bgypt mik-122 Up Serum QRT-PCR | SNORDSS HOV- %0 HC o 655 100 841 035

2022) Hee

Elfert etal. (Elferteral, | 202 | Bgypt miRA83 up Serum QRT-PCR | SNORDES. HOV- %0 HC o 2 100 23 s

20) HCC

Hlfert etal. (Elfertetal, | 2022 | Bgypt miR335 Down Serum GRT-PCR | SNORDSS HOV- 0 HC o o 100 8 0508

2022) HCC

Youssef etal. (Youssefetal, | 2022 | Bgypt miR-326 Up Plasma QRT-PCR | RNUGB HCC 70 HC 0 e o 20 o7

2022)

Youssef etal. (Youssefetal, | 2022 | Egypt miRs11 Down Plasma QRT-PCR | RNUGB HCC 70 HC 0 208 714 600 065

20)

Youssef etal. (Youssefetal, | 2022 | Bgypt miRA24 Down Plasma QRT-PCR | RNUGB HCC 70 HC 0 242 29 4s0 05w

2022)

Yousuf et al. (Yousuf etal, | 2022 | Indi miR221 Down Serum QRT-PCR | Us HCC 3 HC B e 7 w077 o7

20)

Yousuf et al. (Yousuf etal, | 2022 | India mik-222 Down Serum QRT-PCR | Us, HCC 3 HC B oew %% | 6875 0758

20)

Loosen etal. (Loosen etal, | 2021 | Germany | miR-107 Up Serum qPCR NA HCC 45 HC TERETY 556 100 067

201

Moshirietal. (Moshir et al.| 2018 | Taly miR-101-3p Up Plasma dPCR | NA HCC 29 HC 3 NA na s o7l

2018)

Moshirietal. (Moshir et al. | 2018 | Taly mik-1246 Up Plasma ddPcR | NA HCC 29 HC 3 NA 571 w6 0m

2018)

Moshirietal. (Moshir et al.,| 2018 | Ialy miR-106b-3p Up Plasma dPCR | NA HCC 29 HC 3 NA w0 w3 0%

2018

Moshirietal. (Moshiri et al, | 2018 | Taly miR101-3p, NA Plasma dPCR | NA HCC 29 HC 5 Na 000 1000 100

2018 1216,106b-3p

Note: HC: healty contrl; HCC: hepatocella carcinoma; HCN-HCC: hepatits C virus related hepatocelluar cacinoma; HBV-HCC: hepatis B virus eated hepatocelar carcinoma; NA: ot available; NGS:next generation sequence; gRT-PCR: quant
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Technology Sensitivity Specificity Input (ng) Applications Alteration Reference
(%) (%)
WGS 5-10 99.85 1-30 Cancer Structuraland | (Ganesamoorthy
localization and non-coding etal, 2022)
origin, early variations:
detection (early genome-wide
and late stage), copy number
for research us aberrations,
‘methylation
profiles and
Non targeted fragmentation
patterns
WES 5 96 5 Cancer Exploring Diefenbach et al.
detection, unknown (2019)
‘monitoring of mutations
resistant clones
in metastasis,
for research use
Safe- 0.01-0.05 989 3 Cancer Known point (Elazezy and
SeqS/UMI- detection and mutation and Joosse, 2018)
based monitoring, number copy
classification, variation
targetable
alterations, for
research use
Tam-Seq 2 99.9997 09-20 Cancer Known point (Galeetal,
detection and mutation 2018)
monitoring,
classification,
targetable
NGS alterations, for
research use
CancerSEEK 69-98 £ 011-119 Early cancer Mutations Cohen etal.
detection nonsense, (2018)
insertions or
deletions,
synonymous
‘mutations and
Targeted intronic
mutations
eTam-Seq 02 99.9997 66-53 Cancer Low frequency (Galeetal,
detection and ‘mutations, 2018)
‘monitoring, short (indels)
classification,
targetable
alterations, for
research use
CAPP-SEQ 0.02 99.99 32 Molecular Known point (Katoetal,
Profiling, mutation, 2021)
Treatment number copy
Monitoring, variation and
CtDNA MRD rearrangements
IgHTS 10-6 983 500 Minimal Not Rezazadeh et al.
residual disease mentioned (2024)
in hematologic
‘malignancy and
cancer
monitoring
TEC-Seq 0.05-0.01 99.99 29-495 Molecular Point Phallen et al.
Profiling, ‘mutations, (2017)
Treatment small
Monitoring, insertions, and
CtDNA MRD deletions
Single primer 005-1 94 1-50 Cancer Point (Zhaoetal,
extension detection and mutations 2020)
(SPE) ‘monitoring,
classification,
targetable
alterations, for
research use
NGS Targeted SPE-duplex 0.1-02 95 40 Cancer Single- (Pengetal,
uMl detection and nucleotide 2019)
monitoring, variant and
classification, Indel
targetable mutations
alterations, for
research use
Duplex 0.001-0.1 9691 64 Cancer Known and (Hallermayr
Sequencing detection and unknown etal, 2022)
monitoring, ‘mutations,
classification, indels, CNV,
targetable chromosomal
alterations, for rearrangements
research use (capture)
Single Molecular Real-time Not Not Not Reading of Not Choy etal.
mentioned ‘mentioned ‘mentioned repetitive mentioned (2022)
elements and
allele phasing in
i long fragments
Nanopore CyclomicsSeq Not Not 1500 Real-time Nonsense (Marcozzi
mentioned ‘mentioned monitoring of mutation, etal, 2021)
tumors ‘missense and
deletion

WGS, Whole-genome sequencing; WES., Whole-exome sequencing; Safe-Seq, Safe-Sequencing System; UMI, unique molecular identifier; Tam-Seq, Tagged-amplicon deep sequencing;
eTam-seq, enhanced Tam-Seq; CAPP-Seq, Cancer Personalized Profiling by Deep Sequencing; TEC-Seq, Targeted error correction sequencing; Ig-HTS, Immunoglobulin high-throughput
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WGS
Non-targeted
WES
- Amplicon
Hybrid-capture
Targeted
SMRT
TGS
Nanopore CyclomicsSeq

Determining the
complete DNA sequence
from a genome captures
exons (coding) and
introns (non-coding)
regions, providing a
comprehensive view of
the genetic information

Performs only
sequencing of the coding
regions of the genome

Analyze genetic
sequences by amplifying
specific regions of the
genome before
sequencing

Uses biotinylated
oligonucleotide probes
to hybridize and enrich
the regions of interest
before sequencing

Based on SMRT (Single
Molecule, Real-Time)
chips,
fluorophore-labeled
nucleotides are added to
DNA polymerase, and
when incorporated into
the DNA strand,
fluorescent light is
recorded at a specific
wavelength

Performs amplification
and repeated cyclic
reading of circular DNA
molecules to achieve
accurate detection of
low-frequency variants

Provides a genome-wide
view, capturingall
genetic variations
without requiring prior

knowledge of regions of
interest

It is cost-effective and
efficient in identifying
clinically relevant
mutations

Exhibits high sensitivity,
is customizable
according to the needs of
the study, has high
performance, and has a
shorter response time

It has high coverage and
specificity, can be
targeted to various
genomic regions, and
has no amplification bias

Long DNA sequence
reads allow identification
of structural
rearrangements and
mutations that may be
difficult to detect with
short-read methods

Presents high precision
and sensitivity for
detecting low-frequency
‘mutations, and random
errors are reduced due to
the cyclic reading of the
fragments

Presents high cost and
generates large amounts
of data, requiring
substantial
computational resources
for analysis

Does not provide
information on
non-coding regions and
it also requires
comprehensive
bioinformatics tools for
analysis

Only provides
information about the
selected regions; the
design of primers for
regions with high genetic
variability can be
complex, and errors
arising from the
amplification steps can
lead to false-positive
results

‘The workflow is more
comple, expensive, and
time-consuming due to
the steps in the protocol.
Errors in hybridization
canlead to inadequate
capture and false results

Limitation on coverage
and processing time

Ithas a high cost and
technical complexity for
its execution, in addition
to having alower yield
compared to NGS and
requiring sophisticated
bioinformatics tools to
analyze the results

NGS, Next-Generation Sequencing; TGS, third generation sequencing; WGS, Whole-Genome Sequencing; WES, Whole-Exome Sequencing; SMRT, Single Molecular Real-time.
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Stage
3 218 All patients had a recurrence
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Mitotic rate I
>5 102058 0.078 ‘ 457 (1.26-16.6)
0 Referent 0.88 (0.81-0.93)
1 T =
1 21 All patients had a recurrence
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PNI
3 216 All patients had a recurrence
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Parameters Total (n High-risk group Low-risk group

(recurrence) (n = (remission) (n = 30)
172)
Age, years 523+ 1,05 (50.3-54.4) 522 1.14 (499-545) 529+ 2.76 (47.3-58.54) 0819
Sex
Male 103 (51.0%) 84.(48.9%) 19 (63.3%)
1 0618
Female 99 (49.0%) 88 (51.1%) 11(36.7%)

The stage at the time of diagnosis

1 19 (9.4%) 13 (7.6%) 6(20%)
I 133 (65.8%) 109 (63.4%) 24/(30%) <0.001
i 50 (24.8%) 50 (29.0%) 0

Anatomical site of the primary tumor

Face & Scalp 17 (8.4%) 16(9.3%) 1(33%)
Limbs 56(26.7%) 47 (27.3%) 9(30%)

T 0645
Trunk 75 (37.1%0 62 (36.1%) 13 (43.3%)
NOS 54(26.7%) 47 (27.3%) 7 (23.4%)
Histological type
SSM 93 (46%) 77 (44.8%) 16 (53.3%)
NM 56(27.7%) 47 (27.3%) 9(30%)

t T 0518
Spitzoid + Desmoplastic 7(3.5%) 7 (4.1%) 0
NOS 46 (22.8%) 41(23.8%) 5(16.7%)
BRAF codon 600 mutation status
BRAF-mutated 124 (61.4%) 106 (61.6%) 18 (60%)

t 50999

BRAF-wt 78 (39.6%) 66 (39.4%) 12 (40%)

Data presented as M+SE (95%CI) or % (n).
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Model coefficient, b + m

(95% CI)

UROC (95% ClI)

F Referent
Sex =

M 059 + 041 0.147 -
Stage 149 £041 <0001 442 (198-9.87) 069 (0.62-0.75)
Age 0003+ 0013 0519 - -

NOS Referent

Limbs -025£054 0.644 -
Anatomical site of primary tumor -

Face or Scapl 0874111 0433 -

Trunk ~034%051 0.500 -
BRAF wt Vs. mutation 0.07+0.40 0.866 - -

wT Referent
Mutation type V600 K 0.78%1.09 0473 - -

V600 E 0.01+041 0.990 -
Positive Nodal status (Stage 3) 149 %041 <0.001 441 (1.98-9.87) 069 (0.62-0.75)

NOS Referent

NM 073 %059 0216 -
Histological type 0.60 (0.53-0.66)

Spitz 181 0764 -

SSM ~0.86+0.54 0.120 -
Uleeration 032045 0482 - -
Mitosis more than 5 0,099 £0.045 0.028 110 (1.01-1.21) 066 (0.57-0.73)
Clark level 0.50+0.27 0.063 - -
Breslow thickness 029+0.11 0.007 133 (1.08-1.64) 071 (0.63-0.79)
TILs high ~015£021 0478 - -
LVI presence 211 0.031 222(1.32-373) 064 (0.56-0.72)
PNI presence 199 0138 - 057 (0.49-0.65)
Regression presence 225%1.04 0.031 951 (1.23-73.3) 063 (0.54-0.71)
Microsatellite presence 116+ 1.06 0274 - -
Association with nevus 1334106 0207 - -

Nodal status, BRAE, status, ulceration, LVI, PNI, regression and microsatellte were considered as binary variables. The presence of the feature was considered when assessing the model
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atients characteristics group Cagl
Number of patients 36 36
Sex
Females 34 35
Males 2 1
Age 37(IQR29-53) | 42.5(IQR27-54)

Laterality of lesions

Unilateral

Bilateral

the bold Indicates sanificant hanges:

36

35
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Clone

Manufacturer

Interpretation

cps C8/144B ‘ DAKO A T-cell marker that detects cytotoxic/suppressor cells in lymphocytes; also found on NK-cells

CD6s KP1 ‘ DAKO Lysosomal membrane glycoproteins expressed on monocyte-macrophage cells

CD163 MRQ-26 ‘ Cell Marque Acute phase regulatory transmembrane protein that induces signaling and is found only in cells of monocytic origin

STAT6 EP325 Cell Marque A transcription factor involved in signaling pathways associated with immune responses, including macrophage
polarization and Th2 cell differentiation; STATG is activated by cytokines such as IL-4 and 1L-13

SMAD 4 JM56 Novocastra A protein that plays an important role in the signaling pathway activated by TGF- (transforming growth factor beta). It

isa central mediator of signaling in this pathway and is involved in the regulation of cell growth, differentiation and
apoptosis, and immune response and inflammation
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Immune cells TC

Immune cells count within the tumor

cps8 6(1.2-195) 37(135-77)
CDe68 9 (4-15) 21 (6-46)
CDI163 7(2-125) 21 (4.5-45)

CD68/CD163 ratio 0563(0.082-3.0) | 1.04(0.467-3.0)
IHC score of transcription factors expression
STATG6 1(0-1.5) 3(1-6)

SMAD4 35(1-6) 6(1-6)

The data are presented as the Me (Q - Qu).

p<0.001

p<0.001

p<0.001

p=0.036

p=0.008

p=0.026
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