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Application of the metagenomic next-generation sequencing technology to identify the causes of pleural effusion
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Background: Pleural effusion (PE), frequently encountered in clinical practice, can arise from a variety of underlying conditions. Accurate differential diagnosis of PE is crucial, as treatment and prognosis are heavily dependent on the underlying etiology. However, diagnosing the cause of PE remains challenging, relying on mycobacteriological methods that lack sensitivity and are time-consuming, or on histological examinations that require invasive biopsies. The recent advancements in metagenomic next-generation sequencing (mNGS) have shown promising applications in the diagnosis of infectious diseases. Despite this, there is limited research on the utility of mNGS as a comprehensive diagnostic tool for simultaneously identifying the causes of PE, particularly in cases of tuberculosis or malignancy.

Methods: This study aimed to assess the efficacy of mNGS in detecting tuberculous pleural effusion (TPE) and malignant pleural effusion (MPE). A total of 35 patients with PE were included, and their PE samples were analyzed using mNGS.

Results: Among the participants, 8 were ultimately diagnosed with TPE, and 10 were diagnosed with MPE, with lung adenocarcinoma being the most prevalent pathological type (50%, 5/10), according to established diagnostic criteria. Additionally, 7 patients were diagnosed with non-infectious PE. However, mNGS identified only 2 cases of TPE and 8 cases of MPE. The sensitivity of mNGS for detecting Mycobacterium tuberculosis was 25% (2/8), while the specificity was 100%. For tumor detection, mNGS demonstrated a sensitivity of 80%, a specificity of 92.6%, and an AUC of 0.882.

Conclusion: mNGS is effective in distinguishing MPE from non-MPE, but is not suitable for diagnosing TPE.
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1 Background

Pleural effusion (PE), characterized by the abnormal accumulation of transudates or exudates within the pleural cavity, represents a common clinical manifestation of various pathological conditions. Epidemiological data indicate an annual incidence of approximately 1.5 million cases in the United States alone (1, 2). Based on Light’s criteria, pleural effusions are clinically classified into two distinct categories: transudative and exudative (1, 3). While the etiology of transudative PE is typically straightforward to identify, exudative PE present more complex diagnostic challenges, predominantly manifesting as either malignant pleural effusion (MPE) or tuberculous pleural effusion (TPE). This diagnostic complexity is particularly pronounced in China, where the high prevalence of tuberculosis (TB) significantly contributes to disease burden (4, 5). The clinical significance of MPE is particularly noteworthy, as it typically indicates advanced-stage malignancy and is associated with poor prognostic outcomes (5, 6). The critical need for early and accurate diagnosis of MPE is underscored by current diagnostic limitations. Conventional diagnostic approaches, including mycobacteriological examinations with inherent sensitivity limitations and prolonged processing times, or histological analyses requiring invasive biopsy procedures, remain suboptimal (7–9). These limitations highlight the pressing need for developing more sensitive and minimally invasive diagnostic modalities in clinical practice.

The advent of metagenomic Next-Generation Sequencing (mNGS) has revolutionized pathogen detection in clinical diagnostics, with applications extending across diverse biological specimens including plasma, bronchoalveolar lavage fluid (BALF), PE, and cerebrospinal fluid. This cutting-edge technology offers unparalleled advantages in clinical microbiology, particularly through its capacity to simultaneously identify uncultivable, novel, and unexpected pathogens in a hypothesis-free manner, independent of clinical presumptions (10, 11). Notably, mNGS analysis of respiratory specimens (sputum and/or BALF) has demonstrated superior sensitivity and diagnostic efficiency for pulmonary tuberculosis detection compared to conventional methods such as acid-fast bacillus (AFB) smear microscopy and mycobacterial culture (12). The clinical significance of PE, frequently associated with advanced malignancies including lung, breast, gastrointestinal, and ovarian cancers (13, 14), coupled with the characteristic genomic instability of neoplastic cells (15), presents a unique diagnostic opportunity. Recent advancements have expanded the application of mNGS beyond pathogen detection, enabling the identification of malignant cells through analysis of genomic instability patterns (16). Emerging evidence suggests that mNGS analysis of body fluids can facilitate the detection of occult malignancies via copy number variation (CNV) (16), while innovative pipelines have been developed for simultaneous pathogen and cancer detection using Illumina sequencing of lung biopsy specimens (17). Despite these technological breakthroughs, the potential of mNGS as a comprehensive diagnostic tool for differentiating between malignant and infectious (particularly tuberculous) etiologies of PE remains to be fully elucidated.

In this study, we conducted a comprehensive investigation to evaluate the diagnostic potential of mNGS in PE analysis. A cohort of 35 patients with clinically confirmed PE was prospectively enrolled, and their pleural fluid samples were subjected to mNGS analysis to assess its diagnostic performance and clinical utility.



2 Methods


2.1 Patients and study design

This study was conducted at Guangzhou First People’s Hospital from March 2022 to February 2023, enrolling 40 patients with radiologically confirmed PE through computed tomography (CT) and/or ultrasonography. The inclusion criteria required definitive PE diagnosis via imaging modalities, while exclusion criteria comprised: (1) age < 18 years; (2) pregnancy or lactation women; (3) contraindications to thoracentesis procedures; (4) hypersensitivity to local anesthetics; (5) coagulopathy (INR >1.5 or platelet count <50 × 109/L); (6) localized infection at the puncture site; (7) patient declination of participation; and (8) failure to meet predefined specimen quality control standards (detailed in the “NGS Sequencing” section). After rigorous screening, 35 participants were included for final analysis.

Standardized data collection protocols were implemented to systematically document demographic profiles, clinical laboratory parameters (including biochemical and cytological analyses), radiographic findings, and comprehensive medical histories. All participants underwent parallel diagnostic testing with acid-fast bacilli (AFB) staining, conventional microbial culture, mNGS, and histopathological evaluation.

The study protocol received ethical approval from the Institutional Review Board of Guangzhou First People’s Hospital (Approval ID: K-2022-113-01). Written informed consent was obtained from all participants prior to sample collection. Pleural fluid specimens were processed at Hangzhou Jieyi Biotechnology Co., a CAP-accredited clinical genomics laboratory, adhering to standardized protocols endorsed by the hospital’s ethics committee. A schematic representation of the experimental workflow is provided in Figure 1.
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FIGURE 1
 Study flowchart.




2.2 TB detection

The diagnostic workflow for TB detection incorporated standardized microbiological analyses performed on PE, sputum, and/or BALF specimens. AFB staining was conducted using Ziehl–Neelsen staining kits (BASO Diagnostics, Zhuhai, China), while mycobacterial culture utilized Roche Middlebrook 7H11 agar slants (Kailin Trading Co. Ltd., Jiangmen, China), with all procedures adhering to standardized clinical protocols and manufacturer specifications.

Diagnostic confirmation of tuberculous pleuritis (TBP) required fulfillment of at least one of the following gold-standard criteria: (1) microbiological confirmation through AFB smear positivity and/or Mycobacterium tuberculosis culture isolation, or (2) histopathological identification of caseating granulomas in pleural tissue biopsies, as established in current clinical guidelines (16, 17).



2.3 Non-TB infection

The diagnosis of non-tuberculous infections was established through a composite of laboratory and clinical criteria. Patients were classified as non-TB infections if they fulfilled at least one of the following: (1) microbiological confirmation via positive conventional microbial culture or mNGS identifying non-tuberculous pathogens; (2) clinical diagnosis supported by characteristic manifestations (e.g., nocturnal paroxysmal dyspnea) and objective therapeutic response to non-tuberculous antimicrobial therapy during follow-up evaluations.



2.4 Malignant tumor identification

The diagnosis of MPE was histopathologically confirmed through microscopic examination of either pleural tissue biopsies or cytological preparations from PE sediment. All specimens were processed using standard hematoxylin and eosin (H&E) staining protocols. In diagnostically challenging cases, immunohistochemical (IHC) analyses were performed to establish definitive pathological classification and identify specific tumor subtypes, following established diagnostic guidelines.



2.5 NGS sequencing

PE samples were processed for mNGS following established protocols (18, 19), Genomic DNA was extracted using the Nucleic Acid Extraction Kit (Cat. MD013, MatriDx Biotech Corp., Hangzhou, China) and subsequently prepared for sequencing with the Total DNA Library Preparation Kit (Cat. MD001T, MatriDx Biotech Corp.) on an NGS Automatic Library Preparation System (Cat. MD005, MatriDx Biotech Corp.). Prepared libraries were pooled and sequenced on an Illumina NextSeq500 platform (Illumina, San Diego, CA, USA) using a 75-cycle high-output sequencing kit.

Quality control metrics were strictly maintained, with each sample yielding 10–20 million raw reads. For reliable CNV analysis, samples were required to meet the following quality thresholds: (1) a minimum of 1 million human host sequences and (2) a GC content ratio below 0.44. The comprehensive workflow of the mNGS procedure is schematically represented in Figure 2.
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FIGURE 2
 Workflow of onco-mNGS.




2.6 CNV and pathogen detection with mNGS data simultaneously

According to a previous study (19), sequencing reads were aligned with the human reference genome (hg19), with only unique, mapped reads selected for subsequent analysis. The reference genome was segmented into continuous windows of fixed length to determine the read depth of each window, which was then normalized to the total reads of each sample. The copy number ratio of each window was obtained by dividing the normalized read depth by the average read depth in the reference dataset. Afterwards, the fused least absolute shrinkage and selection operator (LASSO) method (a generalization of the LASSO penalty for sequential signal smoothing with sparsity) was applied to log2-transformed copy number ratios. Smoothed adjacent windows with similar ratios were merged into segments with chromosome positions and average ratios annotated. The copy number of each segment was calculated according to the average ratio and normal copy number of the corresponding chromosome and then compared with preset thresholds to validate the obtained CNV.

Then, the unmapped reads determined while aligning against the human genome were further used for pathogen detection as followed. Firstly, non-human reads were quickly classified using Kraken2 (20) by alignment against the NCBI reference sequence database. Then, the classified sequences were aligned against the microbial RefSeq database with bowtie2 (21) for verification. Next, BLAST (version 2.9.0+) alignment to the nucleotide database was conducted to validate candidate reads, for which Kraken2 and Bowtie2 data were inconsistent (22). Microbial reads identified from a library were reported if: (1) the sequencing data passed quality control filters (library concentration > 10 pM, Q20 > 85%, Q30 > 80%); (2) negative control (NC) in the same sequencing run does not contain the species or the reads per million reads (RPM)sample/RPMNC ≥ 5, as a cutoff for discriminating true-positives from background contaminations (18). Finally, potential pathogens were selected from the results of the above analysis according to the clinical phenotype.




3 Results


3.1 Patient characteristics

During the study period from March 2022 to February 2023, 40 patients were initially screened, with 35 meeting the inclusion criteria and subsequently enrolled in this investigation. The demographic and clinical characteristics of the study cohort are comprehensively summarized in Table 1, while detailed individual patient data, including diagnostic outcomes and laboratory findings, are presented in Supplementary Table S1.



TABLE 1 Clinical characteristics of the patients enrolled in this study.
[image: Table1]

The cohort comprised predominantly male participants (65.7%, 23/35), with a median age of 70 years (range: 20–89 years). Comorbidities were prevalent, affecting 65.7% (23/35) of the study population. The most frequently observed conditions included hypertension (48.6%, 17/35), chronic obstructive pulmonary disease (COPD), diabetes mellitus (DM), hepatic disorders, renal impairment, cardiovascular disease, and cerebrovascular disease, reflecting the complex clinical profile of the patient population.



3.2 Etiology and pathogens of PE

In this cohort, seven patients were diagnosed with non-infectious PE through comprehensive clinical evaluation, including detailed medical history review, systematic assessment of clinical manifestations, laboratory analyses, and follow-up monitoring. The etiological distribution included hypoproteinemia (n = 5), systemic lupus erythematosus (SLE)-associated pleuritis (n = 1), and congestive heart failure (n = 1), as illustrated in Figure 3A.

[image: Figure 3]

FIGURE 3
 Characteristics of samples and pathogens detected by mNGS. (A) Distribution of pleural effusion types identified in the study cohort. (B) Microbial diversity detected by mNGS in 35 patients. “Others” category includes Streptococcus pneumoniae, Escherichia coli, Pasteurella multocida, Lactobacillus crispatus, Serratia marcescens, Campylobacter rectus, Bacteroides fragilis, Bacteroides heparinolyticus, and Human polyomavirus type 1. (C) Summary of mNGS results for TPE samples.


mNGS analysis identified infectious etiologies in 12 patients, revealing a diverse pathogen profile. The most prevalent pathogen was Streptococcus intermedius (12.5%, 3/24), followed by Mycobacterium tuberculosis complex (8.3%, 2/24), Streptococcus oralis (8.3%, 2/24), Fusobacterium nucleatum (8.3%, 2/24), and Porphyromonas endodontalis (8.3%,2/24). Notably, 16.6% (4/24) of cases demonstrated polymicrobial infections, as detailed in Figure 3B.

Among the eight patients meeting gold-standard diagnostic criteria for TPE, mNGS demonstrated a sensitivity of 25% (2/8) for Mycobacterium tuberculosis detection, while maintaining 100% specificity, as shown in Figure 3C.



3.3 mNGS for identifying MPE

Significant chromosomal disturbances were observed in the MPE group compared to the non-MPE group by mNGS (Figure 4A). Among the 35 patients, eight exhibited chromosomal abnormalities. Histopathological correlation revealed that five cases were pulmonary adenocarcinoma, two were diffuse large B-cell lymphoma, and one was follicular lymphoma (Figure 4B). Pathological examination confirmed malignancy in 10 patients, with lung adenocarcinoma being the most prevalent (50%, 5/10), followed by diffuse large B-cell lymphoma (20%, 2/10), follicular lymphoma, lung squamous cell carcinoma, and MALT lymphoma (10% each). The sensitivity and specificity of onco-mNGS for tumor detection were 80% (8/10) and 92.6% (25/27), respectively (Figure 4C). The diagnostic performance was further validated by an area under the receiver operating characteristic (ROC) curve (AUC) of 0.882 (Figure 4D).
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FIGURE 4
 mNGS was used to perform a differential diagnosis of PE. (A) Comparison of CNV data derived from mNGS with histopathological findings in patients with PE. (B) Histopathological classification of MPE cases. (C) Summary of mNGS results for MPE cases. (D) Receiver operating characteristic (ROC) curve for CNV analysis. Red dots indicate copy numbers above 2.7 (amplification), light blue dots indicate copy numbers below 1.3 (deletion), and dark blue dots represent copy numbers between 1.3 and 2.7 (neutral).





4 Discussion

PE is frequently associated with malignant neoplasms or infectious diseases, particularly TB. However, distinguishing between these etiologies remains a significant clinical challenge. mNGS is an advanced diagnostic tool that enables comprehensive sequencing of all DNA within a sample, facilitating the identification of microorganisms and their genomic characteristics, such as antibiotic resistance genes (ARGs), virulence factors, and typing markers (23). This method allows for rapid (typically within 24 h) and unbiased detection of a broad spectrum of bacteria, viruses, and fungi by analyzing pathogen-derived nucleic acid fragments (24). Additionally, genomic instability, a hallmark of malignant neoplasms, has been extensively studied using whole-genome sequencing (15, 16, 25). In this study, we aimed to establish a minimally invasive, time-efficient, and comprehensive diagnostic approach using mNGS to simultaneously identify TPE and MPE.

Co-infections were identified in 16.6% (4/24) of patients, consistent with previous studies highlighting the prevalence of mixed pathogens in severe pneumonia, bacteremia, ocular infections, and central nervous system (CNS) infections (10, 26, 27). mNGS offers a rapid and precise method for detecting and characterizing diverse pathogens, which is particularly valuable for managing lung infections, especially in cases of polymicrobial infections (28). Notably, mNGS demonstrated a significantly higher detection rate for polymicrobial infections compared to traditional culture methods (70.97% vs. 12.90%, p < 0.001) (29). This technology provides a comprehensive genomic analysis of all microorganisms in a sample, including those that are unculturable, making it particularly advantageous for detecting mixed infections (30). However, mNGS cannot differentiate between live and dead pathogens, limiting its ability to distinguish colonization from active infection (28). Therefore, accurate interpretation of mNGS results requires integration with clinical data.

TB remains a major global health threat and the leading cause of death from a single infectious agent (31–33). Pleural tuberculosis (PT) is the most common extrapulmonary manifestation in adults (34, 35), with pleural involvement occurring in 3–5% of cases in non-endemic regions and up to 30% in endemic areas (32). TPE is typically characterized by exudative fluid with elevated adenosine deaminase (ADA) levels, lymphocytic predominance, and a straw-colored appearance, though mycobacterial culture yields are often low (36). Conventional diagnostic methods, such as Ziehl-Nielsen or Auramine staining, exhibit poor sensitivity (<10%) and cannot differentiate specific mycobacterial strains (7, 36). While Mtb culture remains the gold standard, its utility is limited by prolonged turnaround times (4–8 weeks) and low sensitivity (20–40%) in pleural effusion samples (7, 35–37). Emerging diagnostic approaches, such as interferon-γand interleukin-27 (IL-27) detection, face challenges related to cost, assay standardization, and accessibility in high-prevalence regions (35, 38). Although pleural tissue biopsy offers high accuracy, its invasiveness and associated risks (e.g., pain, bleeding, subcutaneous emphysema) limit its applicability (35). Recent studies have demonstrated the utility of mNGS for diagnosing pulmonary TB in sputum and BALF samples, with sensitivities ranging from 60 to 70% (39, 40). However, in our study, mNGS exhibited a sensitivity of only 25% (2/8) and a specificity of 100% for TPE detection, highlighting its limitations in this context. Potential reasons for this low sensitivity include: (1) the paucibacillary nature of TPE, as Mtb cultures are often negative, and PT is considered a delayed hypersensitivity response to Mtb or its metabolites (41, 42); (2) the intracellular growth characteristics of Mtb, which limit the release of extracellular nucleic acids (43); (3) the low mycobacterial yield in exudative pleural fluid, further complicating mNGS-based diagnosis.

PE specimens are often underutilized in clinical practice, and the potential of mNGS-based CNV analysis for cancer diagnosis remains underexplored. This study evaluated a novel strategy for simultaneous pathogen detection and malignancy prediction using a single mNGS assay, offering a minimally invasive alternative for patients who cannot tolerate or are at high risk for biopsy. The sensitivity and specificity of mNGS for tumor detection were 80% (8/10) and 92.6% (25/27), respectively. These findings align with previous studies demonstrating the utility of CNV analysis in various body fluids, including BALF and peritoneal fluid, with a sensitivity of 68% for cancer detection in conventionally negative cases (16). Additionally, mNGS has shown promise in diagnosing central nervous system malignancies in cerebrospinal fluid, with a sensitivity of 75% and specificity of 100% (44). Collectively, these studies underscore the potential of PE mNGS as a diagnostic tool for malignant neoplasms.

MPE is a common complication of metastatic disease, occurring in 15% of cancer patients (6, 45). It is most frequently associated with lung cancer (LC), followed by breast cancer (BC), lymphoma, gynecological cancers, and malignant mesothelioma (46). Adenocarcinoma accounts for 70–77% of MPE cases (47), consistent with our findings where lung adenocarcinoma was the predominant etiology. Lymphomas, particularly non-Hodgkin lymphomas (NHL), represent another significant cause of MPE, with diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma being the most common subtypes (48). MPE occurs in 16–20% of NHL patients and is present in 10–30% of Hodgkin lymphoma (HL) cases at diagnosis, increasing to 60% during disease progression (49). Traditional diagnostic methods for lymphoma-associated MPE are often hindered by the scarcity of malignant cells in effusion samples (50). Our study identified lymphoma as a notable etiology of MPE, with DLBCL and follicular lymphoma cases detected. PE mNGS may emerge as a valuable tool for diagnosing lymphoma-related MPE in the future.

This study has limitations, including its small sample size. The pathogenesis of PT involves multiple factors, such as direct Mtb infection and pleural inflammation induced by Mtb metabolites. Huang et al. reported a sensitivity of 46.67% for mNGS in detecting PT, with high specificity (100%) and positive predictive value (100%) (51), aligning with our findings. Future large-cohort studies are needed to validate the clinical utility of mNGS for TPE diagnosis.



5 Conclusion

This study demonstrates the potential of mNGS for diagnosing MPE using PE specimens, with promising diagnostic performance. However, its utility for detecting Mtb in PE samples remains limited. These findings highlight mNGS as a promising minimally invasive tool for cancer diagnosis, though further validation in larger cohorts is warranted.
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