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Introduction

This study aims to assess the value of metagenomic next-generation sequencing (mNGS) of bronchoalveolar lavage fluid (BALF) in the diagnosis of Pneumocystis jirovecii pneumonia (PJP) and its mixed infection in non-human immunodeficiency virus (HIV) immunosuppressed patients.



Methods

A total of 198 non-HIV immunosuppressed patients with severe pneumonia were enrolled, including 77 PJP patients and 121 patients infected by other pathogens. BALF-mNGS and traditional detection methods were used.



Results

The positive detection rate of various pathogens of BALF-mNGS was higher than that of the conventional methods, especially for mixed pathogens. The sensitivity and specificity of BALF-mNGS for the diagnosis of PJP were 97.40% and 85.12%, respectively. Compared with traditional methods, the sensitivity of BALF-mNGS was significantly higher than that of blood fungal G (BG)/lactate dehydrogenase (LDH) and BALF-microscopy (p<0.05), and its specificity was significantly higher than that of BG/LDH (p<0.05). In addition, the average detection time of BALF-mNGS (32.76 ± 10.32 h) was also significantly shorter than conventional methods (p<0.01), especially for mixed infections that were common in non-HIV immunosuppressed patients. In patients only detected as positive by BALF-mNGS, the underlying diseases mainly manifested as hematological malignancies with agranulocytosis and within 8 months after hematopoietic stem cell or solid organ transplantation.



Conclusions

BALF-mNGS technology is faster, more sensitive, and more comprehensive in detecting P. jirovecii and its mixed infection in immunosuppressed patients.
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Introduction

The frequency of community patients with an immunocompromised host has increased dramatically over decades. Despite significant advances in the prevention, diagnosis, and treatment of infection in the immunocompromised host, it remains a major cause of morbidity, increased length of stay, increased total costs, and mortality. Intensive care mortality rates are significantly higher among immunocompromised hosts. The superimposition of the compromised host defenses and critical illness make the detection and management of infections in such patients more difficult but crucial toward salvaging the patient outcome (Shorr et al., 2004; Linden, 2009). Thus, a rapid and accurate pathogen diagnosis is essential to guide anti-infective treatment and improve the prognosis (Cecconi et al., 2018; Fernando et al., 2021). A variety of microbes, including Pneumocystis jirovecii and their mixed infections, are important pathogens responsible for severe pneumonia in immunosuppressed patients (Cilloniz et al., 2019). However, the current diagnostic efficiency of conventional methods is merely 30%–40% (Musher et al., 2013; Jain et al., 2015). To improve the efficacy of pathogen diagnosis using quick and accurate test methods is of great importance to the precise anti-infective treatment.

An emerging trend of the increasing incidence of P. jirovecii pneumonia (PJP) has been exhibited recently. This may be due to the increase of various immunodeficient populations [especially in non-human immunodeficiency virus (HIV) immunodeficient patients] (Roux et al., 2014), as well as the improved efficiency of the state-of-the-art technology, metagenomic next-generation sequencing (mNGS), to detect the pathogen (Linden, 2009; Harpaz et al., 2016; Cilloniz et al., 2019; Tsang et al., 2021). It was reported that PJP in non-HIV immunosuppressed patients was characterized by more insidious onset, more rapid progression, and more common concomitant mixed infection with other pathogens (Armstrong-James et al., 2014; Rego de Figueiredo et al., 2019). In addition, the condition was more likely to progress into acute progressive respiratory failure within a short period of time (Kotani et al., 2017). Therefore, early, rapid, and accurate pathogen diagnosis is very important not only to guide the treatment of PJP and mixed infections but also to improve the prognosis.

The state-of-the-art technology, mNGS, can theoretically detect the nucleic acids of all pathogens in the specimens in a rapid, comprehensive, and unbiased manner (Chiu and Miller, 2019). Previous studies have reported that mNGS is able to detect pathogens in a variety of specimens including bronchoalveolar lavage fluid (BALF) (Wilson et al., 2019; Chen et al., 2021; Gu et al., 2021). This technology is characterized by high sensitivity, high accuracy, and short detection time (Chiu and Miller, 2019; Gu et al., 2021). It has significant advantages for diagnosing pathogens responsible for mixed infections in immunosuppressed patients, severe infections, and rare and new pathogen infections (Chiu and Miller, 2019). However, the efficacy of BALF-mNGS in the etiological diagnosis of non-HIV immunosuppressed patients with PJP and mixed infections is unknown.

This study focused on PJP and mixed infections as important types of severe infections in non-HIV-infected immunosuppressed patients. BALF-mNGS was performed to detect PJ and the pathogens of mixed infections. Pathogen diagnostic efficacy and time consumption were analyzed and compared between BALF-mNGS and conventional methods. In addition, the value of BALF-mNGS in the accurate etiological diagnosis of severe pneumonia in non-HIV-infected immunosuppressed patients was also evaluated.



Materials and Methods

This study complied with the 1964 “Declaration of Helsinki” and its subsequent amendments. This study was approved by the ethics committees of each study institution. Each patient or legal representative provided written informed consent at the time of registration.


Study Design

The multicenter retrospective study recruited study subjects between May 2017 and May 2021, who were non-HIV immunosuppressed adult patients (age ≥18 years) with community-acquired pneumonia (CAP). The patients were hospitalized in the respiratory intensive care unit (ICU) of 7 general hospitals in Shanghai, Hangzhou, Changzhou, Nanjing, and Shenzhen. CAP and severe community-acquired pneumonia (SCAP) diagnosis met the diagnostic criteria of the Infectious Disease Society of America/American Thoracic Society (Baughman, 2007), excluding patients with Hospital-acquired pneumonia (HAP) or HIV infection. The patients were divided into an observation group (PJP and mixed infection group) and a control group (non-PJP group) according to etiological diagnostic results.

The immunosuppressed state was defined following the previous study (Hill, 2020) as follows: ① hematological malignancies; ② solid tumors chemotherapeutically treated within the past 28 days; ③ hematopoietic stem cell transplantation (HCT) or solid organ transplantation; ④taken antirheumatic drugs, biological immunomodulators, immunosuppressants (e.g., cyclosporin, cyclophosphamide, and methotrexate); ⑤ primary immunodeficiency disease; ⑥ agranulocytosis <1,000/μl; ⑦ taken glucocorticoid daily≥20 mg, lasting ≥14 days (or prednisolone with a cumulative dose >700 mg or equivalent doses of other corticosteroids); ⑧ CD4+ T-lymphocyte counts <200 cells/μl (or percentage <14%).

PJP diagnosis was referred to the criteria of “Chinese guideline for diagnosis and treatment of HIV/AIDS” and “Guideline for the diagnosis of Pneumocystis jirovecii pneumonia in patients with hematological malignancies and stem cell transplant recipients” (Alanio et al., 2016; Aids, Hepatitis C Professional Group et al., 2018). The details were as follows: ① non-HIV immunosuppressed hosts; ② with fever or dry cough, shortness of breath; ③ Chest computed tomography (CT) showed multiple ground-glass interstitial exudation, reticulate or consolidated shadows in both lungs; ④ blood/lavage fluid (Linden, 2009; Cecconi et al., 2018) β-D-glucan test (G test) positive (>60 pg/ml) twice; ⑤ elevated peripheral blood lactate dehydrogenase (LDH) (>618 U/L); and ⑥ P. jirovecii trophozoites (and/or cysts) were microscopically identified following Wright–Giemsa staining. Clinical diagnosis was made if the aforementioned items ①-⑤ were met, and confirmed diagnosis was made if items ①-⑥ were met.



Sample Collection and Etiological Diagnosis

BALF was collected according to previous consensus and guideline (Meyer et al., 2012; Diseases CSoR, 2017). After eliminating contraindications, all patients underwent bronchoscopy under intravenous combined anesthesia or 2% lidocaine topical anesthesia. After an equal volume of normal saline was fractionally injected into the affected bronchial segments, BALF was aspirated under negative pressure for related testing.

All patients were subject to pathogen detection using BALF-mNGS and conventional methods at the same time. BALF and peripheral blood specimens were simultaneously submitted for microscopic examination. Lavage fluid was centrifuged to collect the sediment for pathogen identification under the microscope after staining. The fully automated medical PCR analysis system GeneXpert Dx System (Cepheid, Sunnyvale, CA, USA) was used for pathogen nucleic acid detection. A microbial culture (BACT-ALERT; bioMérieux, France) and automated microbial identification systems (VITEK 2 Compact and VITEK MS; bioMérieux, France) were employed.



Nucleic Acid Extraction, Library Preparation, and Sequencing

DNA was extracted from all samples using a QIAamp® UCP Pathogen DNA Kit (Qiagen), following the manufacturer’s instructions. Human DNA was removed using Benzonase (QIAGEN, Hilden, Germany Sigma, St. Louis, Missouri) and Tween20 (Sigma) (Amar et al., 2021). Libraries were constructed using a Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA, United States) (Miller et al., 2019). The library was quality-assessed by the Qubit dsDNA HS Assay kit, followed by High Sensitivity DNA kit (Agilent) on an Agilent 2100 Bioanalyzer. Library pools were then loaded onto an Illumina Nextseq CN500 sequencer for 75 cycles of single-end sequencing to generate approximately 20 million reads for each library. For negative controls, we also prepared Peripheral blood mononuclear cell (PBMC) samples with 105 cells/ml from healthy donors in parallel with each batch, using the same protocol, and sterile deionized water was extracted alongside the specimens to serve as non-template controls (NTCs) (Miller et al., 2019).



Bioinformatics Analyses

Trimmomatic was used to remove low-quality reads, adapter contamination, and duplicate reads, as well as those shorter than 50 bp (Bolger et al., 2014). Low-complexity reads were removed by Kcomplexity with default parameters. Human sequence data were identified and excluded by mapping to a human reference genome (hg38) using the Burrows–Wheeler Aligner software (Li and Durbin, 2009). We designed a set of criteria similar to the National Center for Biotechnology Information (NCBI) criteria for selecting the representative assembly for microorganisms (bacteria, viruses, fungi, protozoa, and other multicellular eukaryotic pathogens) from the NCBI Nucleotide and Genome databases. Pathogen lists were selected according to three references: 1) Johns Hopkins ABX Guide (https://www.hopkinsguides.com/hopkins/index/Johns_Hopkins_ABX_Guide/Pathogens), 2) Manual of Clinical Microbiology (Carroll et al., 2019), and 3) clinical case reports or research articles published in current peer-reviewed journals (Fiorini et al., 2017). The final database consisted of about 13,000 genomes. Microbial reads were aligned to the database with SNAP v1.0beta.18. Virus-positive detection results were defined as the coverage of three or more non-overlapping regions on the genome. A positive bacterial or fungal (such as P. jirovecii) detection was reported for a given species or genus if the reads per million (RPM) ratio, or RPM-r, was ≥5, where the RPM-r was defined as the RPMsample/RPMNC [i.e., the RPM corresponding to a given species or genus in the clinical sample divided by the RPM in the negative control (NC)]. Additionally, bacterial RPM should be higher than 10 and fungal RPM should be higher than 2 (Miller et al., 2019; Zinter et al., 2019). In addition, to minimize cross-species misalignments among closely related microorganisms, we penalized (reduced) the RPM of microorganisms sharing a genus or family designation, if the species or genus appeared in NTCs. A penalty of 5% was used for species (Gu et al., 2021).




Results


Baseline Data

The acquired HIV blood test was negative in all included patients. All patients with malignant tumors have received chemotherapy and/or radiotherapy. The median onset time in transplant patients was 5.82 ± 2.33 months after transplantation. Two HCT patients developed chronic graft-versus-host disease (GVHD). All post-transplant patients received immunosuppressants on a long-term basis, including calmodulin inhibitors, glucocorticoids, and cytokine response inhibitors. Mixed infections by multiple pathogens were common in these non-HIV immunosuppressed patients. The common symptoms of patients with PJP and its mixed infections included fever, dry cough, shortness of breath, and pulmonary rales. The chest CT of PJP patients revealed diffuse ground-glass-like exudates in both lungs. Flalamethoxazole, caspofungin, and methylprednisolone were given for the treatment of PJP, accompanied by other empirical antibiotics for the mixed infections. After treatment, 27 out of 77 PJP patients passed away due to PJP coinfection, complicated with respiratory failure and multiple organ dysfunction; the 30-day case fatality rate reached 36.36%. The patients’ basic clinical data are shown in Table 1.


Table 1 | The basic clinical data of enrolled patients.



The ratio of patients with hematological malignancies, hematopoietic stem cell transplantation, and solid organ transplantation was significantly higher in the observation group than in the control group (p<0.01), while the ratio of patients with malignant solid tumors in the observation group was significantly lower (p<0.01). In the subgroup of patients receiving transplantation, the incidence of PJP in patients within 4–12 months after transplantation was significantly higher than in the control group (p<0.01). In patients receiving glucocorticoids combined with immunosuppressants, the incidence of PJP was significantly higher than in the control group (p<0.01). This suggests that high-risk factors for PJP may include malignant tumors (regardless of hematological malignancies or solid tumors treated with radiotherapy and chemotherapy), hematopoietic stem cell and solid organ transplantation, and the combined use of multiple immunosuppressants. In addition, the number of patients with PaO2/FiO2 ratio (P/F) ≤200 as well as patients receiving invasive mechanical ventilation and with vasoconstrictor was significantly higher in the observation group than in the control group. This suggests that PJP patients were more susceptible to hypoxic respiratory failure, and with more severe hypoxia, and more PJP patients needed invasive mechanical ventilation and were more prone to shock. Peripheral blood lymphocyte counts were significantly lower in the observation group (p<0.01), suggesting that the declined peripheral blood lymphocyte counts might be a high-risk factor for PJP. The proportion of positive blood fungal G (BG) test and elevated LDH level were significantly higher in the observation group than in the control group (p<0.01), suggesting that both indexes could be used as markers for the preliminary screening of PJP.



Bronchoalveolar Lavage Fluid–Metagenomic Next-Generation Sequencing Detection

P. jirovecii sequences were detected (positive) in 75 of the 77 BALF specimens from the observation group, while other pathogenic sequences were detected in 66 of these specimens by mNGS. The relative abundance of P. jirovecii was 37.3%–96.7%. Of these cases, 2 with negative P. jirovecii by mNGS were revealed positive by microscopic examination and BALF-PCR. In the control group, P. jirovecii sequences were detected in 18 of the 121 BALF specimens, with a relative abundance of 1.2%–3.1%. P. jirovecii colonization or contamination was considered.

The respiratory pathogen detection results of BALF-mNGS and conventional methods are shown in Figure 1 and Table S1. The positive detection rate of various pathogens was higher using the BALF-mNGS method than using conventional methods in both groups (Figure 2 and Table S2). The contents of pathogens in both groups by BALF-mNGS are shown in Figure 3 and Table S3. Only 14.2% of the observation group patients were with simple P. jirovecii infection while most manifested a mixed infection of P. jirovecii with other pathogens (85.8%). Viruses (26.3%), especially for CMV and EBV, were the leading pathogens coinfected with P. jirovecii in these immunosuppressed patients, followed by bacteria and multiple types of pathogens (Table S4). In the control group, mixed infections of multiple pathogens were also common (Table S5). Immunosuppressed patients with severe pneumonia were more likely to have mixed infections.




Figure 1 | The distribution of detected pathogens of all patients by mNGS and other clinical methods. (A) The mNGS results were shown in dark green (the observation group) and green (the control group), and the results of clinical methods were shown in red (the observation group) and orange (the control group). (B) The number of each type of pathogens detected by mNGS and clinical methods.






Figure 2 | The comparisons of detected results among mNGS, BG/LDH, and microscopic examination. (A) The detected result of each patient of the three methods. (B) The sensitivity and specificity of the three methods. The sensitivity and specificity of mNGS were significantly higher than the other two methods (p<0.05). p <0.05 was marked as *, and p <0.01 was marked as **.






Figure 3 | The content of detected pathogens by mNGS in the observation group and control group. Immunosuppressed patients with severe pneumonia were more likely to have mixed infections.



Fifty-nine out of 198 patients had positive BALF-mNGS but negative conventional test results. The distribution of underlying disease types in the 59 patients was shown in Figure 4 and Table S6, with the top three being hematological malignancies with agranulocytosis (27.4%), within 8 months after hematopoietic stem cell transplantation (38.7%) and within 8 months after solid organ transplantation (26.3%). Only 7.6% patients were with other underlying diseases.




Figure 4 | The distribution of different types of underlying diseases in patients with positive mNGS but negative conventional test results. Patients who had hematological malignancies with agranulocytosis, or within 8 months after hematopoietic stem cell transplantation and within 8 months after solid organ transplantation were recommended to perform mNGS detection for suspected infections.





Comparison of BALF-mNGS and Other Diagnostic Methods

Conventional laboratory-based methods, including culture, the G test, BG/LDH, and BALF-microscopy were applied for the diagnosis of P. jirovecii and other causative pathogens in each case. In the observation group, BALF-mNGS revealed positive P. jirovecii sequences in 75 of the 77 patients; the BG test was positive in 67 cases, accompanied by LDH elevation; and the median serum (Linden, 2009; Cecconi et al., 2018) β-D-glucan was (473.45 ± 159.52) pg/ml, while the median LDH was (954.21 ± 342.01) U/L. However, four P. jirovecii BALF-mNGS positive cases were tested negative for the BG test twice. A microscopic examination of BALF identified positive P. jirovecii cysts and/or trophozoites in 36 cases (Supplementary Material). In the control group, BALF-mNGS revealed positive P. jirovecii sequences in 18 of the 121 patients; the BG test was positive in 49 cases, accompanied by LDH elevation; in patients with elevated BG/LDH, the median serum (Linden, 2009; Cecconi et al., 2018) β-D-glucan was (246.43 ± 58.65) pg/ml, while the median of LDH was (978.2 ± 473.12) U/L; and a microscopic examination of BALF showed negative P. jirovecii cysts and trophozoites. In the diagnosis of PJP, the sensitivity and specificity of BALF-mNGS, BG/LDH, and microscopic examination were 97.40% and 85.12%, 87.01% and 59.50%, and 46.75% and 100%, respectively (Figure 3). BALF-mNGS had significant advantages in the diagnosis of PJP. The average mNGS detection time was (30.54 ± 10.32) h, which was significantly shorter than the conventional laboratory-based diagnostic methods (82.32 ± 30.43) h (p<0.01).




Discussion

With the increase of immunosuppressed population, severe pneumonia in non-HIV immunosuppressed patients has become a significant part of respiratory intensive care unit (RICU) patients, and the resulting sepsis and multiple organ failure are the important causes of death (Shorr et al., 2004; Ramirez et al., 2020). There are often rare pathogen, conditional pathogen, and multiple pathogen mixed infections due to the impact of underlying diseases and immune function. These infections are characterized by atypical clinical symptoms, rapid disease progression, and high mortality (Linden, 2009; Konduri, 2016). Additionally, these patients often use a variety of anti-infective drugs during the course of disease, resulting in a low pathogen detection rate of conventional methods. Therefore, rapid and accurate pathogen diagnosis has become a clinical challenge. Fortunately, we have this new state-of-the-art technology of mNGS for pathogen identification in severe lung infections. In this study, BALF-mNGS was used in the etiological diagnosis of non-HIV immunosuppressed patients with severe pneumonia admitted to the RICU of 7 hospitals.

Our previous study showed that ~20% patients with severe pneumonia admitted to the RICU were immunosuppressed patients, and P. jirovecii was found in 45% of these patients (Wu et al., 2020). In this study, we also found P. jirovecii as a major infectious pathogen in immunosuppressed patients, indicating that PJP has become an emerging trend in RICU patients with pneumonia these years. So, dynamically monitoring CD4+ lymphocytes in peripheral blood is necessary for immunosuppressed patients. For immunosuppressed patients with CD4+ lymphocytes <200/μl (<14%), accompanied by fever, shortness of breath, and diffuse ground-glass-like exudates in lungs, P. jirovecii and other suspected pathogens should be detected as quickly as possible. The rapid and accurate diagnosis of causative pathogens can help clinicians propose antibiotic treatments, improving the patients’ prognosis.

The ratio of hematological malignancies and transplantation was meaningfully higher in patients with PJP and mixed infection. In 4–12 months after transplantation, the combined use of multiple immunosuppressants was a high-risk factor for PJP. We also found that PJP patients were more susceptible to hypoxic respiratory failure, which was characterized by more severe hypoxia, a higher possibility of receiving invasive mechanical ventilation, and higher susceptibility to shock. This suggested that BALF-mNGS was more urgently needed in these kinds of patients to help guide the subsequent anti-infective treatment.

P. jirovecii is an ascomycete, mainly colonizing on the human type I alveolar epithelium (Alanio et al., 2016). It only causes disease in the immunosuppressed population, leading to serous exudative inflammation in the lungs (Lee and Chuang, 2018). The typical lung imaging features of PJP are characterized by diffuse interstitial exudation in both lungs (Alanio et al., 2016; Mu et al., 2016). However, similar imaging findings may be observed in other lung diseases such as lung GVHD, the pulmonary invasion of connective tissue disease, and viral pneumonia (Gotway et al., 2005). Conventional etiological diagnostic methods include microscopic examination, PCR, serum, and/or BALF fungal G test plus serum LDH (Esteves et al., 2015). However, there are some limitations, such as the difficulty of P. jirovecii culture in vitro, low positive rate of microscopic examination, and high false-positive rate of fungal G tests (Calderon et al., 2010; Huang et al., 2011; Esteves et al., 2014). qPCR has been recommended for the diagnosis of PJP in the European Conference on Infections in Leukaemia (ECIL) guidelines, but it is hard for qPCR to identify all pathogens in immunosuppressed patients with PJP mixed infections, especially for rare and opportunistic pathogens. In addition, there are no commercial qPCR kits for P. jirovecii in China, and the cut-off value remains unclear. Nevertheless, qPCR was also performed in some cases of this study, the results were shown in Table S7 and the Supplementary Material. It should be noted that PJP patients with immunosuppression are prone to mixed infections, which made the accurate diagnosis more difficult. A rapid and accurate pathogen diagnosis is needed.

In this study, mNGS showed a higher overall positive detection rate for various pathogens than conventional methods in both groups, especially for PJP mixed with rare and atypical pathogens. This has preliminary illustrated the advantages of BALF-mNGS for rapid pathogen detection in patients with PJP-mixed infections. The 59 severe pneumonia patients with positive BALF-mNGS but negative conventional test results mainly manifested underlying diseases as hematological malignancies with agranulocytosis, within 8 months after hematopoietic stem cell transplantation and within 8 months after solid organ transplantation. This highly suggested that these patients were a population of special concerns and needed early BALF-mNGS diagnosis.

Different from previous studies (Li et al., 2018; Wu et al., 2020), in this study, the vast majority of the observation group were mixed infections of P. jirovecii with other pathogens (85.8%), while most patients in the control group also manifested as mixed infections of multiple pathogens (76.9%), suggesting that immunosuppressed patients with severe pneumonia were more prone to mixed infections. To improve the pathogen detection rate, BALF-mNGS should be used as soon as possible despite conventional methods.

Compared with other common pathogens of lung infections such as Aspergillus, Cryptococcus, and M. tuberculosis, the detection rate of P. jirovecii using BALF-mNGS was significantly higher. In the same BALF sample, the number of P. jirovecii sequences was often higher than other intracellular pathogens. The reason might be that the pathogenic site of P. jirovecii is in alveolar epithelial cells, mainly causing diffuse alveolar injuries. Accordingly, conventional cell wall disruption can meet the testing requirements. In addition, given the small amount of sputum in PJP patients, the positive detection rate was higher with lavage fluid than with sputum and blood (Bateman et al., 2020). It suggests that BALF-mNGS can be fully applied in the pathogen diagnosis of PJP. For intracellular pathogens, the positive detection rate is relatively low; therefore, deep wall disruption may be necessary. When intracellular bacterial coinfection is considered, the depth of the wall disruption of the samples should be appropriately increased to improve the overall positive detection rate. Concomitant PCR is also needed to further verify mNGS results. One feasible subplan is to select the tissue samples of the corresponding lesions for mNGS detection with reference to lung HRCT characteristics. Since PJP is prone to the complication of a viral infection, an mNGS RNA detection process is needed. The simultaneous application of mNGS and conventional methods can not only increase the positive rate of pathogen diagnosis but also improve the specificity. In addition, it is necessary to make a comprehensive judgment based on a patient’s clinical characteristics, underlying diseases, imaging characteristics, and background medications to improve the diagnostic accuracy.

Like other highly sensitive test methods, mNGS can also produce false-positive results. The nucleic acid sequences of dead, contaminating, and even locally colonized pathogenic microorganisms are all detectable, sometimes even with a high level of sequence numbers. Sputum specimens and inappropriate lavage specimens are susceptible to the interference of oral and airway-colonizing bacteria, which might increase the background noise and even cause false-positive results. Factors such as sampling sites, standardized sterile operation, specimen submission, and the depth of subsequent wall disruption can also affect the results. Therefore, diagnostic accuracy can further be improved through close cooperation between clinicians and testing microbiologists, through simultaneous mNGS detection and conventional testing of the same specimen.

The pre-evaluation of possible pathogens to carry out targeted detection is the guiding principle for most commonly used conventional detection methods, but it is highly susceptible to the subjective empirical influence of clinical and laboratory personnel, with a narrow pathogen spectrum, leading to a high rate of missed diagnosis. It also requires multiple submissions, a higher specimen demand, and longer detection time. In this study, we found good agreement between BALF-mNGS results and patients’ clinical characteristics in the etiological diagnosis of PJP. The detection spectrum was wider, and the detection time was significantly shorter than conventional methods. It is able to greatly shorten the etiological diagnosis time and provide strong support for rapid and accurate anti-infective treatment.

There were certain limitations for this study. The number of patients enrolled in this study was limited. A prospective study with a larger number of patients would be needed to support the use of mNGS in the early diagnosis of PJP in immunosuppressed patients to further guide the clinical diagnostic standards.
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Introduction

Cholelithiasis has a high incidence worldwide and limited treatment options due to its poorly understood pathogenesis. Furthermore, the role of biliary microbiota in cholelithiasis remains understudied. To address these questions, we performed microbial sequencing from biliary samples from primary bile duct stone (PBDS) and secondary bile duct stone (SBDS) patients.



Results

We analyzed in total 45 biliary samples, including those from cholelithiasis patients with PBDS or SBDS and people with other digestive diseases. 16S rRNA sequencing showed the bacteria family Alcaligenaceae increased in relative abundance in the lithiasis group compared with the non-lithiasis group. In addition, the PBDS group showed significantly lower bacterial diversity than SBDS, with Propionibacteriaceae, Sphingomonadaceae, and Lactobacillaceae as the most significant bacteria families decreased in relative abundance. We further performed whole metagenomic shotgun sequencing (wMGS) and found increased ability of biofilm synthesis and the ability to sense external stimuli in PBDS based on functional annotation of mapped reads. From genome-resolved analysis of the samples, we identified 36 high-quality draft bacterial genome sequences with completion ≥70% and contamination ≤10%. Most of these genomes were classified into Proteobacteria, Firmicutes, or Actinobacteria.



Conclusions

Our findings indicated that there is a subtle impact on biliary microbiome from cholelithiasis while the difference is more pronounced between the PBDS and SBDS. It was revealed that the diversity of biliary microbiota in PBDS is lower, while some metabolic pathways are up-regulated, including those linked to higher incidence of different types of cancer, providing new insights for the understanding of cholelithiasis with different origin.
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Introduction

Cholelithiasis including gallbladder stone and bile duct stone has a prevalence rate of nearly 10% among adults (Tracy et al., 2021). In clinical practice, patients with bile duct stone can develop cholangitis due to bile duct obstruction and infection, which occurs frequently in emergencies (Williams et al., 2017). To date, endoscopic retrograde cholangiopancreatography (ERCP) remains the effective and minimally invasive treatment option for bile duct stone (Cianci and Restini, 2021). However, the relapse rate of bile duct stone is still high, up to 4-24% within 3-5 years, which can lead to patients’ suffering, increased medical expenditure, and risk of cholangiocarcinoma (Lujian et al., 2020).

Bile duct stone can be classified into primary bile duct stone (PBDS), in which case the stone predominately formed in the bile duct, or secondary bile duct stone (SBDS), which refers to the stone coming from the gallbladder. Differences exist in formation and composition of the two types of bile duct stone. SBDS is attributed to a combination of environmental and genetic causes, typically linked to cholesterol supersaturation. The primary constituent of SBDS is cholesterol, whereas it is calcium bilirubinate in the case of PBDS (Tazuma, 2006). However, the underlying pathogenesis of bile duct stones remains largely unknown, which makes it hard to prevent disease relapse (Reshetnyak, 2012).

With the rise of the next generation sequencing (NGS), the microbes living in the biliary tract have garnered increasing research attention. The biliary tract was initially considered sterile and microbe-free (Verdier et al., 2015), however, the application of NGS enabled the identification of distinct bacteria from the healthy biliary tract (Saltykova et al., 2016; Molinero et al., 2019). The presence of microorganisms in the bile suggests their possible influence on the normal function of the biliary system and even in pathogenesis of gallstones. According to a prevailing hypothesis, certain bacterial metabolites may interact with bile components to produce precipitation. Several previous studies have reported biliary microbiota in patients with cholelithiasis. Shen et al. (2015) studied the biliary microbiota of 15 cholelithiasis patients and identified common bacteria that usually exist in the oral cavity, and intestinal and respiratory tracts. By collecting bile from healthy liver donors, Molinero et al. (2019) used 16S sequencing to describe the differences in biliary microbiota between cholelithiasis patients and healthy people. The above studies confirmed the existence of biliary microbiota in healthy and diseased states and provided a preliminary description of the biliary microbiota. However, the microbiota differences between different types of bile stones such as PBDS and SBDS have never been revealed.

To address these questions, we conducted an initial analysis of a large cohort of cholelithiasis patients, along with non-lithiasis subjects with other digestive diseases requiring ERCP (pancreatitis, pancreatic tumors, etc.) to explore the microbial diversity and taxonomic differences using a combination of 16S rRNA and wMGS sequencing. In addition, lithiasis patients in this cohort were divided into PBDS and SBDS groups according to clinical diagnosis and their biliary microbiota compared. We further performed de novo assembly and carried out the genome-resolved analysis on the wMGS samples to recover a catalog of representative microbial genomes from the bile.



Materials and Methods


Patients and Bile Sample Collection

All patients were recruited at Shanghai Ruijin Hospital (affiliated with Shanghai Jiao Tong University School of Medicine, Shanghai). The diagnosis of cholelithiasis and the determination of primary or secondary bile duct stone were performed by trained clinicians from Shanghai Ruijin Hospital using CT, MRI, or ultrasound examinations. The indication for ERCP went beyond bile stones and included: (1) unexplained obstructive jaundice; (2) other biliary tract diseases such as tumors and sclerosing cholangitis; (3) congenital bile duct abnormality; and (4) pancreatic diseases such as tumor, chronic pancreatitis, etc. Therefore, the non-lithiasis group in this study consisted of patients who were determined to be free of cholelithiasis by the aforementioned diagnostic method and had other diseases. None of the patients had used any antibiotic at least two weeks prior to sample collection and no ongoing infections were detected at the procedure. A detailed patient description is provided in Supplementary Materials and Supplementary Table S1.

A bile sample (5-15mL) was extracted from the common bile duct during ERCP before application of contrast media, following the protocols presented in a previous study (Shen et al., 2015). Metronidazole was used to flush the endoscopic channel and operation area to avoid contamination before the bile sample was extracted using a sterile disposable cholangiography catheter, which was inserted through the endoscopy channel. Samples were immediately transported on ice and stored at -80°C until use. The protocol was reviewed by the Ethics Committee of Ruijin Hospital Affiliated with Shanghai Jiao University School of Medicine (2019-186).



DNA Extraction and Sequencing

Metagenomic DNA was extracted from bile samples using PowerFecal DNA Isolation Kit (Qiagen), following manufacturer’s protocol. The quality of DNA was accessed using Agilent 2100 Bioanalyzer (Agilent Technologies, CA) and quantification was performed by Qubit (Thermo Fisher Scientific, Wilmington, DE) and DNA aliquots were prepared and stored in -20°C until use.

The V1-V3 variable region of 16S rRNA gene was amplified and sequenced on Illumina Miseq (Illumina, CA), using the 27F1 (AGAGTTTGATCCTGGCTCAG) and 534R (ATTACCGCGGCTGCTGG) primers, following the protocol used in the Human Microbiome Project. Paired-end reads with a length of 300 bp per read were generated.

For the wMGS library preparation, DNA extracted from the lithiasis group was used to construct the paired-end metagenomic libraries with the Nextera DNA Flex Library Prep kit (Illumina, CA). For the library preparation, the manufacturer’s protocol was used which included fragmentation and adapter ligation of the DNA, polymerization of the adapter-ligated library, and purification of the amplified library. Metagenomic sequencing of the purified library was performed using the Illumina Hiseq X Ten (Illumina, CA) sequencer, for generating paired-end reads with approximate length of 150 bp per read-end.



16S rRNA Sequence Analysis

The raw data from Miseq was analyzed using QIIME2 v2019.1 (Bolyen et al., 2019). Pre-processing steps, which included correction of PCR sequencing error, and removal of low-quality and chimera reads, were carried out using the default parameter of DADA2 procedure (as implemented in QIIME2). Representative sequences were aligned to the SILVA128 reference database, followed by classification to obtain the taxonomic information. Only samples with more than 5000 reads and non-singleton ASVs were used for downstream 16S rRNA analysis. When 16S data from previous studies were used in this study, their raw data, if available, were subject to the same analysis pipeline.



wMGS Analysis

The wMGS analysis included conventional metagenomic analysis and genome-resolved metagenomic analysis, following the protocol in previously published studies (Nayfach et al., 2019; Vatanen et al., 2019). In brief, high quality and host removal reads were annotated using Kaiju (Menzel et al., 2016) with viral, fungal, and bacterial databases. MEGAHIT (Li et al., 2015) and FMAP (Kim et al., 2016) were used to assemble reads and annotate functional pathway abundance, respectively. After the assembly, the contigs were binned and refined by using the bin refinement module of MetaWRAP (Uritskiy et al., 2018). High quality bins were annotated as the metagenomically assembled genomes (MAGs) and used in downstream analysis. Protein and clusters of orthologous groups (COG) were obtained by using Prokka (Seemann, 2014) and eggNOG-mapper (Huerta-Cepas et al., 2017). For details on wMGS data analysis, see Supplementary Methods.



Statistical Analysis

All statistical analyses were performed with R. Differences between groups were tested by Wilcoxon ranksum test, statistical significances were adjusted by Benjamini–Hochberg correction method when necessary, and FDR < 0.05 was considered to be significant.

The alpha and beta diversity analysis were calculated and presented using the phyloseq (McMurdie and Holmes, 2013) and microbiome package (http://microbiome.github.com/microbiome). Pielou’s Evenness, Observed OTU, and Shannon indexes were used to analyze the within sample diversity (alpha diversity). Principal coordinates analysis on the unweighted Unifrac distances and Bray Curtis dissimilarity were used to demonstrate differences between-sample diversity (beta diversity). PERMANOVA test in the vegan package (Oksanen et al., 2003) was used to investigate the association between microbiome composition and various clinical features.

The phylogenetic features that differed between all of cases were obtained by linear discriminant analysis effect size (LEfSe) (Segata et al., 2011) with an LDA score threshold of > 3 and the Kruskal-Wallis test (α < 0.05). ALDEx2 (Fernandes et al., 2013; Fernandes et al., 2014) aggregated ASVs according to the Order, Family, and Genus taxonomic hierarchy level with the Wilcoxon test (p < 0.05) used as a supplement to correct the possible deviation caused by small sample size.




Results


Biliary Microbiome in Cholelithiasis Shows Subtle but Defined Differences From the Control

In total, 45 subjects were recruited at Ruijin Hospital in Shanghai, China, which can be divided into the lithiasis group (n=32) and the non-lithiasis group (n=13). Samples of the patients with or without lithiasis were all obtained after the completion of papillary intubation before cholangio-pancreatography and treatment. Furthermore, the lithiasis group can be divided into PBDS (n=18) and SBDS (n=14) according to clinical diagnosis. None of the subjects had prior history of gallbladder cancer (Figure 1 and Supplementary Table S1).




Figure 1 | Study design. A total of 45 samples were collected and analyzed through 16S rRNA and wMGS sequencing to explore the differences of biliary microbiota in PBDS, SBDS, and non-lithiasis groups. wMGS, whole metagenomic shotgun sequencing; PBDS, primary bile duct stone; SBDS, secondary bile duct stone.



We performed 16S rRNA sequencing, to determine the composition of the biliary microbiota, generating an average of 63,977 raw reads per sample (Supplementary Table S2). QIIME2 (Bolyen et al., 2019) was used to preprocess and classify the raw reads that generated a total of 5110 features which encompassed 21 different phyla with SILVA database. Proteobacteria, Firmicutes, Synergistetes, Bacteroidetes, Fusobacteria, and Actinobacteria were the most abundant bacterial phyla. The six were also the top six identified in a previous study by Shen et al. (2015). Taxonomic analysis at the order level indicated that Enterobacteriales were most abundant, whereas most of the other identified orders, including Lactobacillales, Fusobacteriales, and Bifidobacteriales (Supplementary Table S3), were also commonly found in the digestive tract. We then compared the alpha diversities (Pielou’s Evenness index) between the lithiasis and non-lithiasis group, which showed no significant difference (FDR-corrected P = 0.60) (Supplementary Figure 1A). Noting that our non-lithiasis subjects actually consisted of patients with digestive diseases other than cholelithiasis, we examined data from a recent study by Molinero et al. (2019), in which the control group contained healthy liver donors. We set the sample depth as 7920 reads/sample for rarefaction of both datasets. As expected, the healthy control group in Molinero et al. showed the highest alpha diversity, whereas their lithiasis group showed similar lower alpha diversity (Pielou’s Evenness index) with ours (FDR-corrected P = 0.61 and FDR-corrected P = 0.76, respectively) (Supplementary Figure 1A).

We next examined the clinical variables contribution to microbiome variation using PERMANOVA using unweighted UniFrac distance as a measure of microbiome variation (Table 1). PERMANOVA analysis demonstrated that the distribution of biliary microbiota in the samples was independent of BMI, age, etc. Furthermore, the lithiasis status was not a significant factor either (PERMANOVA R2 = 0.031; FDR-corrected P = 0.065). Meanwhile, the most significant contribution was attributed to the PBDS/SBDS classification (PERMANOVA R2 = 0.069; FDR-corrected P = 0.013). In addition, the history of cholecystectomy also showed significant contribution (PERMANOVA R2 = 0.037; FDR-corrected P = 0.039). Using a combination of LEfSe (Segata et al., 2011) and ALDEx2 (Fernandes et al., 2013; Fernandes et al., 2014), several differentially abundant taxa between the lithiasis and the non-lithiasis group were identified. Bradyrhizobiaceae and Lachnospiraceae showed higher relative abundance in the non-lithiasis samples while Alcaligenaceae showed higher relative abundance in the lithiasis samples (Figure 2B and Supplementary Figure 1C), which is similar to the results of Molinero et al. Alcaligenes recti (family Alcaligenaceae) is known to be involved in the metabolism of various bile acids (Mazumder and Mahato, 1993), hence it is plausible that it plays an important role in the cholelithiasis patients.


Table 1 | PERMANOVA based on unweighted UniFrac distance of different clinical information.






Figure 2 | Diversity and differential abundance analysis by 16S sequencing. (A) Beta diversity analysis presented as principal-coordinate analysis (PCoA) o unweighted Unifrac distances. (B) The cladogram of taxonomic distribution of the lithiasis and non-lithiasis group, obtained by LEfSe with an LDA score threshold of > 3 (α < 0.05), those validated by ALDEx2 are marked red (Wilcoxon test; p < 0.05). (C) Alpha diversity in the form of Shannon index compared between PBDS and SBDS (Wilcoxon test; *, FDR < 0.05). (D) LEfSe analysis between SBDS and PBDS, parameters are the same as for panel (B), those validated by ALDEx2 are marked red (Wilcoxon test; p < 0.05). PBDS, primary bile duct stone; SBDS, secondary bile duct stone.





The Biliary Microbiota of PBDS Has Lower Diversity and Different Functional Potential Compared With SBDS

Since our data indicated considerable distinction between PBDS and SBDS (Figure 2A), our following analysis focused on the comparison between the two groups. The alpha diversity (Observed OTU index) of the PBDS was significantly lower in contrast with the SBDS (FDR-corrected P = 0.015) (Figure 2C). A similar result was obtained using the Shannon index (FDR-corrected P = 0.062) (Supplementary Figure 2A). Next, we used the aforementioned approach to identify the differentially abundant bacteria between the two groups and found enrichment of several families in SBDS, including Propionibacteriaceae, Sphingomonadaceae, Lactobacillaceae, etc. (Figure 2D and Supplementary Figure 2B).

To further characterize the biliary microbiota of cholelithiasis patients, we performed metagenomic analysis on 31 of the lithiasis samples by wMGS sequencing, obtaining on average 46 million raw reads per sample. After quality control and removal of human DNA, metagenomic sequences were aligned to viral, fungal, and bacterial databases to obtain the taxonomic composition, and it was found that the relative abundance of each kingdom was different between the PBDS and SBDS (FDR-corrected P = 0.014, FDR-corrected P = 0.016, and FDR-corrected P = 0.0084, respectively) (Figure 3A and Supplementary Table S4). Among these reads, the proportion of viruses ranged from 0.2% to 5%, while the proportion of fungi ranged from 4.0% to 28.8%. The majority of the fungi were annotated as Malassezia globosa, a lipophilic and lipid-dependent yeast species, which may be detected on the skin surfaces (Gaitanis et al., 2012).




Figure 3 | Taxonomic and functional analysis of the wMGS data. (A) The percentage of bacteria, fungi, and viruses in each metagenomic sample among SBDS and PBDS (Wilcoxon test; *, FDR < 0.05; **, FDR < 0.01). (B) Different pathways between SBDS and PBDS, red represents orthologs up-regulated in the PBDS, and blue represents down-regulated. wMGS, whole metagenomic shotgun sequencing; PBDS, primary bile duct stone; SBDS, secondary bile duct stone.



As expected, most of the reads were annotated as bacteria. We further performed de novo metagenomic co-assembly, obtaining 152,226 contigs with a total length of 361Mbp. Through functional annotation we identified a total of 4926 KEGG orthologs from the assembly. With ortholog comparison between the two groups, we found that not only the diversity decreased, but also several functional pathways were relatively downregulated in the PBDS. Biofilm formation and two-component system were the top two downregulated pathways. Other downregulated pathways included ones associated with transporters and compound metabolism (Figure 3B and Supplementary Table S5).



Reconstructed Genomes From Human Biliary Metagenomes Pinpoint the Taxons Enriched in SBDS

To recover individual microbial genomes from human bile, we performed subsequent genome binning and refinement using the de novo assembly. A total of 36 metagenomically assembled genomes (MAGs) with variable genome quality were obtained. Among these, 20 MAGs showed completion above 90% (Supplementary Table S6). The genomes had a total length that ranged from ~1.6 Mbp (MAG_23) to ~7.3 Mbp (MAG_10) and showed N50 in the range of ~3 Kbp (MAG_33) to 716 Kbp (MAG_25), with the genome sizes of most MAGs in the range between 1 and 4 Mbp (Supplementary Figure 3A and Supplementary Table S7). The minimum and maximum GC% of the MAGs were 26.65% and 72.78%, respectively (Supplementary Figure 3B). All MAGs were classified as Bacteria, 11 MAGs were assigned to the phylum Proteobacteria, 9 to Firmicutes, and 8 to Actinobacteria, these three phyla also showed higher relative abundance in the 16S rRNA sequencing data, other recovered phyla included Fusobacteria (3 MAGs), Bacteroidetes (3 MAGs), Synergistetes (1 MAG), and Verrucomicrobia (1 MAG) (Figure 4A). A total of 15 genera were detected, including: Clostridium, Fusobacterium, Actinomyces, Haemophilus, Propionibacterium, Streptococcus, Aeromonas, Campylobacter, Methylobacterium, Eggerthella, Bifidobacterium, Prevotella, Klebsiella, Bacteroides, and Enterococcus, all of them have been reported in the digestive tract (Rajilic-Stojanovic and de Vos, 2014; Kose et al., 2018). Among the detected genera, Propionibacterium is considered as a biomarker for the non-mucosal site of the digestive tract (Segata et al., 2012). This finding validates our data and approach again. Eleven of the 36 MAGs were successfully identified at the species level, i.e., MAG_8 classified as Propionibacterium acnes (Supplementary Table S8). Among the identified species, B. animalis (MAG_34) is a common probiotic, while F. nucleatum (MAG_23) has been reported to be a pathogen (Struve and Krogfelt, 2004; Lahti et al., 2014; Hidalgo-Cantabrana et al., 2017; Yu et al., 2017). Moreover, H. parainfluenzae (MAG_4) is a marker of the upper respiratory tract microbiota and is reported to be related to biliary tract infection (Frankard et al., 2004), demonstrating the complexity of the biliary environment in cholelithiasis patients.




Figure 4 | Taxonomic and functional analysis of the MAGs. (A) The taxonomic tree of the MAGs, annotated at the phylum level. The tree was generated using PhyloPhlAn and visualized by interactive tree of life (iTOL) webserver (https://itol.embl.de/). (B) Relative abundance of the MAGs in the SBDS and PBDS samples, ordered by their average relative abundances, the red arrow points to the MAGs with significantly higher relative abundance in SBDS (Wilcoxon test; p < 0.05). (C) COG profiles of the SBDS enriched MAGs and other MAGs. MAGs: metagenomically assembled genomes; COG, clusters of orthologous group; PBDS, primary bile duct stone; SBDS, secondary bile duct stone.



We compared the relative abundance of MAGs between SBDS and PBDS. The MAGs were arranged according to their prevalence in the PBDS, and it showed that the MAGs differing in relative abundance between the two groups were mainly concentrated on the right side, which means that these MAGs were the ones that existed in only a few PBDS samples (Figure 4B and Supplementary Table S9). The three differing MAGs, named MAG_28, MAG_13, and MAG_8, were enriched in SBDS, and classified as Verrucomicrobiaceae, Campylobacter, and Propionibacterium acnes, respectively. This result agreed with the lower microbiota diversity in PBDS cases.



Functional Annotation of the Human Biliary Genomes

Approximately 1440-7126 coding sequences (CDS) were predicted in the bile MAGs, the lowest number of CDS was detected in MAG_23 and the largest was in MAG_10 (Supplementary Table S10). The number of transfer RNAs (tRNA) predicted in each MAG ranged from 12 to 61, the number of ribosomal RNAs (rRNA) ranged from 0 to 7, and the transferred messenger RNAs (tmRNA) were no more than one. The total number of gene families in all MAGs was 7385, and the most abundantly identified family was ABC transporter ATP-binding protein, which is essential in cell viability, followed by fumarate reductase flavoprotein subunit, which is involved in anaerobic respiration mainly found in Escherichia coli, and 3-oxoacyl-[acyl-carrier-protein] reductase FabG, which is involved in the fatty acid biosynthetic process. We obtained 2435 different clusters of orthologous groups (COGs) among the predicated coding sequences of the 36 MAGs. COG0745 was most abundant in all MAGs, followed by COG1609 and COG2197, which are annotated as the DNA-binding response regulator, DNA-binding transcriptional regulator, and DNA-binding response regulator. The majority of the known functions were categorized to amino acid transport and metabolism (COG code E), followed by transcription (K); carbohydrate transport and metabolism (G); energy production and conversion (C); and inorganic ion transport and metabolism (P). MAG_15 showed a strong metabolic capacity because it had higher relative abundance of energy production and conversion (C) pathways. MAG_12 and MAG_17, which could only be classified as Enterococcaceae, contained higher relative abundances of carbohydrate transport and metabolism (G) pathways (Supplementary Figure 3C). We found that the three SBDS enriched MAGs to have higher rates of cellular processes and signaling, while other MAGs have higher rates of information storage and processing, especially coenzyme transport and metabolism (Wilcoxon test, p = 0.028; Figure 4C).




Discussion

In this study, we provided a large biliary microbiome cohort complete with both 16S sequencing and wMGS data and investigated the microbiome heterogeneity behind different types of cholelithiasis. We confirmed the bacteria phyla of Fusobacteria, Bacteroidetes, Synergistetes, Firmicutes, Proteobacteria, and Actinobacteria as the most abundant phyla in bile, in accordance with results previously obtained by Shen et al. (2015) and Molinero et al. (2019). By comparing the biliary microbiota of the lithiasis and non-lithiasis group, we observed that Alcaligenaceae reached higher relative abundance among the lithiasis samples. Within this family, Alcaligenes recti has been reported to be related to the metabolism of various bile acids (Mazumder and Mahato, 1993).

Within the lithiasis group, the alpha diversity of PBDS was significantly lower than that of the SBDS. At the same time, we found Propionibacteriaceae, Sphingomonadaceae, and Lactobacillaceae were highly enriched in the SBDS. The presence of these bacteria makes the biliary tract environment in SBDS more similar to the normal digestive tract. Lactobacillaceae is one of the most common probiotics (Gorbach, 1990), and has also been reported to be involved in the prevention of colon cancer (Meehan and Beiko, 2014; Torres-Maravilla et al., 2021). While interestingly, Peptoclostridium difficile, which was first isolated from the stool of healthy infants, is a nosocomial pathogen worldwide causing antibiotic-associated diarrhea and also tends to have higher relative abundance in SBDS (Brook, 2008) (Supplementary Figure 2C). Overall, the biliary microbiota of SBDS patients showed a more complex and closer to normal bacterial composition, an interesting difference from PBDS. Using PERMANOVA, various patient factors were examined in terms of their contribution to biliary microbiome variation and PBDS/SBDS dichotomy was found to be the most significant factor. Cholecystectomy history came in as second. However, caution should be taken as cholecystectomy was highly correlated with PBDS in our cohort.

Only a few previous studies ever described the function of biliary microbiota. Shen et al. (2015) compared the function of cholelithiasis patients’ biliary microbiota with fecal samples from the Human Microbiome Project and found that flagellum assembly function was significantly up-regulated. These biliary microbiota specific pathways also showed significant difference between PBDS and SBDS (Supplementary Table S5). It has been reported that the formation of bacterial biofilm is significantly associated with the occurrence and development of various cancers (Rizzato et al., 2019). The low diversity and complex metabolic environment of PBDS suggest a stronger association with other malignancies.

However, this study was not without limitations. As ERCP is an invasive procedure and it would be impossible to get healthy bile this way, the non-lithiasis group in our study was actually the patients with other digestive diseases requiring this procedure. To compensate for this, we compared biliary microbiota data with healthy controls from a previous study (Molinero et al., 2019). On the other hand, as patients with PBDS or SBDS in this study have complex backgrounds and may have different previous medical histories, such as cholecystectomy, the conclusions should be treated with more caution. That is, although the differences between the PBDS and SBDS are significant, the influence of other factors cannot be ruled out. In addition, although we excluded patients with antibiotics use within two weeks before ERCP, some of them did receive an unknown type of antibiotic within three months, which could cause some bias in the results. Nevertheless, PERMANOVA analysis suggested this particular effect to be relatively small (PERMANOVA R2 = 0.020; FDR-corrected P = 0.875). Finally, although the sample size of our study was relatively small compared to general fecal microbiome studies, which may result in only effects with larger size to show significance, we did get some important differences between different groups, nonetheless. Limited by the sample size, there may be some signals that have not been confirmed, which can benefit from future studies with additional samples. Still, we would argue that as the biliary microbiome is generally less diverse and more stable, as can be seen from study accordance, compared to the fecal microbiome, similar statistical power would be reached with less samples. Also, to suppress spurious signals from a small sample size, we used two different differential abundance analysis tools, LEfSe and ALDeX2 to identify biomarkers. Overall, the information gained from bioinformatics still needs to be viewed with caution and validated by further functional experiments.

Collectively, the taxonomic annotation and microbiome diversity suggest that biliary microbiota is more diverse in SBDS than in PBDS, and functional annotation shows that multiple metabolic pathways are up-regulated in PBDS, showing the possible relation between PBDS and different types of other malignant diseases. Our study, which was the first to perform de novo assembly and carried out the genome-resolved analysis of the biliary microbiota to explore PBDS and SBDS, would help us to understand these two cholelithiasis types and pave the way for exploring the microbiota-cholelithiasis connection in the future.
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Background

Metagenomics next-generation sequencing (mNGS) has been increasingly used in the clinic, which provides a powerful tool for the etiological diagnosis of infectious diseases. Precise treatment can be carried out according to the positive mNGS results. However, the role of negative results of mNGS remains poorly defined in clinical practice.



Methods

The results of 1,021 samples from patients who received the mNGS test at Zhongshan Hospital, Fudan University, between January 2019 and December 2019 were analyzed.



Results

There were 308 samples (30.17%) of negative results included in the current study. The top 2 types of negative samples were blood (130/308) and tissue (63/308), which also accounted for the highest negative proportion in diseases. Sputum and bronchoalveolar lavage fluid (BALF) were more likely to have positive results. In false-negative results (defined as negative in mNGS test but reported positive in other sample types or assays), 118 samples were found when compared to regular microbiological assays. The negative predictive value (NPV) of mNGS was 95.79% [95%CI, 93.8%–97.8%] as compared to culture and smear. Mycobacterium, Aspergillus, and Mycoplasma ranked as the top 3 microorganisms on the undetected pathogen list.



Conclusions

The present data indicate that when the mNGS test is negative, the negative prediction accuracy rate of the original specimen is significant. However, other laboratory assays results and clinical presentations should always be carefully considered prior to drawing a diagnosis.
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Introduction

Infectious diseases are caused by a variety of pathogens, which lead to systemic or local inflammation (Honda and Littman, 2012) with significant mortalities (Lozano et al., 2012). As the clinical manifestations of infectious diseases are diverse, an accurate clinical diagnosis is challenging when a pathogen is unknown (Simner et al., 2018).

With the development of gene detection technology, metagenomics next-generation sequencing (mNGS) has been increasingly used in the clinic, which provides a powerful tool for the etiological diagnosis of infectious diseases (Chiu and Miller, 2019). As it directly extracts all microbial nucleic acids from clinical samples, mNGS theoretically meets the detection needs of all microorganisms in one detection (Goldberg et al., 2015; Li et al., 2021). Through unbiased and full coverage sequencing technology, the acquired sequence information is compared with a microbial database to obtain the specific species and relative content of microorganisms (Miao et al., 2018). Compared with the conventional culture assay, mNGS is less time-consuming, not limited by culture conditions, and capable of detecting those pathogens that are difficult to culture (Kitsios et al., 2018).

When the mNGS test is positive, precise treatment could be carried out soundly according to the actual clinical situation. However, the role of negative results of mNGS remains poorly defined in clinical practice. As such, the present study is aimed to evaluate the clinical value of negative mNGS results and to provide evidence for its proper applications.



Methods


Study Subjects

A total of 1,021 samples from hospitalized patients who received mNGS test at Zhongshan Hospital, Fudan University, from January 2019 to December 2019 were collected and reviewed. Results of regular clinical assays of these samples were also collected at the same time. The study was approved by the institutional review board of Zhongshan Hospital, Fudan University (#B2021-694R). Written informed consent was obtained from each patient prior to the enrollment.



Metagenomics Next-Generation Sequencing Test

Samples were collected at standard procedures according to their various types including blood, sputum, bronchoalveolar lavage fluid (BALF), and tissue. Nucleic acid was extracted and fragmented into DNA fragments, and then these fragments were end-repaired, barcoded, and amplified to be qualified libraries. Libraries were sequenced on the BGISEQ-50 platform. Sequencing data were compared to human references, then human sequence reads were removed, and nonhuman sequence reads were further filtered and compared to databases (bacteria, fungi, and parasite databases). Final data including stringent mapped reads number (SMRN), coverage rate (CovRate), relative abundance (Re_Abu), and sequencing depth were analyzed and reported.



Statistical Analysis

Continuous data are shown as mean values ± SE. Student’s t-test was used to measure the differences in variables, where appropriate. Data analysis was performed using SPSS 16.0 software. p-Values <0.05 were considered significant, and all tests were two-tailed.




Results


Sample Characteristics

A total of 1,021 samples were included in the current study, with 713 samples (69.83%) of positive results and 308 samples (30.17%) of negative results (Table 1). Reports that only with colonization or background microorganisms were considered negative. The sample type distribution of all negative samples is listed in Figure 1A. The most common negative sample type was blood (130/308, 42.2%). Tissue, including lung tissue, bone tissue, lymph node tissue, valve tissue, and skin tissue, ranked second (63/308, 20.5%). Other sample types included BALF, sputum, pleural fluid, cerebrospinal fluid (CSF), ascetic fluid, pericardial fluid, pus, swab, joint fluid, and drainage fluid. The negative rate was calculated in each sample type (sample numbers >10) and shown in Figure 1B. Pleural fluid (54.55%), ascetic fluid (42.86%), and blood (38.12%) ranked the top 3, and pus (9.68%) ranked the last.


Table 1 | Sample characteristics.






Figure 1 | Distribution of negative mNGS cases. (A) Distribution of all mNGS negative cases according to different sample types. (B) Negative rate calculation and distribution of each sample type. BALF, bronchoalveolar lavage fluid; CSF, cerebrospinal fluid; mNGS, metagenomics next-generation sequencing.



Blood and tissue accounted for the highest negative proportion in different common infectious diseases as listed in Figure 2. For instance, blood accounted for 79.27% (65/82) in a fever of unknown origin and 67.74% (21/31) in digestive system diseases. Tissue accounted for 90% (9/10) in lymph node enlargement and 69.23% (9/13) in orthopedic diseases.




Figure 2 | Distribution of negative mNGS cases in diseases. The distribution of negative mNGS cases in different diseases including fever of unknown origin, respiratory diseases, cardiovascular diseases, digestive system diseases, renal diseases, brain diseases, orthopedic diseases, hematological diseases, rheumatic diseases, skin infection, and lymph node enlargement. BALF, bronchoalveolar lavage fluid; CSF, cerebrospinal fluid; mNGS, metagenomics next-generation sequencing.





Concordance of Negative Result Between Metagenomics Next-Generation Sequencing and Conventional Assays

In order to study the influence of sample type on mNGS results, true negative (TN) and false negative (FN) were defined. Laboratory results that were negative in all sample types and all assays were defined as TN, and laboratory results that were positive in some sample types or some assays were defined as FN. Conventional assays included in our study were culture, smear, TSPOT.TB (TSPOT), cryptococcal antigen (CrAg), immunoassay, 1-3-β-d-glucan test (G test), and galactomannan test (GM test). In addition, parasite detection was all negative in all samples suspected of parasite infection, so it was not listed. All the results of other conventional assays were collected and sampled at the same time as mNGS. However, the paired-culture test was the basic premise of the comparison. Therefore, 23 cases were excluded because they had no paired-culture results. The remaining 285 cases were further classified in Table 2 according to TN and FN. Common colonization pathogens detected in conventional assays were also considered to be negative results.


Table 2 | Classification of true negative and false negative.



According to the definition and statistical results, TN was 58.6% (167/285) and FN was 41.4% (118/285). FN positively differed among culture and smear in the same specimen, culture, smear, and mNGS of other sample types and other assays as listed in Table 3. One case might have several positive results.


Table 3 | Classification of false-negative cases.





Negative Predictive Value of Metagenomics Next-Generation Sequencing

Among FN cases, there were 12 paired-culture positive cases (Figure 3). As compared with culture, which is the gold standard in pathogen detection, the negative predictive value (NPV) of mNGS was 273/285 = 95.79% [95%CI, 93.8%–97.8%]. With the removal of the six cases that were detected in a database or shown in the colonization (pathogenicity is not considered even if SMRN is high) or background (common contaminating pathogens in the laboratory) list, the NPV of mNGS could be increased to 279/285 = 97.89% (95%CI, 95.9%–99.8%), as detailed in Table 4. Among them, Pseudomonas aeruginosa detected in sample 21 was in the colonized microorganism list, and Staphylococcus epidermidis detected in sample 203 was in the background list. Staphylococcus aureus in sample 38, P. aeruginosa in sample 118, Staphylococcus hominis in sample 153, and Actinomyces in sample 178 were not shown in the report but could be found in the database.




Figure 3 | Classification of negative mNGS cases. In total, 308 negative mNGS cases were divided into no paired-culture result, paired-culture negative, and paired-culture positive. Twelve paired-culture positive cases were further divided into report included, report not included, and not detected. mNGS, metagenomics next-generation sequencing.




Table 4 | List of 12 paired-culture positive cases.





Impact of Sample Type and Distribution of Undetected Pathogens

As shown in Table 3, there were 26 culture positive cases, 1 smear positive case, and 22 mNGS positive cases in other sample types. In terms of blood and tissue that had high negative rates, respiratory samples including sputum and BALF were more likely to have positive results (Figure 4).




Figure 4 | Distribution of other positive sample types. Distribution of other positive sample types when the original sample type was blood and tissue that were with high negative rate. BALF, bronchoalveolar lavage fluid; CSF, cerebrospinal fluid.



In addition to culture, other assays commonly used in clinics include TSPOT for Mycobacterium tuberculosis, CrAg for Cryptococcus, G test and GM test for fungus, and immunoassay for mycoplasma, Legionella, etc. There were 48 cases that were positive in the TSPOT test, but in the mNGS test, no Mycobacterium was detected in these cases, even in the database. G test and GM test were effectively used to detect Aspergillus (Li et al., 2019), and immunoassay was effective for Mycoplasma detection (Parker et al., 2018). These three pathogens were in the top 3 in the undetected pathogen list shown in Figure 5. In addition, there were 3 cases reported positive in CrAg and 1 case reported Cryptococcus positive in blood culture. Furthermore, there was a case of Rickettsia detection in immunoassay, and no sequence was detected in mNGS.




Figure 5 | Distribution of undetected pathogens. Pathogens detected positive in assays include culture, mNGS (other sample types), TSPOT, CrAg, immunoassay, G test, and GM test were further classified in no sequence detected in mNGS, report included, and report not included. mNGS, metagenomics next-generation sequencing; TSPOT, TSPOT.TB; CrAg, cryptococcal antigen; G test, 1-3-β-D-glucan test; GM test, galactomannan test.





Comparison of Experimental Data and Infection Indexes Between True-Negative and False-Negative Samples

In order to further exclude the influence of FN from the laboratory, we collected the experimental data of all the negative samples. The data collected cover the whole process of mNGS, including DNA concentration, library concentration, total sequence, and host sequence ratio. Bur for some sample types, since the total amount of the sample type is small, it is not statistically significant and is not included. The comparison of blood, tissue, BALF, sputum, and pleural fluid is shown in Figure 6. In the DNA extraction step, DNA concentration was significantly lower in FN samples than in TN samples in sputum. In the library construction step, library concentration was lower in FN samples than in TN samples in blood. However, in the last laboratory step, sequencing, neither the total sequence nor the host sequence ratio had a significant difference between TN and FN.




Figure 6 | Comparison of experimental data between TN and FN samples. DNA concentration, library concentration, total sequence, and host sequence ratio were compared between TN and FN samples in blood, tissue, BALF, sputum, and pleural fluid. *p < 0.05, statistical difference. **p < 0.01, significant statistical difference. BALF, bronchoalveolar lavage fluid; TN, true negative; FN, false negative.



In addition, infection indexes include leukocyte (WBC), neutrophil (Neut), lymphocyte (Lymph), eosinophilia (EO), C-reactive protein (CRP), procalcitonin (PCT), interleukin-6 (IL-6), and erythrocyte sedimentation rate (ESR) of all the negative samples were collected. The disease groups with insufficient data for statistical analysis were removed. The comparison of WBC, Neut, Lymph, and EO between TN and FN is shown in Figure 7A, and CRP, PCT, IL-6, and ESR are shown in Figure 7B. No significant difference was observed between TN and FN.




Figure 7 | Comparison of infection indexes between TN and FN samples. (A) WBC, Neut, Lymph, EC, (B) CRP, PCT, IL-6, ESR were compared between TN and FN samples in different diseases. WBC, leukocyte; Neut, neutrophil; Lymph, lymphocyte; EO, eosinophilia; CRP, C-reactive protein; PCT, procalcitonin; IL-6, interleukin-6; ESR, erythrocyte sedimentation rate; TN, true negative; FN, false negative.






Discussion

In the present study, 1,021 mNGS reports were analyzed to evaluate the role of mNGS in clinical practice, in particular when the results were negative. The overall negative rate was 30.17%. Blood and tissue had the most frequent negative reports, accounting for 42.21% and 20.45%, respectively. According to the negative rate of all samples, blood (38.12%) and tissue (31.66%) also accounted for the third and fourth place of the negative rate. In addition, according to the distribution of diseases, the negative proportion of blood and tissue in various diseases was greater than that of other sample types.

Although the negative result rates of blood and tissue were high, compared with culture and smear, the NPV of mNGS reached 95.79% (95%CI, 93.8%–97.8%) in the current study, which implies that when a negative mNGS result is reported, the negative prediction accuracy rate of the original specimen is high. The NPV of another study was 100% (95%CI, 71.7%–100%) for bacteria, 72.7% (95%CI, 39.3%–92.7%) for fungi, and 100% (95%CI, 76%–100%) for M. tuberculosis in mNGS vs. culture and smear (Li et al., 2018). However, when other assays, such as TSPOT, were added to the NPV comparison, the proportion of undetected M. tuberculosis increased significantly. In our study, only 2 cases were cultured M. tuberculosis positive in the same specimen, 2 cases were culture positive, and 1 case was smear positive in other sample types; however, 48 cases were TSPOT positive. A positive TSPOT may merely due to the manifestation of old tuberculosis (Ma et al., 2019), especially when its mNGS test is negative. Hence, it is recommended that when a specific infection is suspected in the clinic, other proper assays should also be used as combined diagnostic measures.

Some pathogens with low SMRN or SMRNG were excluded in the report, and some pathogens were identified as colonized or background microorganisms. When the report is negative and there is a suspected specific pathogen infection in the clinic, it can be traced back to the original database for a query.

The causes of FN both in the clinic and in the laboratory were analyzed. The first is the selection of sample types in the clinic. Clinicians should have a comprehensive consideration of the sample type for the mNGS test including the clinical symptoms, the location, and the type of the infection (Liu et al., 2019). However, blood and tissue samples should be avoided if there are other sample types available for selection. If there are indications of respiratory tract infection, we recommend respiratory tract samples for the mNGS test. The negative rates of sputum (17.61%) and BALF (20.89%) were much lower than those of other sample types in our study. Moreover, the false-negative samples of blood and tissue were reanalyzed, and the data showed that when both culture and mNGS were negative when sputum and BALF samples were sent for detection, the positive rate would be significantly increased. Furthermore, in the case of unknown pathogen infection, selecting multiple sample types for combined detection is recommended (Wang et al., 2020).

Second, the correlation between the status of infection and FN was explored. Complete blood count, CRP, PCT, IL-6, and ESR were collected on the day of examination of mNGS to determine the differences between FN and TN. There were no statistical differences between these two groups, which was consistent with another study (Duan et al., 2021). The data of the infection indexes showed that the samples with a clinical diagnosis of respiratory disease tended to be non-infectious diseases in mNGS samples. Therefore, the differential diagnosis (tumor, autoimmune diseases, etc.) should be considered in the clinical practice (Consensus Group Of Experts On Application Of Metagenomic Next Generation Sequencing In The Pathogen Diagnosis In Clinical M, Severe I, Professional Committee Of S, Shock Chinese Research Hospital A, Professional Committee Of Microbial Toxins Chinese Society For M, Professional Committee Of Critical Care Medicine Shenzhen Medical A, 2020).

Third, the experimental data were compared to analyze the false-negative results in the experiment. There were differences between FN and TN groups in DNA concentration of sputum and library concentration of blood. When there is lower DNA concentration in sputum samples and lower library concentration in blood emerged, we should be vigilant. The experimental steps should first make sure that each step is double-checked. When it turned into a negative report, it should be returned to the clinic, and clinicians should be reminded to make a comprehensive diagnosis and judgment. There were no statistical differences between FN and TN groups in the sequencing step. Therefore, increasing the amount of data is meaningless for false-negative samples. Moreover, the host sequence ratio had no reference significance in the judgment of false negatives.

Furthermore, Mycobacterium and Aspergillus were found to be the two most undetected pathogens. A possible explanation is that the cell walls of these pathogens were both thick and elaborate (Alderwick et al., 2015; Gow et al., 2017). It implies that before DNA extraction, precaution should be observed for the step of cell wall broken to obtain optical results.

Some limitations exist in our study. First, the definition of negative and positive in the study is limited to laboratory results, without clinical verification. Second, the laboratory results of bacteria, fungi, and parasites were analyzed in this study. Although viruses can be divided into DNA viruses and RNA viruses, the mNGS test in the current study only collected the result of DNA, as RNA viruses would degrade and could not be detected (Chen et al., 2020). Therefore, virus research was not included in the present study. Third, since prior antibiotic exposure has been reported to have less impact on the results of the mNGS test, the impact of antibiotics was not examined in study (Miao et al., 2018).

In conclusion, the present study showed that when the mNGS result is negative, the negative prediction accuracy rate of the original specimen is significant. However, other laboratory results and clinical presentations should always be carefully considered prior to the diagnosis.
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Background

To evaluate the value of metagenomic next-generation sequencing (mNGS) for the early diagnosis of psittacosis, and to investigate its epidemiology by whole-genome capture.



Methods

Twenty-one bronchoalveolar lavage fluid (BALF) and blood samples of 16 psittacosis patients from multiple centers during August 2019 to September 2021 were analyzed retrospectively. mNGS with normal datasets (10 M 75-bp single-end reads after sequencing) and larger datasets (30 M 150-bp paired-end reads after sequencing) as well as quantitative real-time polymerase chain reaction (qPCR) were used to detect the pathogen. Also, whole-genome capture of Chlamydophila psittaci was applied to draw the phylogenetic tree.



Results

mNGS successfully detected the pathogen in all 16 cases (100%), while qPCR was positive only in 5 out of 10 cases (50%), indicating a significantly higher sensitivity of mNGS than qPCR (p < 0.01). BALF-mNGS performed better than blood-mNGS (16/16 versus 3/5, p < 0.05). In addition, larger datasets (the read counts have tripled, and the base number was 12-fold larger compared to clinical mNGS with a normal dataset) of mNGS showed significantly increased contents of human DNA (p < 0.05) and decreased reads per million of the pathogen, suggesting no improvement. Whole-genome capture results of five samples (>60% coverage and >1 depth) were used to construct the phylogenetic tree.



Conclusion

Significant advantages of mNGS with normal datasets were demonstrated in early diagnosing psittacosis. It is the first study to use whole-genome capture to analyze C. psittaci epidemiological information.
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Introduction

Psittacosis, also called ornithosis or parrot fever, is a zoonotic disease caused by Chlamydophila psittaci (Stewardson and Grayson, 2010). Birds are the major source of infection (Kaleta and Taday, 2003). Most patients with psittacosis have a history of contact with birds, including parrots, pigeons, ducks, turkeys, and chickens (Kaleta and Taday, 2003; Stewardson and Grayson, 2010). Human-to-human transmission is rare (Ito et al., 2002). Psittacosis has a worldwide distribution and can infect humans with a low incidence (~1% in community-acquired pneumonia) (Speer, 2016). For example, the number of reported cases of psittacosis in the United States during 2008~2017 was 60 (Shaw et al., 2018 2019), whereas only 115 psittacosis cases were found from 2007 to 2016 in Japan (Kozuki et al., 2020). However, it is thought that psittacosis occurs more frequently than reported given conventional clinical tests of C. psittaci are not available in most hospitals (Gregory and Schaffner, 1997). In addition, not all infections lead to pneumonia and therefore often remain unnoticed and are not considered until the patients have no response to β-lactam antibiotic treatments (Gregory and Schaffner, 1997; Rybarczyk et al., 2020). It is worth noting that multiple psittacosis outbreaks have been reported worldwide (Beeckman and Vanrompay, 2009; Brass, 2016; Shaw et al., 2018 2019; Kozuki et al., 2020). Psittacosis can cause flu-like symptoms, with an incubation period of 1~4 weeks (Beeckman and Vanrompay, 2009). The predominant syndrome is respiratory tract infection (Crosse, 1990), with typical clinical symptoms including fever, headache, cough, and myalgia (Yung and Grayson, 1988; Moroney et al., 1998), while other clinical symptoms may include atypical pneumonia, septic shock, and multiple-organ failure (Figure 1) (Stewardson and Grayson, 2010). The severity and clinical features of psittacosis range widely among patients (Crosse, 1990; Heddema et al., 2006). Most patients respond to proper antibiotic treatments and experience a good prognosis. However, severe features involving multiple systems of the body may occur, even resulting in death (Byrom et al., 1979). The mortality rate is 1% (Brass, 2016). The early diagnosis of this disease can help the timely adjustment of antibiotic treatments, significantly improving the prognosis of patients.




Figure 1 | The epidemiology of psittacosis and its manifestations in infected persons. Psittacosis is a zoonotic disease, and birds are the major source of infection. The pathogen, Chlamydophila psittaci, can infect multiple organs of the body and cause pneumonia, septic shock, and multiple-organ failure. The typical clinical symptoms include fever, headache, cough, and myalgia.



The clinical diagnosis of psittacosis remains difficult. Similar symptoms to other flu-like diseases and variation in different patients (Stewardson and Grayson, 2010) result in many misdiagnosed cases. In addition, conventional diagnostic methods, including culture, serology, and polymerase chain reaction (PCR), are not ideal for the diagnosis of psittacosis (Smith et al., 2005; Branley et al., 2008). Most laboratories do not have the capability of performing C. psittaci culture, which must be cultivated in tissue culture, mice, or chick embryo, taking several weeks (William et al., 2000). Serology is the most commonly used method in many clinical laboratories, but the sensitivity and specificity are low, especially for the early diagnosis (Smith et al., 2005). PCR is fast with a relatively high sensitivity and specificity, but it needs a prior hypothesis of the target (Mitchell et al., 2009), limiting its application in clinical diagnoses. By contrast, the state-of-the-art metagenomic next-generation sequencing (mNGS) has been successfully applied in diagnosing multiple clinical diseases, including sepsis, meningitis, and pneumonia (Chiu and Miller, 2019; Chen et al., 2021). It is culture-independent and able to rapidly detect almost all pathogens, including bacteria, viruses, fungi, parasites, and chlamydia (Gu et al., 2021). Compared to the conventional methods, mNGS is less affected by previous antibiotic treatment, and the sensitivity and specificity are always higher, suggesting its great advantages, especially for rare, novel, and atypical infectious diseases (Gu et al., 2021). Notably, the sensitivity of mNGS and qPCR always depends on the load of pathogens in samples. A low pathogen load can lead to missed diagnosis by either diagnostic method. Theoretically, we can get more pathogen reads by sequencing for higher throughput but may also bring more DNA reads of human host and background microorganisms. The diagnosis value of mNGS with normal and enlarged datasets has been less discussed.

In this study, patients with psittacosis were enrolled for a multicenter retrospective analysis, with the aim to evaluate the value of mNGS in diagnosing psittacosis compared to quantitative real-time PCR (qPCR) using blood and bronchoalveolar lavage fluid (BALF) samples. We also analyzed the impact of applying larger datasets of mNGS to the diagnosis. In addition, whole-genome capture of C. psittaci was also applied in this study. A phylogenetic tree was built to illustrate its epidemiological spectrum.



Material and Methods


Sample Collection

Sixteen patients hospitalized and diagnosed with psittacosis, from August 2019 to September 2021, were enrolled for this multicenter retrospective study. These patients were from five hospitals, including Chinese PLA General Hospital, Zhengzhou Central Hospital Affiliated to Zhengzhou University, the Chinese People’s Armed Police Forces, Cangzhou Central Hospital, and Yan’an University Affiliated Hospital. Their baseline information and clinical data were recorded. BALF and blood samples were also collected.

All procedures performed in this study involving human participants were in accordance with the ethical standards of the institutional and/or national research committee(s) and with the Helsinki Declaration (as revised in 2013). This study was approved by the ethical review committee of General Hospital of the People’s Liberation Army (No. S2019-266-02). Written informed consent was obtained from the patients.



Molecular Detection of Samples

A total of 21 samples were collected from the 16 patients, including 16 BALF and 5 blood samples, and were transferred for PACEseq mNGS (Hugobiotech, Beijing). DNA was extracted using QIAamp DNA Micro Kit (QIAGEN, Hilden). DNA libraries were then built using QIAseq™ Ultralow Input Library Kit (QIAGEN, Hilden) according to its manufacturer’s instructions. Qubit (Thermo Fisher, Waltham, MA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto) were applied to evaluate the quality of libraries. For clinical mNGS detection, all qualified libraries were sequenced on a NextSeq 550Dx platform (Illumina, San Diego) with a normal dataset (~10 M 75-bp single-end reads after sequencing). For mNGS detection with a larger dataset, paired-end sequencing using the same libraries was performed on a NovaSeq 6000 platform (Illumina, San Diego), and ~30 M 150-bp paired-end reads were obtained. The larger dataset resulted in the read count tripling and the base number being 12-fold larger compared to the normal clinical mNGS dataset.

Short reads, low-quality reads, and low complexity reads were removed from the raw data. Human host DNA were then filtered out after aligning to the human reference database (hg38). The clean reads were aligned to Microbial Genome Databases (http://ftp.ncbi.nlm.nih.gov/genomes/) using BWA. The read number and reads per million (RPM) of each detected pathogen were calculated. For detected microbes, including bacteria (Mycobacteria excluded), fungi (Cryptococcus excluded), and parasites, a positive mNGS result was given when its coverage ranked in the top 10 of similar microbial species (or genera) and was absent in the negative control (“No template” control, NTC) or when its ratio of RPM between sample and NTC (RPMsample/RPMNTC) > 10 if RPMNTC ≠ 0. For viruses, M. tuberculosis, C. psittaci, and Cryptococcus, a positive mNGS result was considered when at least one unique read was mapped to species level and absent in NTC or RPMsample/RPMNTC > 5 when RPMNTC ≠ 0.

Whole-genome capture of C. psittaci was also applied in this study. The probes were designed in 200 bp of length. The detailed information of the probes, including the sequences and co-ordinates of the target, was shown in the supplementary materials. The whole genome of C. psittaci of each sample was then captured using a Twist-customized panel (Twist, San Francisco) based on Twist Fast Hybridization Target Enrichment Protocol in this study. The enriched libraries were then sequenced on NovaSeq 6000 (Illumina, San Diego). After removing the short or low-quality reads and human host reads, the clean data were aligned to the C. psittaci reference database (GCF_000204255.1). The coverage and mean depth of each sample were calculated.

qPCR was also used to detect the pathogen, and a 172-bp DNA-specific fragment on the ompA gene was detected. The primers were AGAAGCAAATGGCAGACCGA (F) and AACCAAGTTGAATGCAGCCGA (R). Samples with a Ct value of qPCR < 37 were considered as positive. Clone and Sanger sequencing was performed to verify the qPCR detection.



Data Analysis

The sensitivity and positive rate of mNGS and qPCR against the final diagnosis were calculated in this study. The value of mNGS in diagnosing psittacosis was evaluated by comparing to that of qPCR. To better understand if larger datasets of mNGS can help the diagnosis, the detection results of mNGS with normal datasets and larger datasets (the read counts have tripled, and the base number was 12-fold larger compared to clinical mNGS with normal dataset) were compared. The mNGS results detected by different types of samples (BALF and blood) were also compared. R software (version 4.1.0) was applied for the statistical analysis, including Fisher test and Wilcoxon’s test using the Stats package.

The coverage and mean depth of C. psittaci after whole-genome capture were calculated. The genetic results with >60% coverage and >1 mean depth were then used to build the phylogenetic tree by MEGA X based on the maximum-likelihood method and neighbor-joining method (bootstrap = 1,000). The genetic relationship of different C. psittaci strains worldwide was analyzed. The relationship of each paired C. psittaci strains of this study was analyzed by comparing the differences of variations in all shared single-nucleotide polymorphisms (SNPs). We also processed and assembled the reads of samples with high-quality capture results (coverage >99% and mean depth >100) using megahit. The nucleotide identity of different strains was calculated using fastANI. The amino acid sequence of cases with coverage >99% and mean depth >100 was predicted by Prokka.




Results


The Baseline of Patients

A total of 16 patients were enrolled in this study, including seven from the General Hospital of the People’s Liberation Army, four from Zhengzhou Central Hospital, two from Military Medical Center, two from Cangzhou Central Hospital, and one from Yan’an University Affiliated Hospital.

Nine out of the 16 (56%) patients were men, and seven (44%) were women. The average age was 57 (16~88) years. Ten patients (63%) had underlying diseases, including diabetes, hypertension, coronary heart disease, and liver cirrhosis. Nine patients (56%) had a history of exposure to birds, such as parrots, pigeons, or poultry. Their main symptoms included fever and cough, accompanied by chills, fatigue, chest tightness, and diarrhea, all of which were common for psittacosis. The involved systems included respiratory system, digestive system, urinary system, blood system, circulatory system, and nervous system. Pneumonia was the most common illness of these patients. CT results of the patients revealed consolidation, nodules, and ground-glass shadows distributed along the subpleura, accompanied by a small amount of pleural effusion. Blood routine tests revealed 14 patients (87.5%) with a normal range (3.5~10 ×109/l) of white blood count (WBC), consistent with previous studies (Branley et al., 2014). The detailed baseline of patients is shown in Table S1. All patients received 2–4 weeks of tetracyclines and/or new fluoroquinolone therapy. They were finally cured with good prognosis.



The Comparison Between mNGS and qPCR

In this study, the value of mNGS and qPCR in diagnosing psittacosis was compared. mNGS was performed in all 21 samples (16 BALF and 5 blood samples) from the 16 cases. mNGS detected C. psittaci in all cases; the sensitivity of mNGS was 100%. Except two blood samples, all samples showed positive C. psittaci; the detection rate of mNGS was 90.48%.

qPCR and mNGS were performed simultaneously in 15 samples (10 BALF and 5 blood samples) of 10 patients. Only five BALF samples were detected with a confirmed targeted C. psittaci fragment by qPCR. The sensitivity and detection rate of qPCR were 50% and 33%, respectively. By contrast, mNGS successfully detected the pathogen in all the 10 cases, and only two blood samples were negative. The sensitivity and detection rate of mNGS in these patients were 100% and 87%, respectively. The detection rate and sensitivity of mNGS were significantly higher than those of qPCR (p <0.01). In addition, the difference in mNGS pathogens’ specific read number and RPM between samples with positive and negative qPCR results were calculated and compared. It was found that the specific read number and RPM of C. psittaci in samples with positive qPCR results were significantly higher than those that failed to detect the pathogen by qPCR (p < 0.05) (Figure 2). In other words, mNGS detected the pathogen of low load that qPCR failed to identify. The detailed information is shown in Table 1.




Figure 2 | The comparison of mNGS results between qPCR-positive and -negative samples. (A) The read number and RPM of C. psittaci were significantly higher in qPCR-positive samples than that of negative samples. (B) The relationship between reads number (top) or RPM (bottom) and cycle threshold (Ct) value of qPCR. *p < 0.05.




Table 1 | The mNGS and qPCR results of all samples.





The Comparison of BALF-mNGS and Blood-mNGS

BALF and blood samples are commonly used sample types for mNGS detection, and the mNGS results of different types of samples were compared among the 16 BALF and five blood samples collected (Figures 3A, B). The mNGS efficiency (the percentage of microbial reads) of BALF and blood samples were 10.27% and 9.25%, respectively. Various microbial reads were detected by both blood and BALF mNGS, indicating a similar efficiency of blood and BALF for mNGS detection. However, when only considering the pathogen of psittacosis, all BALF samples gave positive results, but blood samples in two out of five patients failed to detect the pathogen (Figure 3B). The overall positive rate of BALF-mNGS (100%) was significantly higher than that of blood mNGS (60%) (p < 0.05). In addition, the detected read number and its RPM of BALF-mNGS were also significantly higher than those of blood-mNGS (p < 0.01) (Figure 3A). This indicated that BALF is a more relevant sample type to detect the pathogen of psittacosis.




Figure 3 | The mNGS results of BALF and blood samples. (A) The read number and RPM of C. psittaci in BALF samples were significantly higher than those of blood samples. (B) The read number (top) and RPM (bottom) of C. psittaci of both BALF and blood samples in five cases. P1 and P3 were negative by mNGS of blood.





The Comparison of mNGS With Normal or Larger Datasets

mNGS with larger datasets was performed in 15 samples from 11 patients in this study. The read count has tripled, and the base number was 12-fold larger compared to clinical mNGS with a normal dataset. The percentage of low-quality reads, human host reads, and microbial reads and the specific read number and RPM of C. psittaci were calculated (Figure 4A). After comparing the clinical mNGS detection results with normal data volume, it was found that larger datasets generated a higher content of human DNA (98.46% ± 4.11 vs. 88.70% ± 17.76) and a lower mNGS efficiency (1.14% ± 2.97 vs. 8.94% ± 14.75) (p < 0.01), while there was no significant difference in low-quality read percentage before and after dataset adjustment. The detected read number and RPM of C. psittaci were further compared. The specific read number increased, but the RPM drastically decreased after increasing the datasets. Except three blood samples (one was negative after increasing the sequence data, and two were negative both before and after increasing the sequence data of mNGS), the remaining detection results revealed a decreased RPM of C. psittaci after increasing the sequence data in 10 samples (0.01~0.85 times). Only two samples (1.15 and 1.44 times) showed a slight increase in RPM after increasing the sequence data of mNGS (Figure 4B), indicating that the increase in the amount of mNGS sequencing data might not result in a better detection result.




Figure 4 | The comparison of mNGS detection results with normal or larger datasets. (A) The results of mNGS with normal datasets and larger datasets were shown in green and orange, respectively. After enlarging the datasets of mNGS, the content of human DNA increased significantly (p < 0.01), and the mNGS efficiency (the percentage of microbial reads) decreased significantly (p < 0.01). (B) Except three blood samples (one was positive by mNGS with normal datasets); the remaining detection results of 12 samples showed positive by mNGS with larger datasets. Compared to mNGS with normal datasets, a decreased RPM of C. psittaci was found in 10 samples (blue bar). Only two samples (orange bar) showed a little higher RPM by mNGS with larger datasets. *p < 0.05, **p < 0.01 , and NA p > 0.05.





Whole-Genome Capture and Phylogenetic Tree

Whole-genome capture of C. psittaci was performed in 10 patients (Figure 5A). The coverage ranged from 96.29% to 1.23%, and the mean depth ranges from 128.07 to 0.03. The number of detected SNPs and the shared variations of each paired sample after capture are shown in Figure 5B. There were 856 SNPs detected in both P3 and P7, and the variations of 92% of these SNPs were the same, indicating their closest genetic relationship than other paired isolates. Five samples with coverage >60% and mean depth >1 were finally used to construct the phylogenetic tree and were clustered into different clusters, with all branches of C. psittaci able to infect various hosts, including birds (parrots, pigeons, ducks, and chickens), mammals (horses, cattle, and pigs), and human (Figure 5C and S1). The five samples in this study and three other C. psittaci samples from China were clustered separately in multiple sub-branches with those samples from other regions worldwide. A high genetic diversity of C. psittaci in China and no obvious geographical distribution characters of C. psittaci were demonstrated. Only C. psittaci from P3 and P7 showed a very close relationship, confirming the SNP analysis (Figure 5B). Interestingly, P3 and P7 both had a history of contact with birds, and their closest C. psittaci sample (GCF_000298475) was also isolated from birds. P1 which was most closely related with GCF_001401455 isolated from a pigeon also had a history of exposure to pigeon. In addition, P1 also had a close relationship with GCF_014901175, which was isolated from an ICU patient with severe pneumonia from China.




Figure 5 | The detection results after whole-genome capture and the maximum-likelihood phylogenetic tree of C. psittaci in this study. (A) The coverage and mean depth of 10 samples after capture. The data of C. psittaci in five cases (marked in purple) with coverage >60% and mean depth >1 were further analyzed. (B) The detected SNP number (top right) and the shared variation percentage (bottom left) of each paired samples after capture. P3 and P7 showed the closest genetic relationship among the five samples; they shared the same variations in 92% of 856 SNPs. (C) The maximum-likelihood phylogenetic tree of C. psittaci. Samples marked in red were from China. Samples highlighted in green were isolated from birds. Samples highlighted in blue were isolated from mammals. Samples highlighted in orange were isolated from human.






Discussion

Psittacosis caused by C. psittaci is a systemic infectious disease with a pulmonary component, of which the clinical diagnosis by conventional methods is always difficult and easy to be ignored (Gregory and Schaffner, 1997; Rybarczyk et al., 2020). When diagnosing psittacosis, qPCR has a relatively higher sensitivity and specificity than serology and culture, but it requires a priori hypothesis of target pathogens (Mitchell et al., 2009). However, C. psittaci is not always first considered by clinicians, and its symptoms are often atypical, which limit the use of qPCR in diagnosing psittacosis. Unlike qPCR, mNGS can unbiasedly detect almost all organisms in the sample without a priori hypothesis and has been widely used for the clinical diagnosis of various infections with satisfying performance. In this study, mNGS also performed a significantly higher sensitivity than qPCR (p < 0.01), indicating its greater potential in diagnosing psittacosis, especially when the DNA load of the pathogen is low. Thus, the pan detection spectrum and high sensitivity of mNGS allow the early and accurate diagnosis of diseases with atypical symptoms, which can help the adjustments of antibiotic treatment. In addition, BALF has been considered as a promising sample type for the diagnosis of psittacosis in this paper, while blood can still serve as an alternative for mNGS, especially for patients who cannot tolerate bronchoscopy examination.

mNGS can detect pathogens with an extremely low DNA load in the sample. In this study, five BALF samples and five blood samples were detected as negative by qPCR of C. psittaci, but mNGS succeeded to identify the pathogen in 8 of the 10 samples. The sensitivity of qPCR was relatively low. The reason may be that the primers of qPCR in this study are not optimal. They can only be used to detect limited genotypes of OmpA. In fact, we analyzed the OmpA region of each sample using the whole-genome capture data. Reads that are mapped to each OmpA genotype with identity ≥95 and coverage ≥95 were recorded (Table S2). Except three samples with no reads mapped to the OmpA region, seven samples successfully detected the genotypes. They can be clustered into genotypes A, B, E, and EB, all of which might be detected by our qPCR primers. qPCR was performed in five of the seven patients. The sensitivity of qPCR was 80% (4/5), while mNGS detected in all of the five samples. Further analysis to compare the value of mNGS and qPCR in diagnosing psittacosis is required.

Compared to blood samples, BALF performed better for the diagnosis of psittacosis. The reason could be that the DNA load of the pathogen in BALF may be higher than that in blood. As a semiquantitative tool (Zhang et al., 2020), mNGS revealed a higher DNA read number and RPM of the pathogen in BALF than in blood samples, confirming our hypothesis. It is known that BALF is a relevant sample type for the diagnosis of lung infections, but many patients could not tolerate bronchoscopy examination. In addition, this invasive procedure may bring in other pathogens, causing another infection, especially for immunocompromised patients (Jolis et al., 1996). Our findings also indicated that blood could be an alternative for the early diagnosis of psittacosis using mNGS, although the DNA load of pathogens was lower than BALF.

The low load of the pathogen in samples may be the main limitation for the early diagnosis. Therefore, we evaluated if the increased amount of mNGS sequencing data could improve the diagnosis. Theoretically, the sensitivity of mNGS is based on the amount of detected reads of the pathogen. The more reads are detected, the higher the sensitivity of mNGS is determined. Therefore, it would be assumed that a higher amount of sequencing data may improve the mNGS detection. However, it was shown that the content of human DNA increased. Although the read counts tripled, the percentage of microbial reads decreased significantly after enlarging the datasets of mNGS, indicating its lower mNGS efficiency. For the pathogenic microorganism, although the specific read number increased, the RPM drastically decreased. In fact, there was one blood sample, which was detected as positive with a normal dataset, which turned negative after a larger dataset of mNGS. Therefore, enlarging datasets of mNGS could not improve the mNGS detection and might even result in a worse result. A previous study by Arnt Ebinger et al. also confirmed our finding (Ebinger et al., 2021). They explored the threshold for the routine application of mNGS in the clinical diagnostic context and found that the impact of the dataset size was neglectable for mNGS detection. Our findings indicated that larger datasets of mNGS can carry even more host and background compositions than pathogen compositions and complicate the further analysis.

The epidemiological analysis of pathogens is always difficult. mNGS cannot cover enough genetic information due to their low contents in clinical samples. Culture is commonly used to clone and isolate the pathogen. However, there are many pathogens that are not able or hard to be cultivated, such as viruses. Target capture can enrich the pathogen’s DNA reads of the library from those of human and environment microbes prior to sequencing (Samorodnitsky et al., 2015); the coverage has significantly increased, for example, from 1.23% to 96.29% of P7 in this study, suggesting that capture may be a potential way for epidemiological analysis.

Psittacosis is a zoonotic disease; most patients have experienced a history of exposure to birds, especially parrots, pigeons, and poultry (Kaleta and Taday, 2003; Stewardson and Grayson, 2010). Therefore, this disease is always eliminated from diagnostic consideration with a negative contact history (Cunha, 2006). However, there were nearly half of the patients (43.75%) with psittacosis who stated no contact with birds in this study. In addition, the high genetic diversity of C. psittaci in China and its complex epidemiology also indicate that the impact of this disease in pneumonia patients may be underestimated. It should be noted that empirical antibiotic therapy, such as β-lactam antibiotics, is often given to patients with suspected bacterial pneumonia, but it may have little efficacy for psittacosis (Cunha, 2006). The delay of treatment may cause worse prognosis of patients and even death. Therefore, mNGS should be applied as quickly as possible in patients with suspected psittacosis. The early and accurate diagnosis can help the timely adjustment of antibiotics, improving the prognosis of patients.

In this study, we introduced mNGS to psittacosis patients, which showed an ideal performance for the early diagnosis of this disease. Although an increased amount of sequencing data for mNGS could not improve the diagnosis, the high sensitivity of mNGS with normal sequencing data indicated that blood could be an alternative for the early diagnosis of psittacosis using mNGS, especially when bronchoscopy examination is not feasible. Considering the high genetic diversity of C. psittaci in China and its complex epidemiology, the early diagnosis of psittacosis using mNGS is needed, which can help the timely adjustment of antibiotic treatments and improve the prognosis. However, the sample size of this study was limited. More samples are needed to further evaluate the value of mNGS using BALF and blood in the early diagnosis of psittacosis and other infectious diseases.
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The combination of maxillofacial infections (MI) with descending necrotizing mediastinitis (DNM) is a complex disease characterized by rapid development and high mortality. Here, we performed metagenomic next-generation sequencing (mNGS) using samples from 21 patients with MI and eight patients with DNM. In this study, we found that the species richness of the DNM group was higher than that of the MI group, and the species diversity of the DNM group was higher than that of the MI group, with no statistically significant differences between groups (P > 0.05). LefSE analysis revealed that the main species differing between groups were Bacillus, Lactobacillus, Streptococcaceae, and Streptococcus (S. constellatus and S. anginosus). In addition, the PLS-DA analysis revealed that the dominant groups in the DNM group at the species level were S. constellatus, S. anginosus, Streptococcus intermedius, Prevotella oris, Mogibacterium timidum, and Eubacterium nodatum. Next, we correlated the clinical characteristics of the patients with the relative abundance of the pathogens identified in the LefSe and PLS-DA analyses. The relative abundance of S. anginosus was positively correlated with C-reactive protein (CRP) and calcitoninogen (PCT) but negatively correlated with the percentage of lymphocytes (Lymph%) (P < 0.05). On the other hand, M. timidum was positively correlated with the percentage of neutrophils (Neut%) and glycated hemoglobin (GLU) (P < 0.05), and Parvimonas micra was positively correlated with CRP (P < 0.05).




Keywords: maxillofacial infection, mediastinal infection, mNGS, pathogenic bacteria, early diagnosis and treatment



Introduction

Oral and maxillofacial infections are caused by specific pathogenic bacteria or dysbiosis in the maxillofacial area. These infections can spread to surrounding tissues and interstitial spaces through weak resistance structures, causing severe complications such as cavernous sinus thrombophlebitis, brain abscess, sepsis, and mediastinitis along nerves and blood vessels (Reynolds and Chow, 2007; Bagheri, 2008). The spread of the infection to the mediastinum is caused by the pressure of the pus cavity, gravity, and negative intrathoracic pressure (Foroulis and Sileli, 2011), resulting in descending necrotizing mediastinitis (DNM). DNM is the most common and serious complication of oral and maxillofacial space infections, with a mortality rate of 61.5%, as it leads to sepsis and organfailure if not treated promptly (Freeman et al., 2000; Misthos et al., 2007; Kocher et al., 2012; Huang et al., 2015). Obtaining live pathogens, such as bacteria, fungi, and viruses, is the gold standard for diagnosing infectious diseases. However, in vitro culture of pathogens is generally time-consuming and cumbersome in terms of operational steps, and most pathogens cannot be cultured (Buehler et al., 2016; James et al., 2018). According to statistics, about 70% of patients with infectious diseases cannot receive timely and effective treatment because traditional testing methods are unable to identify the pathogen, thus worsening their condition (Morens and Fauci, 2012). Therefore, rapid, specific, and high-throughput pathogen detection methods are essential for effective diagnosis and timely prevention and treatment of infectious diseases. Metagenomic next-generation sequencing (mNGS) is fast, sensitive, and accurate (Liu et al., 2013; Simner et al., 2018). Hence, mNGS could be used as a new detection method for early clinical diagnosis and treatment of maxillofacial space infections (Ambardar et al., 2016; Gu et al., 2019).

Previously, Chen et al. compared and analyzed the differences between mNGS and conventional bacterial culture techniques to detect pathogenic bacteria in maxillofacial space infections and found that the average detection time was 18.81 ± 3.73 h for mNGS and 83.25 ± 11.64 h for bacterial culture. In addition, the positive detection rate was 100% for mNGS and 31.25% for conventional bacterial culture (Chen et al., 2021). Long et al. also performed mNGS and blood culture on plasma from 78 ICU patients, and the results showed a detection rate of 30.77% by mNGS, while the detection rate by blood culture was only 12.82%, indicating that mNGS has higher sensitivity in pathogen detection (Long et al., 2016). Li et al. tested lung tissue samples from 20 patients with suspected lung infections and showed that the sensitivity and specificity of bacterial identification by mNGS and the culture method were 100% and 76.5%, respectively, with a negative predictive value of 100% (Li et al., 2018).

Hence, mNGS can detect pathogens more rapidly and accurately than conventional tests. This allows for timely adjustment of antibiotics based on test results which can significantly reduce the morbidity and mortality rate of DNM. This study detects the differential microbiota of DNM due to maxillofacial space infections using mNGS and provides an experimental basis for early evidence-based medical diagnosis treatment and prognosis of maxillofacial space infections.



Materials and Methods


Sample Collection

This study collected pus specimens from 29 patients with maxillofacial space infections. The patients were divided into two groups according to the enhanced CT imaging of the maxillofacial, neck, and chest at the time of admission. One group of eight patients developed descending necrotizing mediastinitis (DNM group); the other group had a regular maxillofacial space infection (MI group). Samples from both groups were collected fresh during surgery. A 2 ml pus sample was extracted with a sterile syringe and stored at -80°C after being transferred to the laboratory with liquid nitrogen within half an hour. All patients and their families signed an informed consent form, and this study was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University (approval number: KY-2019-LW007).



DNA Extraction From Pus Samples

Sample DNA extraction was performed using an MP’s Fast DNA Spin Kit following the indications below. The kit is suitable for the genome of all microorganisms in pus samples.

	1) Add the 2 ml pus to the Lysing Matrix E tube.

	2) Add 978 µl of the SPB and 122 µl of MT Buffer.

	3) Vortex the tube for 40 to 50 s. Shake it from all angles to ensure homogeneous mixing. Then, centrifuge at 8000 r/min for 15 min.

	4) After centrifugation, transfer the supernatant to a microcentrifuge tube, mix by adding 250 µl of PPS reagent, and shake the tube 10 times.

	5) Centrifuge at 8000 r/min for 5 min and transfer the supernatant to a clean 5 ml centrifuge tube.

	6) Vigorously shake the binding matrix and then aspirate 1 ml into the centrifuge tube in the previous step.

	7) Shake the centrifuge tube up and down for 2 min. Wait 3 min for the silica matrix to precipitate.

	8) Carefully remove 600 µl of supernatant and avoid touching the precipitated binding matrix. Discard the supernatant, transfer about 600 µl of the mixture to the SPIN filter, and centrifuge at 8000 r/min for 1 min.

	9) Pour the liquid into the collection tube and repeat the previous step until the liquid in the 5 ml centrifuge tube is aspirated.

	10) Add 500 µl of SEWS-M solution and mix well with a small gun. Centrifuge at 8000 r/min for 1 min, and then remove the liquid from the collection tube.

	11) Repeat the previous step replacing the centrifuge tube with a 1.5 ml tube.

	12) Centrifuge at 8000 r/min for 2 min to remove residual SEWS-M solution. Then replace with a clean 1.5 ml centrifuge tube.

	13) Air dry the SPIN Filter for 5 min at room temperature.

	14) Add 80 µL of DES solution to the SPIN filter. Carefully mix it with Binding Matrix using a small gun tip, and water bath at 65°C for 15 min. Centrifuge at 8000 r/min for 2 min to obtain about 50 µL of DNA solution. Add another 80 µL of DES solution and repeat the previous steps to obtain approximately 100 µl of DNA solution.

	15) Discard the SPIN Filter and store the extracted DNA at -20°C for subsequent experiments.





Library Preparation

The extracted DNA was fragmented using a Covaris M220 ultrasonicator, and fragments of approximately 300 bp were screened. Using the Tru SeqTM DNA Sample Prep Kit, a Y-shaped junction was attached to both ends of the fragmented DNA, the junction was removed by screening with magnetic beads, and the DNA was denatured using sodium hydroxide after PCR amplification to produce a single-stranded DNA fragment.



Illumina Hiseq Sequencing

	1) Add a modified DNA polymerase and dNTP with four fluorescent labels, synthesizing only one base per cycle.

	2) Scan the surface of the reaction plate with a laser and read the nucleotides polymerized up by the first reaction of each template sequence.

	3) Chemically cleave the “fluorescent group” and “termination group” to restore the 3’ end adhesion and continue the polymerization of the second nucleotide.

	4) Count the results of the fluorescence signal collected in each round to obtain the sequence of the template DNA fragment.





Data Quality Control

Using Seqprep (https://github.com/jstjohn/SeqPrep), the reads 3’ end and 5’ end adapter sequences for quality clipping. Reads with less than 50 bp in length, with average base mass values below 30, and those containing N bases were removed after clipping using Sickle (https://github.com/najoshi/sickle), retaining high-quality pair-end reads and single-end reads. The reads were then matched to the host DNA sequences using the BWA software (http://bio-bwa.sourceforge.net), and the contaminated reads with high similarity were removed. The removed host DNA sequences included those from GRC38.p13 and the Inflammation One reference genome



Species Identification

Species identification was performed using kraken2/bracken (Garcia et al., 2021) and NT was chosen for the microbial database. The relative abundance of each species was calculated for each sample as “reads of that species/total microbial reads of that sample”. The species abundance in each sample was also counted at each taxonomic level of domain, kingdom, phylum, class, order, family, genus, and species to construct abundance profiles at the corresponding taxonomic levels.



Experimental Data Analysis

Alpha diversity analyzes species diversity in a single sample and includes the Chao1 and Shannon indices (Jiang et al., 2015). The Chao1 index reflects the number of species in the sample microbiota (richness). In contrast, the Shannon index combines the number of species in the microbiota (richness) and the relative abundance of each species in the sample (evenness), expressed as species diversity in the microbiota.

Linear discriminant analysis effect size (LEfSe) (Fazlollahi et al., 2018) can be used to discover new biomarkers to identify the groups that best characterize each study group, and LDA analysis is primarily intended to find species that differ significantly in relative abundance between groups. LEfSe first detects differences in species abundance between groups using the non-parametric Kruskal-Wallis test to obtain species with significant differences; then, the Wilcoxon test was used to test the consistency of the differences between subgroups of the different groups in the first step, and finally, the LDA discriminant scores were used to estimate the magnitude of the effect of these differential species on intergroup distinctions. We considered taxa with LDA > 4 to be significant.

Sparse partial least squares discriminant analysis (sPLS-DA) (Hadj-Henni et al., 2021) aims to identify the key colonies that best distinguish between the two groups of samples, using the mixOmics package (Rohart et al., 2017) in the R language program for statistical analysis and graphing.



Statistical Methods

Age, white blood cell (WBC) count, platelet count, neutrophil percentage, lymphocyte percentage, monocyte percentage, C-reactive protein, calcitoninogen, and glycosylated hemoglobin were tested by the Wilcoxon non-parametric rank-sum test in both groups. Gender, history of smoking, history of alcohol consumption, and history of diabetes mellitus were tested by chi-square test in both groups. Between-group diversity analysis and analysis of variance Wilcoxon non-parametric rank-sum test was used, and the relationship between phenotypic and clinical data and microbial communities was explored by Spearman correlation analysis. The test level p = 0.05.




Results


Clinical Information of the Samples

In this study, pus specimens were collected from 29 patients with maxillofacial space infections. Of these, eight were caused by descending necrotizing mediastinitis (DNM group) based on imaging, and 21 patients had a simple maxillofacial space infection (MI group). Among the 29 patients, 19 were male and 10 were female; the mean age was 54.48 ± 15.62 years; seven had a history of previous alcohol consumption, 11 had a history of smoking, and 14 had a history of previous diabetes mellitus (see Table 1 for details of clinical data). Platelet count, neutrophil percentage, lymphocyte percentage, monocyte percentage, C-reactive protein (CRP), calcitoninogen (PCT), and glycated hemoglobin were compared in the two groups using a Wilcoxon non-parametric rank-sum test, and the results did not show statistically significant differences between the groups (P > 0.05). The chi-square test was used for gender, history of smoking, history of alcohol consumption, and history of diabetes in both groups, and the results did not show statistically significant differences between the two groups (P > 0.05).


Table 1 | Clinical information of the two sample groups.





Data Quality Control and Cleaning Results

Next, the 29 pus samples were investigated using mNGS. The sequencing data were first subjected to data quality control and cleaning to ensure high data quality for the subsequent analysis steps (Figure 1). Data quality control included raw data Q30 statistics, the percentage of bases with base quality values greater than or equal to 30 on the Illumina sequencing platform. Total reads: the total number of nucleic acid sequences obtained by mNGS; filter reads, microbe reads: the total number of nucleic acid sequences of microorganisms detected in the sample after removing the human-derived nucleic acid sequences. A Wilcoxon non-parametric rank-sum test was performed between the two groups and showed no statistically significant difference (P > 0.05).




Figure 1 | Data quality control sketch. (A) raw data Q30 scale statistics, (B) total reads, (C) filter reads, (D) microbe reads.





mNGS Detection Results

A total of 131 pathogenic bacteria were detected in the DNM group, of which the top 10 in relative abundance were: P. oris (21.04%), S. constellatus (10.14%), P. intermedia (6.35%), Prevotella buccae (5.81%), S. anginosus (5.62%), Peptostreptococcus stomatis (5.02%), P. micra (4.67%), Bacteroides heparinolyticus (4.43%), M. timidum (4.23%), and Streptococcus sp. NSJ-72 (4.15%) (Table 2).


Table 2 | Top 10 species detected in DNM group.



A total of 127 pathogenic bacteria were detected in the MI group, of which the top 10 in relative abundance were: P. oris (18.59%), P. micra (8.41%), Prevotella baroniae (6.36%), S. constellatus (5.67%), P. stomatis (5.02%), Mycolicibacterium houstonense (4.76%), Porphyromonas endodontalis (4.56%), P. buccae (4.52%), P. intermedia (4.03%), and B. heparinolyticus (3.12%) (Table 3).


Table 3 | Top 10 species detected in MI group.





Alpha Diversity Analysis Results

The Chao1 index is used to estimate the number of species contained in the samples, and a larger Chao1 index means more species in the sample microbiota, i.e., higher richness. The Shannon index was used to estimate the species diversity in the samples, and a larger Shannon value indicates higher microbiota diversity. We found that the species richness of the DNM group was higher than that of the MI group (Figure 2A) and that the species diversity of the DNM group was higher than that of the MI group (Figure 2B). Differences between the two groups were tested using the Wilcoxon non-parametric test, and the results showed that the differences between the groups were not statistically significant (P > 0.05).




Figure 2 | Alpha diversity analysis. (A) chao1 index, (B) Shannon index.





LEfSe Analysis Results

The species with statistically significant differences between the two groups were further analyzed by LEfSe (P < 0.05) and species that reached the LDAscore threshold (LDA > 4) were: Bacilli, Lactobacilli, Streptococcaceae, Streptococcus, S. constellatus, and S. anginosus (Figure 3). These differential bacteria were enriched in the DNM group.




Figure 3 | LefSE results.





sPLS-DA Analysis Results

sPLS-DA is a supervised discriminant analysis statistical method that uses sPLS-DA to model the relationship between the relative abundance of pathogenic bacteria and sample categories to predict sample categories. The sPLS-DA models were developed separately for two-group comparisons (Figure 4). Comp1 contributed 9%, 10%, and 10% to the group differences at the family, genus, and species levels, respectively, and comp2 contributed 6%, 3%, and 5% to the group differences at the family, genus, and species levels, respectively. The sPLS-DA model explained the highest degree of comp1 at the species level.




Figure 4 | sPLS-DA model for comparison of two groups. (A) family level, (B) genus level, (C) species level.



At the species level, the differential species that distinguished the two groups of samples according to the sPLS-DA model were screened on the comp1 axis (Figure 5A). Among them, P. baroniae and Dialister pneumosintes were the dominant bacteria in the MI group, while Mogibacterium diversum, Alistipes shahii, Eubacterium siraeum, Treponema medium, Treponema sp. OMZ838, Treponema sp. OMZ804, Capnocytophaga canimorsus, Oscillibacter sp. PEA192, Clostridium sp. SY8519, Pasteurella canis, Catonella morbi, S. anginosus, S. anginosus, E. nodatum, Oribacterium sp. oral taxon 078, M. timidum, and Lachnoclostridium. sp. YL32 were the dominant organisms in the DNM group. The top nine differential species ranked in relative abundance were plotted in percentage relative abundance (Figure 5B). S. constellatus (10.14%, 5.67%), S. anginosus (5.62%, 1.08%), S. intermedius (0.76%, 0.35%), P. oris (21.04%,18.59%), M. timidum (4.23%, 1.00%), and E. nodatum (0.01%, 0.00%) were dominant in the DNM group, while P. micra (4.67%, 8.41%), D. pneumosintes (0.54%, 1.54%), and P. endodontalis (3.89%, 4.56%) were dominant in the MI group.




Figure 5 | Differential species screened in the sPLS-DA model. (A) species-level comp1 axial differential species, (B) 9 pathogenic species with high relative abundance in the differential species.





Clinical and Microbial Microbiota Correlation

Finally, the clinical characteristics of the patients and the relative abundance of the significant pathogens found in the LefSe and PLS-DA analyses were analyzed (Figure 6). Spearman’s rho calculations were used (Bowerman et al., 2020), and black stars in the heat map box indicate significant results (*p < 0.05). The relative abundance of S. anginosus was positively correlated with CRP and PCT and negatively correlated with the percentage of lymphocytes. In addition, M. timidum was positively correlated with the percentage of neutrophils and glycated hemoglobin, and P. micra was positively correlated with CRP.




Figure 6 | Correlation of members of selected species with covariates. Spearman’s rho was calculated between selected species’ relative abundance and phenotypic scores. Black stars within heatmap boxes indicate significant results (*p < 0.05, corr.test function in psych package of R).






Discussion

Bacteria are one of the most common pathogens causing infectious diseases. In vitro culture is the standard method for bacterial isolation, but it is generally time-consuming, and many bacteria are not easily cultured, resulting in multiple infections being easily overlooked. The use of mNGS can avoid the limitations of the traditional culture method and directly sequence the sample to rapidly identify known pathogens and effectively detect unknown pathogens. It has been reported that a large proportion of DNM patients present mixed aerobic and anaerobic bacteria in the culture samples (Wheatley M et al., 1990). Frequently detected aerobic pathogens are Streptococcus, Enterococcus, Klebsiella, and Staphylococcus aureus, and the most common anaerobes are Streptococcus pepticus, Streptococcus pyogenes, and Prevotella (Ridder et al., 2010; Palma et al., 2015). In the present study, P. oris, a non-pigmented, specialized anaerobic bacterium that often causes infections in abscesses, wounds, and soft tissues, was highly abundant in both samples (Goyal et al., 2012; Cahalan et al., 2013). P. oris can resist antibiotic treatments and produce more extensive infections in previously infected areas by binding or attaching to cells other than epithelial cells (Shah and Collins, 1990). Studies of Prevotella infections in children found that 12% of the infections originated from P. oris, 97% of which were mixed infections. Additionally, 38% of the Prevotella strains were positive for β-lactamase tests, suggesting that the genus is resistant to β-lactam antibiotics (Brook, 1995; Montagner et al., 2014). A study on the resistance of 192 Prevotella strains found that 43.2%, 10.9%, and 19.1% of them were resistant to penicillin, clindamycin, and tetracycline, respectively (Boyanova et al., 2010). Another research team performed drug susceptibility tests on 141 Prevotella strains and showed that 49% were non-susceptible to moxifloxacin, with 90% of the P. oris strains being non-susceptible (Papaparaskevas et al., 2008). Thus, the selection of antimicrobial drugs should be based on the results of bacterial culture identification and the results of standardized drug susceptibility tests for selective drug administration. However, culture and drug susceptibility testing of anaerobic bacteria require specific conditions and time, and therefore empirical drug use by clinicians is more common.

S. anginosus was the dominant organism found in the DNM group, and its relative abundance was increased in the DNM group compared to the MI group. One study reported the progression of the disease in two patients with periodontitis, suggesting that S. anginosus group (SAG) oral infections can travel down to the neck and mediastinum and cause thoracic infections (Alegbeleye Bamidele, 2018). Another report of S. anginosus infection with a sore throat as the first symptom complicating mediastinal abscess was reported (Jia and Zhao, 2013). In patients with SAG thoracic infection, penicillins are the preferential treatment choice, followed by first- and second-generation cephalosporins, levofloxacin, vancomycin, and linezolid (Wang et al., 2021).

We should also not ignore taxa that are low in abundance but significantly increased in the DNM group. These taxa could be considered as key “microorganisms” that may be more virulent and therefore play a more significant role in the development of an infection. For instance, M. timidum has been described as an oral pathogen, usually detected in the subgingival environment and related to the severity of periodontal breakdown (Holdeman et al., 1980). Additionally, the detection of M. timidum increased as the severity of the clinical parameters of gingivitis increased (Wittmann et al., 1982), suggesting that this species could contribute to the increased susceptibility of adults to gingivitis and periodontitis. Subsequently, Moore et al. demonstrated the presence of M. timidum periodontal pockets of “juvenile” and chronic periodontitis (CP) (Moore et al., 1985). Moreover, M. timidum was also correlated to other forms of head and neck infections. Using culture and biochemical techniques, Hill et al. evaluated the microbial biodiversity of head and neck abscesses (Ludwig’s angina) and acute lung and liver infections and identified M. timidum in many of the infected sites (Hill et al., 1987). Renato et al. (Casarin et al., 2012) found that diabetic individuals with poor glycemic control presented the highest frequency of M. timidum detection.

Recent studies have suggested that the expression level of some inflammatory markers, such as PCT, CRP, WBC, and neutrophil percentage, can correlate with bacterial infections in patients and be used for the early identification of bacterial infections (Chen et al., 2014; Huang et al., 2014; Leli et al., 2015). PCT levels can distinguish Gram-negative bacteria from Gram-positive bacteria and fungi to some extent, aiding clinical diagnosis and treatment (Lorrot et al., 2000). In this study, the relative abundance of S. anginosus was positively correlated with CRP and PCT, and negatively correlated with lymphocyte percentage. In addition, M. timidum was positively correlated with the percentage of neutrophils and glycated hemoglobin, and P. micra was positively correlated with CRP. CRP is an acute-phase protein (Worthmann et al., 2015), one of the non-specific indicators of the acute inflammatory response phase, and is ideal for the early diagnosis of serious bacterial infections. The study of PCT in the identification of the type of pathogenic bacteria in oral and maxillofacial space infections found that Gram-positive bacterial infections can be considered first for patients with detection of PCT > 0.5 mg/L (Hayslip et al., 2009). After the organism is infected with different pathogenic bacteria, the CRP concentration increases significantly earlier than leukocyte indicators and is higher than in non-infectious diseases (Mcwilliam and Riordan, 2010). Therefore, CRP can reflect the bloodstream infection, but has low specificity for identifying different types of pathogenic bacteria (Wacker et al., 2013). WBC, Neut%, and Lymph% are the classical and most common clinical indicators of inflammation and are often used to help diagnose the presence or absence of infection and in the differential diagnosis of bacterial and viral infections (Zhen-Yu et al., 2010; Brodská et al., 2012).

Antibiotics are often used clinically to control infection state, reduce the inflammatory response, and relieve symptoms, but the use of broad-spectrum antibacterial drugs is somewhat blind. The pathogenic bacteria culture analysis of patients with oral and maxillofacial interstitial infections can clarify the direction of antimicrobial drug application. Targeted antibiotic application in the early stage can avoid further aggravation of maxillofacial interstitial infection. Patients with DNM have complex conditions, severe infection, rapid development, and high mortality. The maxillofacial interstitial infection-causing downstream necrotizing mediastinitis has its specific bacteria and characteristic flora changes, and early identification of infecting bacteria can help in effective treatment and in early warning of poor prognosis.
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Background

Differential diagnosis of patients with suspected infections is particularly difficult, but necessary for prompt diagnosis and rational use of antibiotics. A substantial proportion of these patients have non-infectious diseases that include malignant tumors. This study aimed to explore the clinical value of metagenomic next-generation sequencing (mNGS) for tumor detection in patients with suspected infections.



Methods

A multicenter, prospective case study involving patients diagnosed with suspected infections was conducted in four hospitals in Shanghai, China between July 2019 and January 2020. Based upon mNGS technologies and chromosomal copy number variation (CNV) analysis on abundant human genome, a new procedure named Onco-mNGS was established to simultaneously detect pathogens and malignant tumors in all of the collected samples from patients.



Results

Of 140 patients screened by Onco-mNGS testing, 115 patients were diagnosed with infections; 17 had obvious abnormal CNV signals indicating malignant tumors that were confirmed clinically. The positive percent agreement and negative percent agreement of mNGS testing compared to clinical diagnosis was 53.0% (61/115) and 60% (15/25), vs. 20.9% (24/115) and 96.0% (24/25), respectively, for conventional microbiological testing (both P <0.01). Klebsiella pneumoniae (14.8%, 9/61) was the most common pathogen detected by mNGS, followed by Escherichia coli (11.5%, 7/61) and viruses (11.5%, 7/61). The chromosomal abnormalities of the 17 cases included genome-wide variations and local variations of a certain chromosome. Five of 17 patients had a final confirmed with malignant tumors, including three lung adenocarcinomas and two hematological tumors; one patient was highly suspected to have lymphoma; and 11 patients had a prior history of malignant tumor.



Conclusion

This preliminary study demonstrates the feasibility and clinical value of using Onco-mNGS to simultaneously search for potential pathogens and malignant tumors in patients with suspected infections.





Keywords: pathogen, tumor, infection, copy number variation, next-generation sequencing



Introduction

It is often difficult to distinguish between malignant tumor exacerbations and infectious diseases based upon clinical manifestations. Symptoms such as fever indicative of infections can occur in patients with malignant tumors. Indeed, the differential diagnosis of a “fever of unknown origin (FUO)” is the most wide-ranging diagnosis in medicine (Fusco et al., 2019). One study, which summarized the frequencies of diagnoses of FUO from selected publications, indicated that infection accounted for 16%-55% of cases, followed by inflammatory (11%-29%), neoplasia (7%-35.4%), undiagnosed illness (7%-51%) and miscellaneous diseases (2.2%-19.8%) (Wright and Auwaerter, 2020). Hematologic tumors, especially lymphoma, are the most common malignant tumors that induce fevers of unknown origin (Zhou et al., 2020). A previous report showed that 58% and 5% of patients with suspected focal infections or inflammation had final diagnoses of infections and malignant tumors, respectively (Bleeker-Rovers et al., 2004). It is well-appreciated throughout medicine that the inability to obtain a timely and accurate diagnosis frequently results in unnecessary antimicrobial treatments, high healthcare costs, and poor prognoses.

Metagenomic next-generation sequencing (mNGS), which has been used in clinical practice for several years, represents an innovative strategy for detecting potential pathogens including bacteria, viruses, fungi, and parasites (Chiu and Miller, 2019; Miller et al., 2019; Wilson et al., 2019). Indeed, studies published to date that explored the clinical applications of mNGS focused primarily on the specific sources of infection, e.g., focal infections, meningitis and pneumonia (Schlaberg et al., 2017; Wilson et al., 2018; Wilson et al., 2019; Zhang et al., 2019). Recent mNGS studies demonstrated that the nucleic acid yields from pathogens account for only 0.00001 to 1–2% of the total reads; human sequences (homo reads) represent >90% (Salzberg et al., 2016; Simner et al., 2018; van Rijn et al., 2019). It is possible to obtain valuable information from this large homo reads database. Chromosome instability, defined as a defect that involves chromosomal gain, loss or rearrangement during tumorigenesis, is a hallmark of cancer (Hanahan and Weinberg, 2011). NGS-based methods used to analyze chromosomal copy number variation (CNV) employ experimental procedures very similar to those used for mNGS.

Considering CNV analysis is already used to assist the diagnosis of genetic diseases and cancer (Zhang et al., 2009; Heitzer et al., 2013), it is conceivable that mNGS homo reads data can be used for tumor detection. This study aimed to explore the clinical value of mNGS for pathogen detection and searching for indications of malignant tumors using homo reads data simultaneously in patients with suspected infections.



Materials and Methods


Study Participants

This was a multicenter, prospective case study in which patients were enrolled in four general hospitals in Shanghai, China between July 2019 and January 2020 upon diagnosis of a suspected infection.

Eligible patients fulfilled one of the following criteria: 1) patients with FUO (Petersdorf and Beeson, 1961; Durack and Street, 1991); 2) suspected focal infection (Zhang et al., 2019); 3) infection with standard diagnostic examinations failed to identify an etiological cause within 3 days. Exclusion criteria included difficulty in specimen obtaining and incomplete medical records.

Demographic and clinical data collected for each patient included: sex, age, underlying disease, admission to an intensive care unit (ICU), routine blood examination, clinical microbiological results (cultures for bacteria, acid-fast bacilli and fungi), and pathological reports (pathological types, immunohistochemical markers including CD20, Ki67). Physicians conducted other conventional tests, e.g., tests for EBV and CMV, according to their clinical judgment. Peripheral blood (~5 mL) and clinical fluid samples were collected in Cell-Free DNA Collection Tubes (Cat. CAB0305-100, Lakebio Corp. Hefei, China). All samples were sequenced within two days of collection.



NGS Sequencing

All samples were subjected to DNA extraction, library preparation, and next-generation sequencing (NGS). DNA extraction and library preparation were conducted on the NGS Automatic Library Preparation System (Cat. MAR002, MatriDx Biotech Corp. Hangzhou, China). Reagents included: Nucleic Acid Extraction Kit (Cat. MD013, MatriDx Biotech Corp. Hangzhou, China), Cell-free DNA Library Preparation Kit (blood samples) (Cat. MD007, MatriDx Biotech Corp. Hangzhou, China) and Total DNA Library Preparation Kit (other samples) (Cat. MD001T, MatriDx Biotech Corp. Hangzhou, China). Libraries were pooled and then sequenced on an Illumina NextSeq500 system using a 75-cycle sequencing kit. A total of 10-20 million reads were obtained for each sample.



CNV and Pathogen Detection With mNGS Data Simultaneously

Inasmuch as the experimental approach is consistent with current methods of mNGS library preparation, a new analysis procedure (Onco-mNGS) is proposed for pathogen detection and searching for clues of malignant tumors using homo reads data simultaneously (Figure 2A).

First, sequencing reads were aligned with the human reference genome (hg19) and only unique, mapped reads were selected for subsequent analysis. The reference genome was segmented into continuous windows of fixed length to calculate the read depth of each window, which was then normalized to the total reads of each sample. Copy number ratios of each window were obtained by dividing the normalized read depth by the average read depth in the reference dataset. Afterwards, the fused 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 chromosomes and then compared with preset thresholds to validate a CNV.

Then, the unmapped reads while aligning against human genome were further used for pathogen detection as followed: firstly, the non-human reads were quickly classified using Kraken2 (Wood et al., 2019) with aligning against the NCBI reference sequence database; Secondly, the classified sequences were aligned against the microbial RefSeq database with bowtie2 (Langmead and Salzberg, 2012) for verification; Next, BLAST (version 2.9.0+) alignment to the nucleotide database was conducted to validate candidate reads, where Kraken2 and Bowtie2 were inconsistent (Zhang et al., 2022). Finally, potential pathogens were selected from the results of previous analysis according to the clinical phenotype; these data were reviewed by senior clinicians.



Diagnosis of Infection

The clinical diagnosis of infection was determined by the treating team. Two independent senior clinicians in Infectious Diseases analyzed the results of mNGS and conventional microbiological testing and made the adjudication whether the results were relevant to the clinical diagnosis.



Statistics

Data analyses were performed using SPSS 22.0 software. Baseline characteristics were summarized using descriptive statistics. Categorical variables were compared using the Chi-square test. All P values were two-sided, with a P value <0.05 considered statistically significant.




Results


Patient Characteristics and Pathogen Detection

One hundred and forty patients with a 67.9% male to female ratio and a mean age of 55.8 years were enrolled at four hospitals (Table 1). Fever or hypothermia was the most frequent symptom observed (77.9%), followed by change in mental status (22.1%), focal pain or dysfunction (18.6%), and cough (17.1%). Most patients (92.8%) came from Intensive Care Units or Departments of Infectious Disease. A total of 92.9% of patients received antimicrobial treatment in the two weeks prior to sample collection. The following samples were collected for mNGS testing from patients recruited for the study: peripheral blood (110 patients), bronchoalveolar lavage fluid (BALF) (24 patients), cerebrospinal fluid (CSF) (32 patients), and other types, e.g., sputum, pleural fluid, ascites, and pericardial effusion (29 patients) (Figure 1A).


Table 1 | Demographic and Clinical Characteristics of the 140 Patients.






Figure 1 | Summary of pathogens detected by mNGS. (A) Sample types tested in this study. Other types including sputum, pleural fluid, ascites, and pericardial effusion. (B) Distribution of infection types (bacteria, viruses, fungi and co-infection) in 140 patients.



Seventy-one patients have detected a potential pathogen (environmental microbes which considered as contaminants were filtered), of which bacteria, fungi and virus accounted for 65%, 10% and 10%, respectively. In addition, 15% of patients may have combined infection (Figure 1B).

A total of 115 out of 140 patients received a final diagnosis of infection; pneumonia was the most common (66.1%, 76/115), followed by infections of the central nervous system (19.3%, 26/115) and bloodstream (13.9%, 16/115). Twenty-five patients (21.7%) had more than one source of infection. The positive mNGS tests of 61 patients were assessed to be clinically relevant. The positive percent agreement and negative percent agreement of mNGS testing compared to clinical diagnosis was 53.0% (61/115) and 60% (15/25), respectively, vs. 20.9% (24/115) and 96.0% (24/25), respectively, for conventional microbiological testing (both P <0.01). Klebsiella pneumoniae (14.8%, 9/61) was the most common pathogen detected by mNGS, followed by Escherichia coli (11.5%, 7/61) and viruses (11.5%, 7/61).



Analysis of Homo Reads for Tumor Clues

This process was tested first using known pathologic samples. Standard diploid samples with no chromosomal deletions or duplications were obtained from healthy individuals (Figure 2B). In contrast, dramatic chromosome disorders were observed in tumor tissues obtained from two colorectal cancer patients. Considering the proportion of tumor cells in the samples could be low, the sensitivity of the method was further examined by preparing and testing a variety of samples with different tumor to normal cell ratios (Supplementary Figure S1). Chromosome abnormalities were readily detected at ratios of 5-20% supporting the overall concept of using mNGS technologies to identify malignant tumors. These results support the feasibility of integrating CNV analysis with mNGS to detect tumors.




Figure 2 | Integration of CNV analysis with mNGS to detect tumors. (A) Onco-mNGS procedure. (B) CNV data derived from peripheral blood from two healthy donors and two patients with colorectal cancer. Abbreviations: CSF: cerebrospinal fluid; BALF: bronchoalveolar lavage fluid; CNV: copy number variation. Red dots mean the copy number is greater than 2.7; light blue dots mean the copy number is less than 1.3; dark blue dots mean the number of copies is between 1.3-2.7.



Next, CNV analysis was performed on each study sample. The homo read ratios were calculated for the three major sample types: peripheral blood, BALF and CSF. The average ratio of homo reads for each sample type was >95% (plasma: 96.26%; BALF: 96.03%; CSF: 95.84%) (Figure 3A). After excluding microbial sequences, >8 million homo reads were obtained for each sample, enough to conduct CNV analysis. Seventeen samples with significant chromosomal disorders were identified. Among these, ten were peripheral blood and seven were body fluid samples (three BALF, two pleural fluid, and two CSF). Abnormal CNV signals were observed in both peripheral blood and BALF samples obtained from one patient (#12).




Figure 3 | CNV analysis of cancer patients. (A) The homo reads ratios of three sample types (peripheral blood, BALF and CSF). (B) Abnormal CNVs of patients 1-6 with confirmed malignant tumors who were not recognized before CNV analysis. Patient 6, suspected of having central nerve system lymphoma, refused a biopsy. (C) The clinical diagnosis of 17 patients with abnormal CNVs. (D) Classification of chromosome abnormalities in 17 patients. (E) Summarization of the NGS results of 140 patients with infection and tumor clues.



The following chromosome abnormalities were observed in these 17 patients: 1) genome-wide multiple chromosome duplication and deletion in 10 patients (#s 1, 2, 3, 4, 5, 10, 11, 13, 16 and 17); 2) arm level duplication and deletion in four patients (#s 6, 8, 9, 14); 3) loss of chromosome Y in two patients (#s 7 and 12); and 4) chromosome aneuploidy in one patient (# 15) (Figure 3B and Supplementary Figure S2). The genome-wide chromosome abnormality was observed to be the most type of CNV variation (Figure 3D).



Clinical Validation of Onco-mNGS

Ten peripheral blood samples were obtained from these 17 patients. Additionally, tumor-like signals were found in body fluid samples (three BALF, two pleural fluid, and two CSF). Six patients with obvious, abnormal CNV signals had no recorded history of malignant tumors prior to Onco-mNGS. Malignant tumors were subsequently confirmed in five patients (#s 1-5). Three lung adenocarcinomas and two hematological tumors were determined by pathologic examination of tissues obtained by bone marrow biopsy, bone biopsy or surgery after the results of Onco-mNGS analysis were reported to the attending physicians (Figure 3C; Table 2). The remaining patient (#6) was suspected of having central nerve system lymphoma, but refused to undergo a biopsy prior to death (Figure 3; Table 2).


Table 2 | Clinical characteristics of patients with CNV changes and no history of malignancy before mNGS testing.



The remaining 11 patients (#s 7-17) with obvious abnormal CNV signals had a history of malignant tumors noted upon chart review (Additional file 1- Figure S2; Table S1). Hematologic tumors were the most frequently detected accounting for 63.6% of the malignant tumors. In this study, 33 of 140 patients in this study had a history of malignancy before Onco-mNGS analysis; the tumors in 17 of them were evaluated as stable diseases while the remaining 16 patients, including 9 patients with obvious abnormal CNV signals, were suffered from tumor persistence, recurrence or new onset. Overall, the positive percent agreement and negative percent agreement of Onco-mNGS analysis for tumor stage detection was 66.7% (14/21) and 98.3% (116/118), respectively.

By combining the mNGS analyses with CNV analyses, 12 of the 17 patients with obvious abnormal CNV signals were found to have negative mNGS results, indicating malignant tumor may be the cause of infection-like symptoms such as fever (Figure 3E).



Case Vignettes in Which Onco-Mngs Yielded a Malignant Diagnosis

Case 1. Diffuse large B cell lymphoma. A 58-year-old female presented after 2 months with right chest and back pain with no fever (Figure 4A). A CT scan revealed destruction of the 9th thoracic vertebra and the right appendix with paravertebral soft tissue shadow (Figure 4B). Magnetic resonance imaging (MRI) revealed abnormal signals of the 9th thoracic vertebra and right arch with swelling of the surrounding soft tissue. Pathologic results of the bone biopsy indicated infection. The patient was treated empirically with vancomycin and fosfomycin (switched to linezolid due to nausea and vomiting) administered i.v. for 3 weeks. The patient developed paralysis of the lower extremities and difficulty urinating. Repeated MRI showed that the lesion had become significantly larger with spinal compression. Onco-mNGS analysis failed to detect microorganisms in her peripheral blood, but revealed deletions and duplications of large segments in several chromosomes that generated a strong abnormal CNV-based tumor signal (Figure 4C). This finding encouraged treating physicians to obtain a second bone biopsy; the result revealed diffuse large B cell lymphoma of the non-germinal center B cell type (Figure 4D). The patient received R-CHOP chemotherapy afterwards and the symptoms were mildly relieved. The fluctuation in chromosomal variation was much smoother in the fourth, compared to previous, Onco-mNGS tests suggesting that the proportion of tumor cells had decreased.




Figure 4 | Schematic diagram of Onco-mNGS and a clinical case in which Onco-mNGS was applied and cancer was diagnosed. (A) Timeline beginning with the patient’s initial complaint and ending with a final diagnosis. Major events during the course of the patient’s illness are indicated by arrows. (B) CT and MRI scans obtained during the patient’s first hospitalization revealed bone destruction of the 9th thoracic vertebrae and right appendix with a paravertebral soft tissue shadow. The lesion is indicated by the white arrow. (C) Three CNV results generated at different sampling times. The first and second NGS tests were performed before chemotherapy, and the third one was performed after chemotherapy. (D) Results of the repeated bone biopsy showing infiltrating, actively proliferating B lymphocytes evidenced by 60% CD20 and Ki67 positive, consistent with manifestation of diffuse large B cell lymphoma.



Case 2. NK/T cell lymphoma. A 23-year-old male presented after 2 weeks of fever and vomiting. Upon admission, the patient exhibited a low platelet count (45×109/L) and elevated levels of inflammatory markers (C-protein: >199 mg/L; procalcitonin: 13.92 ng/mL). Tests for pathogens that included Epstein-Barr virus (EBV), cytomegalovirus (CMV), cryptococcus, tuberculosis, and parasites were negative; blood cultures for bacteria, acid-fast bacilli, and fungi were also negative. A PET-CT scan showed an enlarged spleen with increased uptake of FDG indicator. The patient underwent two diagnostic bone marrow punctures and a splenectomy; the results, however, did not support a definitive diagnosis. The patient was treated empirically with meropenem, vancomycin, doxycycline, gentamycin, and trimethoprim-sulfamethoxazole administered sequentially, but became worse with progressive hepatic deterioration (total bilirubin: 356.4 µmol/L). The results of a third bone marrow biopsy revealed NK/T cell lymphoma. Onco-mNGS results showed disruptions in several chromosomes indicative of a tumor. This was confirmed by the results of a third bone marrow smear. Unfortunately, this information was not considered a priori by the attending physicians and the patient soon died of tumor progression.

Case 3. Lung adenocarcinoma. A 71-year-old female presented after 2 months of cough and sputum, but no fever. Her chest CT scan showed pneumonia; Mycoplasma pneumoniae-specific IgM antibody was positive. She was treated with cefuroxime and azithromycin administer i.v. for 6 days, then switched to oral moxifloxacin for 10 days. The patient did not improve in clinical or radiological presentation. Repeated, M. pneumoniae serum antibody was negative. Bronchoscopy was conducted, but tests for pathogens including bacteria, acid-fast bacteria, and fungi in BALF were negative. Tumor markers in this patient, i.e., CA199, CEA, CA125, CY211 and SCC, were in the normal range. The patient received a pulmonary lobectomy and the pathological result indicated lung adenocarcinoma.




Discussion

Suspected infections in patients may have alternate causes that include malignant tumors and autoimmune diseases, namely FUO. Timely identification of the specific cause is critical in treating these patients appropriately. Although improved serologic, laboratory, and imaging technologies has been applied to clinical practice, some prolonged fevers continue to elude a diagnosis often, suggesting that fevers may have too many origins to make significant headway solely through a traditional applied testing algorithm (Wright et al., 2022). mNGS was recently developed for infectious disease diagnostics and can theoretically detect all pathogens in clinical samples. Compared to traditional culture method, mNGS is noted for its enhanced capacity to detect fungi, viruses, anaerobes, and atypical pathogens (a unique ability among clinical approaches to diagnosing infections) (Blauwkamp et al., 2019; Miller et al., 2019; Wilson et al., 2019). Moreover, prior antibiotic treatment is less likely to affect the results of mNGS analysis (Miao et al., 2018). While mNGS exhibits distinct advantages in diagnosing infectious diseases, its use in diagnosing non-infectious diseases has yet to be examined although the vast majority of data derives from the human genome. The current study demonstrates these data represent an extremely valuable diagnostic resource.

Previous studies reported abnormal CNVs suggestive of high genomic instability in cell-free DNA preparations obtained from patients with malignant tumors such as non-small cell lung and prostate cancers (Zhang et al., 2009; Heitzer et al., 2013). Genetic disease CNV and tumor-like CNV are very different. Genetic CNV usually entails duplication or deletion of large chromosomal segments; patients with large deletions and duplications or aneuploidies show serious genetic disease phenotypes at a very early age. CNVs caused by tumors appear as duplications or deletions of large fragments or entire chromosomes; copy number is generally not an integer. The types of anomalies differed among the 17 samples that exhibited significant chromosomal disorders in the current study. Some chromosomes showed global chaos while others showed local fluctuation. This may relate to tumor type and the ratio of tumor cells. Interestingly, loss of the Y chromosome was observed in two cases, but these cases did not show any abnormalities related to the male sex chromosome. Rather, both patients had leukemia. Previous studies report that the Y chromosome is lost 15 to 80% of the time in cases involving a variety of cancer types (Hunter et al., 1993; Park et al., 2006; Bianchi, 2009; Duijf et al., 2013). It is anticipated that the utility of the homo read approach for exploiting mNGS data to support medical diagnoses will continue to increase. This increase will depend upon constantly up-dating the Onco-mNGS procedure to include new insights into CNVs (general, as well as disease-specific, manifestations) gathered from the medical literature.

Diagnosis of malignant tumors often requires invasive measures such as puncture or surgery. Patients often delay examination due to concerns about the necessity and potential harm of invasive procedures. Although the type of information obtained from homo read data using Onco-mNGS methodology does not provide a direct diagnosis, it provides potential diagnostic clues that can persuade patients to receive invasive operations based on risk and benefit considerations, as showed in Case 1 and Case 3. Importantly, combining CNV and mNGS analyses does not increase costs or require additional sampling. With the reduction of sequencing costs and the development of technology, the current cost of mNGS has dropped to an acceptable level, and more and more clinical application scenarios have been demonstrated. In this study, with the help of the automated PCR-free library building platform (NGSmaster, MatriDx Biotech Corp. Hangzhou, China) (Luan et al., 2021), the turn-around time (TAT) can be shorten within 24 hours. Thus, utilization of Onco-mNGS alongside ongoing mNGS testing in hospitals should provide doctors a powerful new tool for making informed and quicker decisions during the diagnosis process.

In this study, 33 of 140 patients had a history of malignancy; only 11 of these patients expressed obvious, abnormal CNV signals, and 9 of which were reported to be suffering from tumor persistence, recurrence or new onset. Considering the relatively short half-life of circulating free DNA (ranging from 16 minutes to 2.5 hours in peripheral blood) (Diehl et al., 2008), the detection of chromosomal abnormalities in these patients suggest an active state of malignancy. It is reasonable to assume, therefore, that tumor cells exist and cause the clinical symptoms, e.g., fever, observed in these 11 patients. The accumulated clues that occur by considering both infection and malignant tumors as causative agents of disease will help formulate more effective treatment strategies. Previous studies also indicated that tumor CNV burden might foretell outcomes such as recurrence and survival (Hieronymus et al., 2018). It will be interesting to investigate Onco-mNGS as an approach to determine residual tumor or relapse in this patient group. In addition, infections are common complications occurred in cancer patients, i.e., cancers are underlying diseases of infections. Onco-mNGS will be helpful to avoid delay of cancer diagnosis for patients with cancer and infection, who is usually diagnosed as infections by traditional culture method or mNGS.

The present study has several limitations. These include the relatively small number of patients with suspected infections that yielded the mNGS data examined herein, and the small number of malignant cases detected. Additionally, the real time disconnect between examination of the mNGS data and the treatment provided by attending physicians is far less than optimal. It is anticipated that the coordinated application of Onco-mNGS data and standard mNGS data analyses going forward will substantially shorten diagnostic time, and thereby increase the utility of this information.



Conclusions

This study reported a new procedure named Onco-mNGS, based upon mNGS technologies and chromosomal CNV analysis, for simultaneously detection of pathogens and malignant tumors in patients with suspected infections. Onco-mNGS exhibited a significantly higher sensitivity rate for diagnosis of a clinically relevant infection than did traditional microbiological testing, and also enhanced the ability for early differentiation diagnosis of malignant tumor. Further efforts are needed to evaluate the clinical value of Onco-mNGS.
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Thrombotic thrombocytopenic purpura (TTP) is one of the two classic thrombotic microangiopathy (TMA) diseases which could be induced by infections. To the best of our knowledge, this is the first report of an acquired immunodeficiency syndrome (AIDS) patient with acquired TTP induced by infection with Salmonella enterica serovar Typhimurium (hereafter, S. Typhimurium) isolate, S. Typhimurium_zhang, which was confirmed by serology and genetic taxonomy. The literature review identified 17 TMA-related genes encoding the candidate triggers, which were searched in the annotated genome sequence of S. Typhimurium_zhang. Anaerobic nitric oxide reductase flavorubredoxin (FlRd), encoded by norV which is related to another TMA, haemolytic uraemic syndrome (HUS), was found in S. Typhimurium_zhang. Basic local alignment search tool (BLAST) analysis revealed that norV and FlRd in S. Typhimurium_zhang, as well as eight S. Typhimurium type strains, have high identity with HUS-related Escherichia coli O157:H7 strain TW14359. Similar results were obtained from the BLAST analysis of 73 S. enterica isolates for congenital TTP which was also previously reported to be triggered by S. enterica. Phylogenetic analysis and amino acid sequence alignment revealed that FlRd was functional and highly conservative on 69 Enterobacteriaceae, including S. Typimurium_zhang and TW14359. In brief, we found norV in the genome of a S. Typhimurium clinical isolate that induced TTP in an AIDS patient. FlRd, the protein encoded by norV, probably triggered the TTP and was highly conservative, functional, and widespread in S. enterica and Enterobacteriaceae. More in vitro and in vivo studies are required to confirm our findings and determine the underlying mechanism.
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Introduction

Thrombotic thrombocytopenic purpura (TTP) is one of two classic thrombotic microangiopathy (TMA) diseases induced by significantly reduced activity of metalloproteinase with thrombospondin type 1 motif, member 13 (ADAMTS13). The pathophysiological mechanisms underlying TTP mainly include the formation of ultra-large von Willebrand factor (vWF) in circulation, leading to spontaneous platelet aggregation (Moake, 2002; Lämmle and George, 2004; Sadler et al., 2004; Kremer Hovinga et al., 2017). The clinical features of TTP include systematic platelet agglutination, ischemia of fetal organs (particularly the brain, heart, gastrointestinal tract, and kidneys), severe thrombocytopenia, and intravascular hemolysis (Moake, 2002; Lämmle and George, 2004; Sadler et al., 2004; Kremer Hovinga et al., 2017). Infection is one of several causes of TTP (Kremer Hovinga et al., 2017).

Previously, infection-induced TTP has been reported with shiga toxin-producing Escherichia coli, hepatitis A virus, dengue virus, influenza virus, and SARS-CoV-2 (Thrombotic Thrombocytopenic Purpura Associated With Escherichia Coli O157:H7–Washington, 1986; Bitzan and Zieg, 2018; Albiol et al., 2020; Gogireddy et al., 2020; Beaulieu et al., 2021; Montgomery et al., 2021). Previous research has revealed that congenital TTP (cTTP) can be triggered by S. enterica infection (Wendt et al., 2021). To the best of our knowledge, acquired TTP induced by S. enterica serovar Typhimurium (hereafter, S. Typhimurium) has not been reported previously. Herein, we describe a patient with acquired immunodeficiency syndrome (AIDS) who developed TTP after infection. The pathogen was isolated from the peripheral blood, identified by clinical and genomic analysis as S. Typhimurium; and was designated S. Typhimurium_zhang. Then, the previous literature was searched to identify the possible bacterial triggers of TTP. Seventeen genes encoding for the candidate triggers were identified. The factors were searched in the annotated genome sequence of the isolated S. Typhimurium_zhang. The conservation degree and distribution in S. enterica and Enterobacteriaceae of the candidate triggers identified in S. Typhimurium_zhang were analyzed using genomic taxonomic methods and protein alignment.



Materials and Methods


Ethical Approval

This study was approved (2021IIT145) by the Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang University (Hangzhou, China), following the Declaration of Helsinki.



Clinical and Laboratory Data Collection

The clinical information, including history of present illness, past history, physical examination, laboratory tests, radiographic examination, and treatment were obtained from the medical records.

Peripheral blood sample was obtained from bilateral elbow veins on the fifth day of admission. The blood was collected in two vials from each side and immediately sent for culture of aerobic and anaerobic bacteria. Blood culture was performed using BacTALERT 3D blood culture system (bioMérieux, Marcy l’Etoile, France) following the manufacturer’s instructions. For samples with positive results, the liquid in the vials was inoculated onto blood agar, chocolate, MacConkey, and fungal chromogenic plates at 35°C and 5% CO2 for 18–24 hours. The morphologically different colonies were sub-cultured on separate agar plates. The isolated bacteria were identified using the VITEK® MS microbial mass spectrometry identification system (bioMérieux). Then, VITEK2® COMPACT automatic identification and antibiotic sensitivity analysis system was used to verify the bacterial identification and perform antibiotic sensitivity analysis. For S. enterica, agglutination test using the corresponding agglutinating serum was performed to identify the species of the isolate. The isolate was named S. Typhimurium_zhang. Then, individual colonies were inoculated in broth tubes. After multiplication for 4–6 h, 10% glycerin broth was added to the tubes and stored at –80°C.



Literature Search for Genes Encoding the TMA Triggers

Search terms related to TTP, hemolytic uremic syndrome (HUS), and TMA, as well as their synonyms, were used to search for English articles published up to November 2021 that focused on the link between the aforementioned diseases and their bacterial triggering factors, including genes and proteins. The search results were manually screened for errors.



Whole-Genome Sequencing (WGS), Annotation, and Triggers Searching of S. Typhimurium_zhang

The frozen bacteria in glycerol lyophilized tubes were incubated on Mueller-Hinton (MHA) plates overnight at 37°C. A single colony was incubated in 2 mL Luria-Bertani (LB) broth at 200 rpm and 37°C overnight. We inoculated 1 mL bacterial solution in 100 mL LB broth at 200 rpm and 37°C for 6 h. The shaken bacterial solution was collected into 50 mL centrifuge tubes and centrifuged at 5000 g for 15 min, and the supernatant was discarded. The bacteria were suspended in phosphate-buffered saline (PBS) and transferred to a 1.5 mL Eppendorf (EP) tube. The EP tubes were centrifuged at 5000 g for 5 min and the supernatant was discarded for DNA extraction and sequencing. Genomic DNA was extracted using a commercial kit (Gentra Puregene Yeast/Bacteria kits; Qiagen, Hilden, Germany) following the manufacturer’s instructions. The Single Molecule, Real-Time (SMRT) sequencing library was constructed using SMRT bell TM Template kit (version 1.0). A next-generation sequencing (NGS) library was constructed using NEBNext® Ultra™DNA Library Prep Kit for Illumina. The WGS data were processed using the PacBio Sequel platform and Illumina NovaSeq PE150 at the Beijing Novogene Bioinformatics Technology Co., Ltd (Beijing, China). The reads were assembled using SPAdes (version 3.9.1). The annotation of the genome sequence was performed using RAST (https://rast.nmpdr.org/). The genes encoding the candidate triggers obtained from the previously published studies were searched in the annotation result of S. Typhimurium_zhang. Antimicrobial resistance (AMR) genes were identified using the ResFinder database (https://cge.food.dtu.dk/services/ResFinder/) and the virulence factors were identified using the Virulence Factor Database (VFDB, http://www.mgc.ac.cn/VFs/search_VFs.htm).



Genomic Identification of S. Typhimurium_zhang

To identify the species and genus of S. Typhimurium_zhang, all eight type strains of S. Typhimurium were downloaded from the American Type Culture Collection (ATCC) and National Collection of Type Cultures (NCTC), regardless of their completeness, and compared to the genomic sequence of S. Typhimurium_zhang. Average nucleotide identity blast (ANIb) analysis was performed using pyani (https://github.com/widdowquinn/pyani). The ANIb data for each strain were visualized using heatmaps.



Identity Analysis of Genes and the Encoded Triggers on 83 S. enterica Strains

The complete sequences of TW14359, based on the search result of S. Typhimurium_zhang, were obtained from the National Center for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/). All eight type strains of S. Typhimurium were downloaded from ATCC and NCTC, regardless of its completeness, and 73 S. enterica strains with complete genomes were downloaded from NCBI. The genome sequence of each strain was annotated by RAST. The identity of genes and their encoded TMA triggers present in S. Typhimurium_zhang were evaluated in these 83 S. enterica strains using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).



Phylogenetic Analysis of the Triggers in 69 Enterobacteriaceae Strains, Including S. Typhimurium_zhang and TW14359

In total, 69 non-repetitive Enterobacteriaceae type strains were downloaded from NCBI. The genome sequences of 69 Enterobacteriaceae strains were annotated by RAST and searched for genes encoding the candidate triggers present in S. Typhimurium_zhang. The amino acid sequences of the candidate triggers in 69 Enterobacteriaceae strains were downloaded from NCBI. Phylogenetic analysis of the candidate triggers on 69 Enterobacteriaceae strains, including S. Typhimurium_zhang and TW14359, was conducted using Molecular Evolutionary Genetics Analysis across Computing Platforms (MEGAX; version 10.1.7) software and were visualized using the Interactive Tree of Life (iTOL, https://itol.embl.de).



Amino Acid Sequence Alignment With Crystal Structure Reference

According to the phylogenetic analysis, the one closest and the two farthest strains to S. Typhimurium_zhang, carrying the candidate triggers on the phylogenetic tree, were included in the amino acid sequence alignment. Meanwhile, the candidate triggers were uploaded to SWISS-MODEL (https://swissmodel.expasy.org/) and used to search for templates. Both known crystal structure templates for the protein were included in the amino acid sequence alignment and the protein closest to the candidate trigger on S. Typhimurium_zhang was used as the crystal structure reference in the alignment. The sequence of the candidate triggers in S. Typhimurium_zhang and reference strain related to TMA as well as sequences mentioned above were downloaded and aligned using CLUSTALW (https://www.genome.jp/tools-bin/clustalw) and ESpript 3.0 (Robert and Gouet, 2014) (https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi).



Data Availability and Parameters of Bioinformatic Procedures

The complete genome data of the isolated S. Typhimurium_zhang has been uploaded to GenBank (accession number: CP090304; https://www.ncbi.nlm.nih.gov/nuccore/CP090304). The bioinformatics procedures described previously were performed using the default settings.




Results


Case Presentation

A 35-year-old man presented with black stool, gingival bleeding, and nausea (without vomiting) for 1 day. He passed 10 dilute black stools without any obvious cause 1 day before the admission. The laboratory tests at admission showed an extremely reduced platelet count, mildly abnormal renal function, and normal liver function. He had normal vital signs, with scattered skin petechiae, and oozing of blood from the gums. He had no underlying diseases, venereal disease exposure, or significant marital or family history.

The human immunodeficiency virus (HIV) antibody was detected in a colloidal gold assay screening test and later confirmed by Western blotting. The baseline laboratory test results showed normal blood coagulation function, extremely low platelet count (2 × 109/L), and mildly reduced hemoglobin (112 g/L). The lymphocytes showed significant reduction in CD4+ T cells (166.1 cells/µL). Blood samples were taken to analyze the activity of metalloproteinase with thrombospondin type I motif, member 13 (ADAMTS13) enzyme before initiation of plasma exchange and glucocorticoid therapy; the results showed 0% activity. Tests for hepatitis B surface antigen (HBsAg), hepatitis C (HCV) antibody, syphilis spirochete antibody, cytomegalovirus (CMV) IgM, and Epstein-Barr virus (EBV) IgM were negative. Identical Gram-negative bacteria were detected from blood cultures in all four tubes. The bacteria were identified as S. Typhimurium using agglutination tests and via microbial mass spectrometry 6 days after admission to the hospital. Ultrasound revealed deep venous thrombosis in the right lower limb. Routine examination of bone marrow and biopsy indicated decreased levels of megakaryocytes, without abnormal cells. The disease course and laboratory test results of the patient are shown in Figures 1 and 2. The patient presented with thrombocytopenia, microangiopathic hemolytic anemia, fever, mild renal dysfunction, and significant neuropsychiatric symptoms. Based on the absent ADAMTS13 activity, the patient was diagnosed with TTP according to the guidelines of Haemostasis and Thrombosis Task Force of the British Committee for Standards in Hematology (BCSH) (Scully et al., 2012). Our patient had reversible ADAMTS13 activity deficiency, indicating that he had acquired TTP.




Figure 1 | Main clinical manifestations, test results, and treatment related to TTP (A) Changes of white blood cell counts in peripheral blood of the patient during hospitalization. (B) Changes of hemoglobin and platelet in peripheral blood of the patient during hospitalization. (C) Changes of the patient’s consciousness, ADAMTS13 activity and timepoints of applying plasma transfusion, red blood cell transfusion, platelet transfusion, plasma exchange and glucocorticoids. WBC, white blood cell; Hb, hemoglobin; PLT, platelet; RBC, red blood cell. ADAMTS13, metalloprotease with thrombospondin type I motif, member 13; DXM, dexamethasone; PDN, prednisone.






Figure 2 | Changes in key indicators related to severity and anti-infection treatment (A) Changes of the patient’s body temperature during hospitalization. (B) Changes of creatinine and lactate dehydrogenase in the patient’s peripheral blood during hospitalization. (C) Blood culture result, antibiotic treatment, and HIV test result of the patient. Cr, creatinine; LDH,actate dehydrogenase; TZP, piperacillin/tazobactam; CTX/SBT, cefotaxime/sulbactam; MEM, meropenem; LEV, levofloxacin; MXF, moxifloxacin.



The patient received one platelet transfusion, four plasma transfusions, two red blood cell transfusions, and five sessions of plasma exchange. The treatment also included the use of antipyretics, intravenous midazolam for sedation, glucocorticoids for immune suppression, antibiotics (including moxifloxacin) for treating infections, and heparin and rivaroxaban for anticoagulation. The patient did not receive antiviral therapy including antiretroviral therapy (ART). After treatment, the patient’s body temperature and laboratory test results returned to normal, and his symptoms improved significantly. The patient was discharged on day 19 and ART was continued at home.



Clinical Identification of S. Typhimurium_zhang

The patient’s blood culture returned a positive result at 24 h. Similar gray-white colonies were detected on blood agar, chocolate, and MacConkey plates, whereas no growth was detected on the fungal chromogenic plate. The colonies detected on the blood agar, chocolate, and MacConkey plates were identified as Salmonella by the VITEK® MS microbial mass spectrometry identification system. VITEK2® COMPACT automatic identification and antibiotic sensitivity analysis system confirmed the identification. Antibiotic sensitivity analysis was performed using VITEK2® COMPACT and showed that the bacteria were sensitive to ampicillin, amoxicillin-potassium clavulanate, piperacillin/tazobactam, ceftriaxone, cefepime, ciprofloxacin, levofloxacin, imipenem, ertapenem, and compound sulfamethoxazole. Agglutination test results showed that the isolate agglutinated with Salmonella O4 serum but not with other O serum. The isolate also agglutinated with Hi, H1, and H2. Based on these results, the isolate was determined to be S. Typhimurium.



WGS, Genomic Identification, and Annotation of S. Typhimurium_zhang

The WGS revealed that S. Typhimurium_zhang had 4857450 bps with 52.2% GC content. To confirm the species of S. Typhimurium_zhang, ANIb analysis was performed with eight type strains. The ANIb analysis showed that >95% identities matched between the eight type strains and S. Typhimurium_zhang, which confirmed that the pathogenic bacteria isolated from the peripheral blood were S. Typhimurium (Altschul et al., 1997; Konstantinidis and Tiedje, 2005; Richter and Rosselló-Móra, 2009) (Figure 3). The genes, virulence factors, and AMR genes of S. Typhimurium_zhang are presented in Supplementary Tables 1–3.




Figure 3 | ANIb analysis of S. Typhimurium_zhang and eight S. Typhimurium type strains Eight S. Typhimurium type strains (ATCC14028, NCTC12023, NCTC13347, ATCC13311, ATCC25241, Typhimurium_LT2, NCTC13348, NCTC74) were downloaded and compared with the genomic sequence of S. Typhimurium_zhang. ANIb analysis was completed using pyani with default settings and visualized by heatmaps. ANIb, average nucleotide identity blast.





Genes Encoding the Candidate Triggers Related to TMA

No previous reports were identified regarding the genes encoding the candidate triggers associated with TTP. The genes encoding the candidate triggers associated with HUS included stx2 (Ethelberg et al., 2004; Pianciola et al., 2014; Alconcher et al., 2021), eae (Ethelberg et al., 2004; Pianciola et al., 2014; Alconcher et al., 2021), iha (Naseer et al., 2017), IpfA (Naseer et al., 2017), ehxA (Ethelberg et al., 2004; Naseer et al., 2017; Alconcher et al., 2021), stcE (Naseer et al., 2017), rfbO157 (Alconcher et al., 2021), fliCH7 (Alconcher et al., 2021), nleB (Cadona et al., 2020), espP (Buvens and Piérard, 2012), vtx2 (Buvens and Piérard, 2012), sen (Buvens and Piérard, 2012), nle (Buvens and Piérard, 2012; Naseer et al., 2017), efa (Buvens and Piérard, 2012), saa (Zweifel et al., 2004), norV (Kulasekara et al., 2009), and aggR (Scheutz, 2014).



Genes Encoding Candidate Triggers Present on S. Typhimurium_zhang

The genes encoding the candidate triggers identified from the previous literature were searched in the annotation result of S. Typhimurium_zhang. The results showed that S. Typhimurium_zhang carried norV, a gene encoding anaerobic nitric oxide reductase flavorubredoxin (FlRd). NorV was related to the increased rate of developing HUS as shown in a previous study (Kulasekara et al., 2009).



Identification of norV Gene and Its Encoded Protein FlRd in 83 S. enterica Strains

The annotation results showed that all 83 S. enterica strains carried norV, including S. Typhimurium_zhang, TW14359, and 8 S. Typhimurium type strains. The BLAST results showed that norV and FlRd in S. Typhimurium_zhang, HUS-related E. coli O157:H7 strain TW14359, and eight S. Typhimurium type strains had high identity (Table 1). NorV and its encoded protein FlRd in 73 S. enterica strains presented higher identity compared to norV and FlRd in S. Typhimurium_zhang (Table 2).


Table 1 | Identity of norV and encoded FlRd on S. Typhimurium_zhang, eight S. Typhimurium type strains and E. coli O157:H7 isolate TW14359 based on BLAST.




Table 2 | Identity of norV and FlRd on 73 S. enterica strains based on BLAST.





Phylogenetic Analysis of FlRd in Enterobacteriaceae

The search of NCBI for Enterobacteriaceae that carry FlRd identified 69 strains. Phylogenetic analysis of these 69 Enterobacteriaceae was performed. Among them, Salmonella_bongori_WP_000026020.1 was the closest to FlRd in S. Typhimurium_zhang, whereas Hafnia_alvei_WP_025802316.1 and Hafnia_paralvei_WP_130335968.1 were the farthest from FlRd in S. Typhimurium_zhang (Figure 4).




Figure 4 | Phylogenetic analysis of FlRd on 69 Enterobacteriaceae strains including S. Typhimurium_zhang and TW14359 Amino acid sequence of FlRd on 69 Enterobacteriaceae strains including S. Typhimurium_zhang and TW14359 were downloaded from NCBI and included in the phylogenetic analysis. FlRd=anaerobic nitric oxide reductase flavorubredoxin. FlRd of S. Typhimurium_zhang (Salmonella enterica_UIN58110.1) and TW14359 (Escherichia coli_ACT73411.1) were highlighted in the phylogenetic tree.





Amino Acid Sequence Alignment Using the Crystal Structure for Reference

According to the phylogenetic analysis, Salmonella_bongori_WP_000026020.1, Hafnia_alvei_WP_025802316.1, and Hafnia_paralvei_WP_130335968.1 were included in the amino acid sequence alignment. A SWISS-MODEL search revealed that 5lmc.2 and 6etb.1 were the crystal structure templates for FlRd. The template search of TW14359 revealed similar results. Therefore, 5lmc.2 and 6etb.1 were included in the amino acid sequence alignment. Among them, 5lmc.2 had the highest similarity and was used as the crystal structure reference in the alignment. The FlRd in S. Typhimurium_zhang and TW14359 was also included in the alignment. The results indicated a high degree of similarity in the sequences, indicating that FlRd in S. Typhimurium_zhang was highly likely to be functional (Supplementary Figure 1).




Discussion

TMA is a group of microvascular occlusive diseases associated with pregnancy, drugs, infection, transplantation, and cancer (Bayer et al., 2019). It mainly includes TTP and HUS, characterized by thrombocytopenia, microangiopathic hemolytic anemia, and fever. It is usually accompanied by mild renal abnormalities and significant neuropsychiatric symptoms. In comparison, renal abnormalities are prominent in HUS (Moake, 2002). The pathophysiological mechanisms underlying HUS and TTP have many similarities, such as complement mutations, increased nucleosome levels, and microangiopathic hemolysis.

Due to its high mortality and complex pathophysiology, TTP has received significant attention worldwide. However, its etiology and pathogenesis have not been fully elucidated. Previous studies have shown that isolated ADAMTS-13 deficiency may not cause TTP (Desch and Motto, 2007). Endothelial activation induced by infection or drugs may be the “second hit” in the pathogenesis of TTP (Kremer Hovinga et al., 2017). In animal models, ADAMTS-13 knockout mice did not develop TTP spontaneously and required stimulation by Shiga-toxin to develop TTP, which supports the “second hit” theory (Desch and Motto, 2007). In real-world research, familial TTP patients with the same ADAMTS13 mutations may have different clinical outcomes, which suggest that isolated ADAMTS13 deficiency is not sufficient to cause TTP (Furlan and Lämmle, 2001; Veyradier et al., 2004).

TTP is mainly induced by infection, pregnancy, autoimmune diseases, drugs, organ transplantation, and cancer (Crawley and Scully, 2013; Kremer Hovinga et al., 2018). Many previous studies have reported an association between HIV and TTP (Benjamin et al., 2009; Masoet et al., 2019). Our patient was a middle-aged man with no history of organ transplantation or autoimmune disease. His tumor markers were negative and radiological imaging was normal. In addition, the patient did not receive drugs that could trigger TTP, such as anti-calcineurin inhibitors, gemcitabine, and vascular endothelial growth factor inhibitors. The screening tests for common viruses, including HBsAg, HCV antibody, syphilis spirochete antibody, CMV IgM, and EBV IgM, were negative. Furthermore, his condition improved without the use of antivirals. The possible factors that may have triggered TTP in our patient included HIV and S. Typhimurium infections. Based on the laboratory tests and medical history of the patient, he fulfilled the criteria for AIDS. However, he had no prior episode of TTP before the S. Typhimurium infection. In addition, the patient recovered from TTP without ART. Therefore, it is likely that S. Typhimurium infection was the main cause of TTP.

We investigated the bacterial triggers of S. Typhimurium-induced TTP in this patient. First, we reviewed the literature to identify genes encoding bacterial factors that can trigger TTP or HUS. Then, genes encoding the candidate triggers identified from the literature were searched in the annotation results of S. Typhimurium_zhang. We found that intact norV gene, which was carried by S. Typhimurium_zhang, correlated with increased risk for HUS (Kulasekara et al., 2009). Because norV is associated with a high incidence of HUS, its presence could be a trigger of TTP in this patient. The AMR gene analysis identified only two resistance genes, aac(6’)-Iaa and sitABCD, showing resistance to amikacin, tobramycin, and hydrogen peroxide, which is consistent with the clinical drug sensitivity analysis. This also indicates that TTP in our patient was probably not caused by mutations of AMR genes. Among the virulence factors of S. Typhimurium_zhang, iucC, and iucD were genes encoding biosynthetic enzymes and iutA encoded an outer membrane receptor. Production of these three genes plays an important role in synthesis of aerobactin, a citrate-hydroxamate siderophore which enhances the virulence of many pathogens, including Escherichia, Salmonella, and Shigella (Di Lorenzo and Stork, 2014; Sheldon et al., 2016). These virulence factors may be related to the severe disease outbreak in this patient. To our knowledge, the relationship between the aerobactin pathway and TTP has not been reported, thus it is worth studying in the future.

We used BLAST to determine the identity of norV and its encoded protein FlRd in S. Typhimurium_zhang, eight S. Typhimurium type strains, and HUS-related E. coli O157:H7 strain TW14359 (Kulasekara et al., 2009). All eight S. Typhimurium type strains carried norV gene, and both norV gene and FlRd protein had high identity compared to S. Typhimurium_zhang and TW14359. Moreover, cTTP cases have previously been reported with S. enterica infection (Wendt et al., 2021); therefore, the norV and FlRd of 73 S. enterica and S. Typhimurium_zhang were also compared, which revealed that norV and FlRd in most S. enterica had high identity with S. Typhimurium_zhang. These results indicate that norV is possibly linked to high morbidity of patients with TTP.

The phylogenetic analysis revealed that all Enterobacteriaceae carried FlRd and most FlRd in Enterobacteriaceae had a highly conserved amino acid sequence. In the phylogenetic tree, Salmonella_bongori_WP_000026020.1 was the closest to, and Hafnia_alvei_WP_025802316.1 and Hafnia_paralvei_WP_130335968.1 were the farthest from, FlRd in S. Typhimurium_zhang. Therefore, the three above strains and two reference FlRd proteins were included in the protein alignment along with FlRd in TW14359 and S. Typhimurium_zhang. The alignment results revealed that FlRd had constant active sites and crystal structure, indicating a high degree of conservativeness, which suggests that infection by Enterobacteriaceae, with expression of FlRd protein, may be a predisposing factor for TTP. Although the relationships among norV, FlRd, and TTP have not been fully elucidated, similar cases require attention in clinical practice.

There were a few limitations to this study. First, the genetic sequencing and analysis were based on a single case. Second, we only analyzed the nucleotide and protein sequences of the bacterial genome. Cohort studies and in vivo and in vitro experiments, including the use of mouse models, are required to confirm the relationships among norV, FlRd, and TTP.



Conclusion

We report the first case of TTP induced by S. Typhimurium in an AIDS patient. Based on the previous literature and our results, FlRd is a potential cause of TTP induced by S. Typhimurium. Phylogenetic analysis and protein alignment showed that FlRd encoded by norV was functional and highly conserved in Enterobacteriaceae, which suggests that infection by Enterobacteriaceae with expression of FlRd protein may be a risk factor for TTP. Further in vitro and in vivo research, as well as real-world studies, are required to confirm our results and identify the underlying mechanisms.
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Background

A prosthetic joint infection (PJI) is a devastating complication following total joint arthroplasties with poor prognosis. Identifying an accurate and prompt diagnostic method is particularly important for PJI. Recently, the diagnostic value of metagenomic next-generation sequencing (mNGS) in detecting PJI has attracted much attention, while the evidence of its accuracy is quite limited. Thus, this study aimed to evaluate the accuracy of mNGS for the diagnosis of PJI.



Methods

We summarized published studies to identify the potential diagnostic value of mNGS for PJI patients by searching online databases using keywords such as “prosthetic joint infection”, “PJI”, and “metagenomic sequencing”. Ten of 380 studies with 955 patients in total were included. The included studies provided sufficient data for the completion of 2-by-2 tables. We calculated the sensitivity, specificity, and area under the SROC curve (AUC) to evaluate mNGS for PJI diagnosis.



Results

We found that the pooled diagnostic sensitivity and specificity of mNGS for PJI were 0.93 (95% CI, 0.83 to 0.97) and 0.95 (95% CI, 0.92 to 0.97), respectively. Positive and negative likelihood ratios were 18.3 (95% CI, 10.9 to 30.6) and 0.07 (95% CI, 0.03 to 0.18), respectively. The area under the curve was 0.96 (95% CI, 0.93 to 0.97).



Conclusion

Metagenomic next-generation sequencing displays high accuracy in the diagnosis of PJI, especially for culture-negative cases.





Keywords: metagenomics, next-generation sequencing, clinical diagnosis and treatment, arthroplasty, infection disease, prosthetic joint infection



Introduction

Prosthetic joint infection (PJI), noted as a devastating complication of prosthetic joint implantation, accounts for 25% of failed knee arthroplasties and 15% of failed hip arthroplasties (Bozic et al., 2010; Rietbergen et al., 2016). PJI after joint arthroplasty has extreme adverse effects on cost and quality of life. In recent years, with the increasing number of cases, the proportion of its cost in the healthcare budgets is also increasing (Kallala et al., 2018). It is estimated that each episode of prosthetic infection costs the health service over 20, 000 pounds (Vanhegan et al., 2012).

To date, the timely and accurately diagnosis of PJI is still challenging, especially for the identification of pathogenic microorganisms. Although many methods have emerged for establishing the diagnosis, none has been universally accepted (Moojen et al., 2014). Nowadays, traditional blood testing, such as white blood cell (WBC) count, serum erythrocyte sedimentation rate (ESR), and serum C-reactive protein concentration (CRP) are being widely performed for diagnosing PJI in clinics. Nonetheless, these inflammatory markers are nonspecific for PJI, and sometimes they may even be normal in severe cases of joint infections (Nodzo et al., 2015). In addition, routine microbial culture has also been widely used to identify causative organisms in PJI, but it has a significantly high false-negative rate (Rak et al., 2013; Yoon et al., 2017). It has been reported that approximately 40% of culture-negative cases meet the clinical diagnostic criteria for PJI, which might be due to the restricted growth conditions of specific pathogens and the widespread use of antibiotics (Tande and Patel, 2014). In recent years, matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) has emerged for the identification of bacterial in clinical laboratories (Peel et al., 2015). The MALDI-TOF MS process is rapid, sensitive and economical in terms of labor and costs involved, in which microbes are identified using either intact cells or cell extracts. Although it shows high accuracy for the direct identification of Gram-negative bacteria from blood culture, the accuracy for Gram-positive bacteria is moderate (Ruiz-Aragón et al., 2018). Therefore, the research and development of a reliable technique for the diagnosis of PJI are urgent for both patients and clinicians.

In recent years, researches on PJI diagnosis have switched to mNGS. mNGS is a rapidly developing technology in terms of both pathogenic microorganism detection and data analysis. It has been shown to play important roles in the diagnosis of cancers, genetic diseases, and infectious diseases (Kwon et al., 2019; Wilson et al., 2019). Compared to PCR, mNGS does not have limitations on the detection of specific pathogens, and it can detect almost all pathogens, such as bacteria, fungi, viruses, and parasites. Furthermore, it allows thousands or even billions of DNA fragments to be sequenced independently at the same time, and its consequence is confirmed through comparison with a dedicated pathogen database (Schlaberg et al., 2017; Gu et al., 2019).

mNGS has shown high value in the diagnosis of pathogens of many infectious diseases. In a study on tuberculous meningitis, the diagnostic sensitivity of mNGS based on cerebrospinal fluid was 84.44%, which was much higher than the 22.2% of traditional cerebrospinal fluid culture (Yan et al., 2020). Another study showed that the sensitivity of mNGS was much higher than that of traditional culture in the pathogen diagnosis of mixed lung infections (97.2% vs 13.9%, P<0.01) (Wang et al., 2019).

In 2019, a systematic review discussed the sequencing assays for the diagnosis of PJI and showed a low statistical power, owing to a few studies regarding mNGS was involved in this study. Additionally, this review failed to analyze and evaluate the accuracy and diagnostic value of mNGS for PJI (Li et al., 2019). Herein, we incorporated the latest clinical trials for this systematic review to summarize published studies about mNGS. We also performed a meta-analysis to investigate its diagnostic accuracy for PJI.



Materials and Methods

The protocol for this review was registered with the PROSPERO database, registration number CRD42020193251. We strictly adhered to the standards of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) in reporting the findings of this review (Moher et al., 2015).


Search Strategy

We carefully searched for longitudinal studies (prospective or retrospective case-control, prospective cohort, retrospective cohort, case-cohort, nested-case control trials) reporting on the use of mNGS for PJI in MEDLINE, EMBASE, China National Knowledge Internet (CNKI), and Cochrane Library databases from inception to July 2021. A systematic literature search was performed to obtain all of the published articles focusing on mNGS diagnosis of PJI. Vocabulary and syntax were adjusted according to the different databases. We mainly used “prosthetic joint infection”, “periprosthetic joint infection”, “PJI”, “prosthesis-related infections”, “prosthesis infection”, “infection”, and “metagenomic sequencing”, “mNGS”, “metagenomic next-generation sequencing”, “shotgun metagenomics”, “genomics”, “genetic diagnosis”, “sequencing”, as the search target keywords. The exact retrieval strategy is demonstrated in Supplementary S1. Reference lists of the retrieved articles were manually scanned for all relevant additional studies and review articles.



Study Selection

The screening was performed in two stages, title and abstract screening, followed by full-text screening. A gold standard for diagnosing PJI has not been established, and different studies may adopt different reference standards. Among these reference standards, Musculoskeletal Infection Society (MSIS) (Parvizi et al., 2011) and Infectious Diseases Society of America (IDSA) (Osmon et al., 2013) are commonly used. We included studies with different reference standards, and then investigated the heterogeneity between MSIS and IDSA as reference standards through subgroup analysis. Two researchers independently reviewed the title and abstract of each study to select those likely to meet the inclusion criteria. In the initial stage of the screening, 10 to 12 articles were used to confirm the agreement between the researchers. To achieve at a consensus, any discrepancy was resolved by discussion or with the assistance of a third reviewer. After full-text screening, a list of excluded studies with reasons for exclusion was performed.

Studies were considered eligible for inclusion if they met the following criteria: (1) patients with suspected PJI following primary or revision total hip or knee arthroplasty; (2) focus on mNGS-based diagnosis of PJI; (3) the diagnosis of PJI was confirmed by MSIS or IDSA; (4) false positive (FP), true positive (TP), false negative (FN), and true negative (TN) were provided to construct the 2 × 2 contingency table. Articles were excluded based on the following criteria: (1) Irrelevant reviews, letters, personal opinions, book chapters, and meeting abstracts; (2) insufficient data to calculate sensitivity and specificity; (3) mNGS and PJI were not studied.



Quality Assessment

The quality of the included studies was evaluated by two researchers using the revised Quality Assessment of Diagnostic Accuracy Studies (QUADAS)-2 (Whiting et al., 2011), which is comprised of four key domains that focus on patient selection, index test, reference standard, flow, and timing. Signaling questions were applied to assess the risk of bias and clinical applicability. The overall risk of bias and applicability was summarized as low, high, or unclear.



Data Extraction

Two reviewers independently extracted the data from the included studies using a standardized form. Data extraction included the following items: last name of the first author; publication year; study population and regions; false and true positives and negatives; sample site and type; reference standard and study design. To deal with absent or unclear data, we tried to contact the study authors.



Statistical Analysis

Overall pooled sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic odds ratio (DOR), and the corresponding 95% CI for the diagnosis of PJI were calculated using a bivariate meta-analysis framework. We also tested the pooled diagnostic value of mNGS through the summary receiver operating characteristic (SROC) curve and the area under the SROC curve (AUC). We assessed heterogeneity among the studies using the chi‐squared and I2 tests. Moreover, subgroup and sensitivity analyses were undertaken to explore the potential sources of heterogeneity. All analyses were undertaken by using RevMan 5.4 (The Nordic Cochrane Centre, The Cochrane Collaboration, London, UK 2020) and Stata 15.0 (Stata Corporation, College Station, TX, USA), and a value of P < 0.05 was considered statistically significant.




Results

The selection process was shown in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart in Figure 1. 380 relevant articles were identified for initial review by systematically searching in the aforementioned databases. Of the identified 380 articles, 253 duplicates were excluded. Then, 106 articles were excluded due to inappropriate article types (reviews, comments, or letters). After reading the remaining 21 articles in full text, seven were excluded due to insufficient data, and four were excluded due to not being an original diagnostic study. Ten studies were finally included in this meta-analysis (Ivy et al., 2018; Thoendel et al., 2018; Huang et al., 2019; Zhang et al., 2019; Cai et al., 2020; Fang et al., 2020; Huang et al., 2020; Wang et al., 2020; He et al., 2021; Yu et al., 2021).




Figure 1 | PRISMA flowchart. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses.



These 10 studies, including a total of 955 patients, were published between 2018 and 2021. Among the included studies, two (Huang et al., 2019; Yu et al., 2021) were conducted retrospectively, and the other studies were conducted prospectively. Eight studies (Ivy et al., 2018; Huang et al., 2019; Cai et al., 2020; Fang et al., 2020; Huang et al., 2020; Wang et al., 2020; He et al., 2021; Yu et al., 2021) collected synovial fluid samples before any clinical treatment, six studies (Thoendel et al., 2018; Huang et al., 2019; Zhang et al., 2019; Fang et al., 2020; Wang et al., 2020; He et al., 2021) obtained sonication fluid and two studies (Cai et al., 2020; He et al., 2021) selected periprosthetic tissue for mNGS. The MSIS criteria were used in seven studies (Huang et al., 2019; Zhang et al., 2019; Cai et al., 2020; Fang et al., 2020; Huang et al., 2020; He et al., 2021; Yu et al., 2021), and the other three studies (Ivy et al., 2018; Thoendel et al., 2018; Wang et al., 2020) adopted the IDSA as the only reference standard. Among the ten studies analyzed, nine studies (Thoendel et al., 2018; Huang et al., 2019; Zhang et al., 2019; Cai et al., 2020; Fang et al., 2020; Huang et al., 2020; Wang et al., 2020; He et al., 2021; Yu et al., 2021) focused on both hip and knee while one study (Ivy et al., 2018) only enrolled knee arthroplasty (Table 1). A graphical summary of the methodological assessment based on the QUADAS-2 quality assessment for the 10 studies is shown in Figures 2A, B.


Table 1 | Characteristics of the studies that were included.






Figure 2 | Risk of bias and applicability concerns summary (A); risk of bias and applicability concerns graph (B).



Included studies were assessed with the QUADAS-2 guidelines, and detailed information is shown in Supplementary Table S1. The majority of studies had a low risk of bias for patient selection, reference standard, flow, and timing. For index test bias, six studies were at an unclear risk because the information was insufficient to ensure that the index test results were interpreted without knowledge of the results of the reference standard. Most of the studies in this meta-analysis raised low concerns about applicability.

The sensitivity and specificity of mNGS for diagnosing PJI are shown in Figure 3. The pooled sensitivity was 0.93 (95% CI, 0.83–0.97), specificity was 0.95 (95% CI, 0.92–0.97), positive likelihood ratio was 18.3 (95% CI, 10.9–30.6), negative likelihood ratio was 0.07 (95% CI, 0.03–0.18), and DOR was 247 (95% CI, 84–723). Moreover, we plotted the SROC curve to evaluate diagnostic accuracy (Figure 4). AUC was 0.96 (95% CI, 0.93–0.97), suggesting a unique superior diagnostic accuracy of mNGS.




Figure 3 | Forest plots for studies on overall mNGS used in the diagnosis of PJI. CI, confidence interval.






Figure 4 | Summary receiver operator characteristic (SROC) curves based on mNGS. AUC, area under the curve; SENS, sensitivity; SPEC, specificity.



The performance of mNGS in both culture-positive and culture-negative is indicated in Table 2. In all 565 specimens tested in all publications, 375 (66.4%) were culture-positive and 190 (33.6%) were culture-negative. In 375 culture-positive specimens, the pathogens identified by culture were also detected by metagenomics in 340 (90.1%) cases. In 190 specimens considered as culture-negative, potential pathogens were detected in 103 (54.2%) using metagenomics.


Table 2 | Performance of mNGS versus culture.



For sensitivity analysis, the goodness of fit and bivariate normality showed that a random-effects bivariate model is suitable (Figures 5A, B). Influence analysis identified that the studies of Thoendel et al. (Thoendel et al., 2018), Ivy et al. (Ivy et al., 2018), and Yu et al. (Yu et al., 2021) were the most dominant studies in weight (Figure 5C). Outlier detection implied that the studies of Ivy et al. (Ivy et al., 2018) and Yu et al. (Yu et al., 2021) might be the reason for the heterogeneity (Figure 5D). The Spearman correlation coefficient of sensitivity and 1-specificity was 0.418, and the P-value was 0.229, indicating that heterogeneity may not be caused by the threshold effect (Supplementary S2). We conducted an univariable meta-regression analysis based on the characteristics of the ten studies to explore the potential sources of heterogeneity. We found that sensitivity was affected by ethnicity, sample site, and study design, while specificity was influenced by ethnicity, sample type, and reference standard (Figure S1).




Figure 5 | Diagram of (A) Goodness-of-fit (B) Bivariate normality (C) Influence analysis (D) Outlier detection.



We performed subgroup analysis according to the results of univariate meta-regression to further investigate the sources of heterogeneity. If I2 < 50%, or P > 0.05, heterogeneity in this subgroup was defined as low. Between these subgroup analyses, ethnicity, sample type, and reference standard showed low heterogeneity (Table 3).


Table 3 | Subgroup analysis of mNGS.



Moreover, The Deeks’ funnel plot asymmetry test of pooled DOR with a P-value of 0.20 indicated no significant publication bias (Figure S2).



Discussion

Although mNGS has demonstrated an encouraging value in the diagnosis of pathogens of various infectious diseases, especially for diagnosing tuberculous meningitis and chlamydia psittaci pneumonia, consensus for its clinical application of PJI diagnosis has still not yet been achieved (Chen et al., 2020; Yan et al., 2020). A former meta-analysis suggested that sequencing assays have the potential to improve the clinical diagnosis of PJI, especially for culture-negative cases, but the diagnostic value and accuracy of mNGS in PJI were still unclear (Li et al., 2019). According to our literature search, no previous systematic review or meta-analysis about mNGS in the diagnosis of PJI has been published, which makes it necessary to explore and fill this gap.

Our findings suggested that mNGS had a high accuracy in PJI diagnostics, with a pooled sensitivity of 0.93, a pooled specificity of 0.95, and an AUC of 0.96. The pooled PLR was 18.3, indicating that the probability of an accurate diagnosis of PJI increased by 18.3-fold with positive mNGS testing. Moreover, NLR was 0.07, implying that the probability of a PJI decreased by 93% when the studied mNGS was negative.

Li et al. (Li et al., 2019) showed that the sensitivity, specificity, and AUC of sequencing assays were 0.81, 0.94, and 0.94, respectively. The pooled sensitivity and specificity were both lower than the data of our study (0.81 vs 0.93; 0.94 vs 0.95). The AUC, which is usually used to indicate overall accuracy, was also lower than our study (0.94 vs. 0.96), supporting the idea that mNGS might be more effective in the diagnosis of PJI than other sequencing assays. There are several potential reasons for the higher sensitivity and AUC in our study: our study only focused on the diagnostic accuracy of mNGS, while Li et al. used different sequencing methods, including Sanger sequencing, Sequencing by Synthesis and NGS methods. mNGS technology can simultaneously and independently detect pathogens and multiple target genes in the same clinical samples without the need of pre-amplify target sequences (Gu et al., 2019). The ability of mNGS to effectively identify most pathogens in the joint fluid of PJI may have contributed to this result.

In another study of broad-range PCR-based (BR-PCR) diagnosis of PJI (Wang et al., 2020), the pooled sensitivity and specificity were 0.82 and 0.94, respectively, which were both also lower than in our analysis (0.82 vs 0.93; 0.94 vs 0.95). These results were likely caused by different sequencing procedures between mNGS and BR-PCR. The outstanding advantage of mNGS is unbiased sampling, which can broadly identify known and unexpected pathogens and even discover new organisms in an unbiased approach (Gu et al., 2019). BR-PCR is based on the V3-V4 region of 16S rDNA, which can only identify some pathogens at the genus level and may miss the causative pathogens in polymicrobial infection and fungal infections (Dabrowski et al., 2017).

According to subgroup analysis, the effectiveness of mNGS in the diagnosis of PJI among Asians seems to have a better sensitivity than that of Caucasians (0.94 vs. 0.77), while the specificity in Caucasians was slightly higher than in Asians (0.96 vs. 0.95). In fact, the total number of Caucasians studies was much larger than that of Asians (576 vs. 379) and a different platform was used to perform mNGS in the included study. We assume that this may cause the significant difference in sensitivity and specificity between Asians and Caucasians. Therefore, it is necessary to carry out more high-quality clinical trials of different ethnicities to explore racial differences in mNGS. Besides, the significant differences among sample types were considered as the main source of heterogeneity in specificity. Sequencing of sonication fluid seems to have a better specificity than other sample types, while multiple sample types sequencing had better sensitivity than other sample types. In fact, the ultrasonic lysis method can peel the biofilm from the prosthesis surface, increasing the microbial load in the lysate and improving the probability of microbial detection (Huang et al., 2019). Further, compared to the thickened joint fluids that are difficult to centrifuge, ultrasonic lysis fluids could achieve a 20-fold higher concentration of microbial cells after centrifugation and increase the sensitivity of diagnosis. Nevertheless, the ultrasonic lysis procedure may introduce exogenous microbial cells and nucleic acid fragments. Therefore, the additional pathogenic bacteria detected in the ultrasonic lysate should be further verified by specific PCR or other methods to exclude the possibility of exogenous contamination.

Our results showed that the sensitivity of MSIS was better than IDSA (0.930 vs. 0.787), while the specificity of MSIS was lower than IDSA (0.939 vs. 0.956). However, some information important for determining the cases with low virulence levels may be missed by using different reference standards and therefore resulting in the wrong grouping method. For that reason, a common and widely accepted reference standard should be established to help to minimize classification bias.

The main pathogenic microorganisms of PJI obtained by mNGS were Staphylococcus epidermidis (25.1%, 139/553) and Staphylococcus aureus (17.5%, 97/553), which is similar to the common microbiological causes of PJI reported by Tande et al. (Tande and Patel, 2014). It is noteworthy that metagenomics is able to detect most pathogens identified by culture (90.1%) as well as many that were not detected by culture. This occurs particularly in the culture-negative PJI group in which potential pathogens were detected in 54.2% of cases. This result supported the idea that mNGS is a powerful tool to identify PJI pathogens that are difficult to detect in culture-negative infections. Importantly, mNGS will become more accurate and offer more comprehensive microbiologic diagnosis as the technology evolves.

Helping clinical decision-making is the most important value of mNGS. Likelihood ratios and post-test probabilities are useful for clinicians, as they could show the probability that a patient has or does not have PJI, given a negative or positive test result. We also summarized the positive likelihood ratios and negative likelihood ratios to judge the clinical applicability of mNGS for diagnosis (Figure S3). PLR >10 and NLR <0.1 represent a high diagnostic accuracy (Wacker et al., 2013). We found that the articles of mNGS from Wang et al. (Wang et al., 2020), Huang et al. (Huang et al., 2020), Fang et al. (Fang et al., 2020), and He et al. (He et al., 2021) had high diagnostic accuracy and clinical applicability. When the pre-test probability was set at 50%, the post-test probability for a positive test result was 95%. When the negative likelihood ratio was set at 0.07, the post-test probability was reduced to 7% for a negative test result (Figure S4).

mNGS offers a novel approach to diagnose clinical infectious diseases and address current pitfalls in clinical management. Although the valuable insights of mNGS have already been derived, its use in the diagnosis of PJI is still in its infancy and many challenges still exist (Han et al., 2019). In particular, it is difficult to detect pathogenic virulence and drug sensitivity, which limits its role in guiding the rational selection of antibiotics. Another challenge is no comprehensive and unified background bacteria identification strategy, making interpretation of the sequencing results difficult. It seems inevitable to mix microbial gene sequences during sampling and laboratory testing, which makes it difficult to identify the real pathogen. Moreover, the high cost and lack of timeliness also limit the clinical applications of this technology.

In addition, several limitations of this meta-analysis should be emphasized. It is hard to elucidate whether the sample site had a decisive influence on diagnostic accuracy since the raw data were not provided in the published articles and we cannot divide the data into hip and knee to eliminate heterogeneity. Future studies should focus on the differences in diagnostic accuracy associated with potential sources of heterogeneity, including different arthroplasty sites. Secondly, the gold standard for diagnosing PJI has not been established and we included studies according to different reference standards, which may result in misdiagnosis for PJI (Liu et al., 2018). Thirdly, an antibiotic-free interval before sampling may enhance the ability to detect the causative organism, but through our univariable meta-regression and subgroup analysis, we still could not conclude that antibiotics were the main source of heterogeneity. Finally, studies with positive results are more likely to be published, which can amplify the overall diagnostic accuracy.



Conclusions

To the best of our knowledge, our study is the first meta−analysis that evaluates the clinical usability of mNGS in the diagnosis of PJI. Our study indicated that mNGS has a superior diagnostic accuracy for PJI and may be particularly useful for culture-negative cases. This systematic review provides effective support for the diagnostic performance of mNGS, which can provide clinicians with recommendations for accurate and effective diagnosis of PJI and antibiotics treatment. Meanwhile, large‐sized and good‐quality studies should be conducted to verify our results and to confirm the clinical value of mNGS in PJI patients.
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Background

Pulmonary infection is a leading cause of mortality in pediatric patients with hematologic malignancy (HM). In clinical settings, pulmonary pathogens are frequently undetectable, and empiric therapies may be costly, ineffective and lead to poor outcomes in this vulnerable population. Metagenomic next-generation sequencing (mNGS) enhances pathogen detection, but data on its application in pediatric patients with HM and pulmonary infections are scarce.



Methods

We retrospectively reviewed 55 pediatric patients with HM and pulmonary infection who were performed mNGS on bronchoalveolar lavage fluid from January 2020 to October 2021. The performances of mNGS methods and conventional microbiological methods in pathogenic diagnosis and subsequently antibiotic adjustment were investigated.



Results

A definite or probable microbial etiology of pulmonary infection was established for 50 of the 55 patients (90.9%) when mNGS was combined with conventional microbiological tests. The positive rate was 87.3% (48 of 55 patients) for mNGS versus 34.5% (19 of 55 patients) with conventional microbiological methods (P < 0.001). Bacteria, viruses and fungi were detected in 17/55 (30.9%), 25/55 (45.5%) and 19/55 (34.5%) cases using mNGS, respectively. Furthermore, 17 patients (30.9%) were identified as pulmonary mixed infections. Among the 50 pathogen-positive cases, 38% (19/50) were not completely pathogen-covered by empirical antibiotics and all of them were accordingly made an antibiotic adjustment. In the present study, the 30-day mortality rate was 7.3%.



Conclusion

mNGS is a valuable diagnostic tool to determine the etiology and appropriate treatment in pediatric patients with HM and pulmonary infection. In these vulnerable children with HM, pulmonary infections are life-threatening, so we recommend that mNGS should be considered as a front-line diagnostic test.





Keywords: hematologic malignancy, children, pulmonary infection, mNGS, diagnosis



Introduction

Pulmonary infection is a leading cause of mortality in pediatric patients with hematologic malignancy (HM), particularly those receiving high dose chemotherapy or hematopoietic stem cell transplantation (HSCT) (Guidelines for Preventing Infectious Complications Among Hematopoietic Cell Transplant Recipients: A Global Perspective, 2009; Morrison, 2010). Due to the significant immunosuppression mainly caused by their treatments, these patients are vulnerable to infections. Approximately 30% of patients with HM experience pulmonary infiltrates during their management, therefore associated with higher mortality up to 50% (Ewig et al., 1998). And the incidence reaches 70% in HSCT recipients (Harris et al., 2016), with a mortality of up to 50% (Wang et al., 2004). However, many possible pathogens make its pathogenic diagnosis challenging, including some common and uncommon pathogens ranging from bacteria to viruses, fungi, and parasites (Morrison, 2010; Renaud and Campbell, 2011; De La Cruz and Silveira, 2017).

Prompt and precise pathogenic diagnosis of pulmonary infections facilitates the timely application of optimal antimicrobial therapy, which may save precious time for the treatment and achieve satisfactory clinical improvement in these patients with a life-threatening disease. The current microbiological methods, mainly including microscopy, culture, serology and polymerase chain reaction-based pathogen-specific nucleic acid detection (Sugawara et al., 2013), have limitations in many aspects, such as the limited breadth of pathogens detected, long culture time, low specificity and low sensitivity (Gu et al., 2019), which hinder rapid diagnosis and precise treatment.

As the rapid development in sequencing technology and bioinformatics (Popovich and Snitkin, 2017; Thoendel et al., 2018; Rossen et al., 2018), metagenomic next-generation sequencing (mNGS) has been increasingly applied in clinical practice (Salzberg et al., 2016; Pendleton et al., 2017; Chen et al., 2020). mNGS approaches identify potential pathogens through direct DNA and RNA sequencing and database comparison of clinical samples without the need for culture and premise hypothesis. Compared to conventional pathogen detection methods, mNGS offers distinct advantages for broad-spectrum detection of common and uncommon pathogens. However, reports on the application of mNGS in pulmonary infections among pediatric patients with HM remain scarce.

We retrospectively analyzed the mNGS results from bronchoalveolar lavage fluid (BALF) obtained from 55 pediatric patients with HM and pulmonary infection to evaluate the diagnostic value of mNGS in these patients compared to conventional microbiological methods.



Materials and Methods

We retrospectively reviewed 73 pediatric patients with HM and pulmonary infection at the pediatric hematology department, the First Affiliated Hospital of Zhengzhou University from January 2020 to October 2021. With our inclusion criteria, 55 pediatric patients were enrolled for this study. The inclusion criteria were as follows; 1): children with HM were diagnosed with pulmonary infection based on the criteria of clinical management guidelines of the World Health Organization (Organization W H., 2005); 2) all children underwent bronchoscopy to obtain BALF; 3) both mNGS and conventional microbiological methods were used to detect pathogens; 3) children under 16 years old; 4) complete clinical history. Besides, we collected the patients’ clinical characteristics, including clinical symptoms, laboratory test results, imaging examination results, diagnosis, treatment process and prognosis.

mNGS assays for the BALF samples were performed in all patients, paralleled with the conventional microbiological assays. The conventional microbiological assays were as follows: bacterial and fungal smear and culture, serum antibodies for indirect immunofluorescence assay for respiratory syncytial virus (RSV), influenza A/B virus, parainfluenza virus, adenovirus, coxsackievirus, Epstein-Barr virus (EBV), cytomegalovirus (CMV) and mycoplasma pneumonia (MP), chlamydia pneumonia were performed. Galactomannan enzyme immunoassay (GM-test) and 1, 3) β-D-glucan assay (G-test) were also performed for fungi. As for mNGS assays, DNA sequencing was performed for all 55 samples, 26 of which RNA sequencing was performed at the same time.


Sample Preparation, DNA/RNA Extraction, Library Construction and Sequencing

6-10ml BALF samples were collected from patients according to the standard clinical procedure. DNA from BALF samples was extracted using the QIAamp® UCP Pathogen Kit (Qiagen, Germany) according to the manufacturer’s recommendations. RNA from BALF samples was extracted using the TIANamp Virus RNA DP315-R Kit (Tiangen Biotech, Beijing, China) following the manufacturer’s instructions.

The extracted DNA samples were used to construct DNA libraries by using the TruePrep DNA Library Prep Kit V2 for Illumina® (Vazyme, Nanjing, China). RNA libraries were prepared from the extracted RNA samples by using the VAHTS Universal RNA-seq Library Prep Kit V6 for Illumina® (Vazyme, Nanjing, China). All libraries were prepared following the manufacturer’s manuals. The Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) was used for library quality control. All libraries were pooled with other libraries by using different index sequences and sequenced on an Illumina NextSeq 550Dx platform with the single-end 75bp sequencing option. For each run, negative control (NC) samples (Nuclease-free H2O) were also pooled to monitor reagent and laboratory background.



Bioinformatics Analysis

Fastq-format data were obtained for each sample by using bcl2fastq software (v2.20.0.422, parameters used:–barcode-mismatches 0 –minimum-trimmed-read-length 50). Adapt sequences and low-quality reads were filtered out using cutadapt v2.10 (-q 25,25 -m 50). The remaining high-quality reads were first mapped to the human genome (hg38, https://hgdownload.soe.ucsc.edu/downloads.html#human) using bwa-mem 2 v2.1 with default parameters, all unmapped reads (identified as microbiome-derived sequences) were then aligned to the NCBI nt database (https://ftp.ncbi.nlm.nih.gov/genomes/) by using BLAST v2.9.0+ (-task megablast -num_alignments 10 -max_hsps 1 -evalue 1e-10). Alignments were required to be full-length with an identity of at least 95%. A customized Python script was used to identify species-specific alignments. Only the alignments that fulfill the above-mentioned criteria were used for further pathogen identification. Besides, the NC samples were used to identify reagent and laboratory contaminants. The list of microbes detected in NC samples was used for background subtraction from the list of microbes obtained in patient samples. The remaining microorganisms were considered credible if the following criteria were met; 1) the microbe had at least 3 non-redundant, mapped reads per 10 million raw sequence reads, and 2) the microbe was known to be potentially pathogenic in the given clinical context of each particular patient.



Criteria for a Positive mNGS Result

Infectious pathogens were considered positive if any of the following criteria were met: 1) the relative abundance of pathogens detected by mNGS was greater than 30% at the genus level; 2) the pathogen also detected by conventional microbiological methods and the mNGS reads number was more than 50 from a single species; 3) at least one unique read was mapped to species or genus level for Mycobacterium tuberculosis (Li et al., 2018). It is important to note that the pathogens could not be directly determined as infection, colonization, and contamination by conventional microbiological methods and mNGS results. Thus, patients’ radiology, clinical characteristics and anti-infection outcomes were taken into consideration by three experienced physicians to make the final decision after obtaining the microbiological evidence. The clinical characteristics and mNGS data of all patients were provided in Supplemental Table 1.



Statistical Analysis

All data analysis was performed using SPSS software (version 25.0) with the McNemar test. The data are expressed as median (range). P value < 0.05 was considered statistically significant and the test was two-tailed.




Results


Sample and Patient Characteristics

Finally, a total of 55 pediatric patients were enrolled, 23 of whom were diagnosed with acute lymphoblastic leukemia (ALL), 9 were acute myeloid leukemia (AML), and 23 were allo-HSCT recipients. The median patient age of 39 boys and 16 girls was 6 years (range 1–16 years). BALF was collected for mNGS at a median time of 5 days (range 3-16 days) following symptom onset. Of the 55 pediatric patients, 31 had neutropenia (56.4%). All 55 patients had already received empirical antibiotic therapy before mNGS and their conditions did not improve. Of note, oxygen therapy was required in 42 of 55 pediatric patients (76.4%), nine of which mechanical ventilation was required (Tables 1, 2).


Table 1 | Clinical characteristics of pediatric patients.




Table 2 | Routine laboratory test results of pediatric patients.





Comparison of mNGS and Conventional Microbiological Methods

In the present study, the overall yield rate was 90.9% (50 of the 55 patients) when mNGS was combined with the conventional microbiological methods. The positive rate of pathogens detected by mNGS was 87.3% (48 of 55 patients), thus by conventional microbiological assays was only 34.5% (19 of 55 patients) (P<0.001).

Among all patients, bacteria, viruses, fungi and MP were detected in 17/55 (30.9%), 25/55 (45.5%), 19/55 (34.5%) and 2/55 (3.6%) cases by mNGS, respectively, and the most common species of the detected bacteria, viruses and fungi were Streptococcus pneumoniae, CMV and Pneumocystis jirovecii, respectively. However, conventional mirobiological methods detected bacteria, viruses, fungi and MP only in 5, 13, 3 and 3 patients. Specifically, culture identified two cases of Escherichia coli, one case of Staphylococcus haemolyticus and one case of Acinetobacter baumannii, which were also reported by mNGS. Besides, one case of Elizabethkingia meningospetica was also identified by culture, which was not reported by mNGS. Swear results of BALF reported three cases of fungal infection, which were identified by mNGS as Rhizomucor pusillus, Aspergillus flavus and Aspergillus spp., respectively. Serology tests identified six cases of CMV (5/6 reported by mNGS), three cases of RSV (reported by mNGS), two cases of EBV (reported by mNGS), one case of human parainfluenza virus (reported by mNGS) and three cases of MP (2/3 reported by mNGS) (Figure 1).




Figure 1 | (A, B) Distribution of pathogens detected by mNGS and conventional methods. S. pneumoniae, Streptococcus pneumoniae; H. influenzae, Haemophilus influenzae; S. aureus, Staphylococcus aureus; E. coli, Escherichia coli; E. meningospetica, Elizabethkingia meningospetica; M. catarrhalis, Moraxella catarrhalis; E. faecalis, Enterococcus faecalis; S. haemolyticus, Staphylococcus haemolyticus; E. faecium, Enterococcus faecium; A. baumannii, Acinetobacter baumannii; B. multivorans, Burkholderia multivorans; CMV, cytomegalovirus; RSV, Respiratory syncytial virus; HPIV 3, Human parainfluenza 3 virus; HMPV, Human metapneumovirus; HPV 3, Human polyomavirus 3; EBV, Epstein-Barr virus; HRV A, Rhinovirus A; TTV, Torque teno virus; HHV 6B, Human betaherpesvirus 6B; HHV 7, Human betaherpesvirus 7; P. jirovecii, Pneumocystis jirovecii; A. fumigatus, Aspergillus fumigatus; A. flavus, Aspergillus flavus; R. oryzae, Rhizopus oryzae; R. pusillus, Rhizomucor pusillus; A. niger, Aspergillus niger; MP, Mycoplasma pneumonia.





Mixed Infection

The mixed infection was defined as more than one pathogenic organism isolated from the same sample. Only 4 patients (7.3%) were identified as a mixed infection using solely conventional pathogen detection methods. When combined with mNGS results, the diagnostic rate of the mixed infection was increased to 30.9% (17/55). The most common mixed infection types were bacterial-viral coinfection (5, 29.4%), fungal -viral coinfection (5, 29.4%) (Figure 2).




Figure 2 | Percentage of patients with mixed infection for various pathogens. MP, Mycoplasma pneumonia.





The Impact of mNGS on Treatment and Prognosis

Among the 50 patients with pathogen-positive pneumonia, 48 cases were positive for pathogens detected by mNGS. Of the 48 mNGS-positive cases, 29 (60.4%) cases were completely covered by antibiotics before the pathogens were detected. Twelve of these cases had reduced or downgraded antibiotic adjustments after the pathogens were detected, while the other 17 cases did not adjust their antibiotics, of which one case died. The remaining 19 cases were partly covered or not covered by antibiotics before the pathogens were detected, and all these cases adjusted their antibiotics after the pathogens were detected. However, there are 2 cases in uncovered cases died. As for the 2 cases positive for pathogens detected by conventional methods only, empirical antibiotics had completely covered the detected pathogens, and antibiotics were not adjusted after the pathogens were detected, of which one case died (Figure 3). Besides, for cases where pathogens were not detected, empirical anti-infection therapy was given and adjusted based on clinical manifestations, imaging findings and other laboratory test results.




Figure 3 | The coverage and adjustment of antibiotics in the patients with pathogen positive pneumonia. (A) Among the patients with pathogen positive pneumonia, complete antibiotic coverage was 31 (62%); partial coverage was 5 (10%); and no coverage was 14 (28%). (B) Antibiotics were adjusted for 12 completely covered, and for all partly covered and uncovered patients.






Discussions

Children are in the stage of growth and development, and their immune function is not yet perfect. After suffering from hematologic malignancy, the immune system of their body will be either compromised or destroyed, resulting in immune deficiency. Compared with adults, children are more vulnerable to the invasion of pathogenic microorganisms, thus leading to complex infections. For hematological patients, pulmonary infections are the most common type (Svensson et al., 2017), and the risk of the mixed infection is high, up to 20.5% (Hardak et al., 2016). This is not consistent with our results (31.5%). The reason may be that we did not have a sufficient sample size and our study population is pediatric patients who are more vulnerable to infections. Pulmonary infections can rapidly disseminate, leading to respiratory distress and even death for these children (Erdur et al., 2008; Furuya et al., 2012). In the present study, oxygen therapy was required in 76.4% of pediatric patients and mechanical ventilation was required in 9 patients. Considering the complexity of potential pathogens and the rapid progression of pulmonary infections, rapid pathogenic diagnosis and timely initiation of effective antimicrobial treatment are crucial for better patient survival.

Routine clinical etiological diagnosis can only detect several target pathogens. Due to the diversity of pathogens, routine detection methods have obvious technical limitations in difficult and/or complex infections. mNGS, which does not rely on microbial culture, is based on direct high-throughput sequencing of nucleic acids in clinical samples, and then the sequences are aligned with databases, which include genomic sequences of tens of thousands of species. Determining the species of pathogenic microorganisms (including viruses, bacteria, fungi and parasites) in clinical samples according to the aligned sequence information can be quick and objective. It is especially suitable for the diagnosis of acute and critical diseases and complex infections. Wu et al. showed that the overall microbial yield was 90.3% for BALF mNGS (Wu et al., 2020), which is consistent with our study, where the pathogen-detection yield with BALF mNGS was 87.3%. It indicated that when routine microbiological tests are adverse and empirical treatment is ineffective, BALF mNGS is undoubtedly a valuable pathogen detection tool. Although the utility of bronchoscopy for children remains to be questioned (Rossoff et al., 2019), this procedure positively impacts the pathogenic diagnosis and a subsequent management adjustment of pulmonary infections in this population (Wohlfarth et al., 2018; Bauer et al., 2019). Bronchoalveolar lavage (BAL) is usually more feasible and safer than biopsy (Rao et al., 2013; Chellapandian et al., 2015; Elbahlawan et al., 2016). And mNGS has the potential to improve the diagnostic utility of bronchoscopy (Langelier et al., 2018; Zinter et al., 2019). Taken together, mNGS combined with BAL may be an effective alternative for pathogen detection of pulmonary infections.

Culture and biopsy have been traditionally considered the gold standard for clinical pathogen detection. Still, they are time-consuming, which may delay diagnosis and treatment and consequently contribute to high mortality (Ostrosky-Zeichner, 2012; Khawaja and Chemaly, 2019). In the present study, the workflow from patient sample to results was completed within 24 hours, saving precious time for these critically ill patients. Specifically, the BALF were separately sent to clinical microbiology laboratories within 2 h for analyses, followed by 1 h for nucleic acid extraction from the genome, 15 h for library preparation and sequencing, and 6 h for bioinformatics analyses and reporting. Moreover, mNGS dramatically improved the positive rate of pathogen detection and performed well in mixed infection diagnosis in this study. The overall positivity rate and the rate of mixed infections were 34.5% (19/55) and 7.3% (4/55) only using conventional microbiologic testing. Notably, they increased to 90.9% (50/55) and 30.9% (17/55) when combined with mNGS results, respectively. However, empiric therapy is usually given if pathogens of the infection are unclear, and it sometimes causes ineffective treatment, which brought about increased mortality risk (Ibrahim et al., 2000; Kumar et al., 2006), up to 50% (Wang et al., 2004). Rapid pathogen detection of mNGS can promote timely adjustment of treatment and improve clinical antibiotic overuse in immunocompromised patients. The 50 patients with pathogen-positive pneumonia received timely targeted anti-infection therapy, 12 of whom had reduced or downgraded antibiotic adjustments. Additionally, most of them had better prognosis, and in the present study, the 30-day mortality rate was 7.3%, which indicated that the early diagnosis and prompt treatment through mNGS could significantly decrease the mortality of pediatric patients with HM and pulmonary infections.

Despite its distinct advantage of pathogen detection, mNGS has some drawbacks. The mNGS can theoretically detect all microorganisms in clinical samples without bias simultaneously. However, potential interferences by various colonizing microorganisms from the human body or microorganisms in the external environment in practical applications are challenges to clinical interpretation. For example, bacteria from the oropharyngeal or skin flora (Vanschooneveld et al., 2009), as well as some viruses (such as human herpesviruses (Ho et al., 2020) and Torque teno virus (Wootton et al., 2011)) and most fungi (Romani, 2004), which were not pathogenic in immunocompetent patients, will cause pulmonary infections when the patient’s immune function was low or suppressed. Therefore, the interpretation of pathogens in immunocompromised patients should remain cautious and guided by clinical features and relevant laboratory examination results. Besides, a negative result yielded by mNGS, whilst reducing the chance of an infectious cause, cannot unequivocally exclude infection (Brown et al., 2018). In this study, mNGS failed to identify the causal pathogens for seven cases, in five of which CT imaging and clinical evidence strongly suggested infectious diseases (one case of P. pneumonia, three cases of Gram-positive bacterial and one case of bacterial co-infection), and in two of which infection of E. meningospetica and CMV were identified by conventional methods, respectively. For the former five patients, empirical anti-infection therapy was still given and their condition improved. The reason for the false-negative results of mNGS may be that the pathogen load in the specimen is lower than the detection limit of mNGS, leading to false negative detection. Furthermore, pathogens with hard cell walls, such as fungi, may prevent the release of nucleic acid for sequencing, and for the intracellular bacteria, the content of nucleic acids released into extracellular body fluids is low, decreasing the sensitivity of mNGS of both. Thus, even if unique reads of these pathogens yielded by mNGS are not high, the possibility that they are pathogenic should still be considered. As in patient 2, 23 and 51, although the fungi detected by mNGS did not meet the mNGS positive criteria, they were still considered as possible pathogens based on the comprehensive assessment of clinical manifestations and other test results.

There were three limitations in this study. Firstly, due to the retrospective nature of the study, pathogens detected by mNGS were not confirmed by an additional molecular method at a genetic level. Secondly, RNA sequencing was not performed for all samples, which may miss detection of certain pathogens. Thirdly, our study was a small single-center retrospective study, thus there was a selection bias, which still requires more prospective and multicenter data to validate our findings.

In summary, mNGS enables precise and rapid pathogenic diagnosis and makes personalized precision medication feasible, improving clinical outcomes. We propose that mNGS combined with BAL should be performed early in pediatric patients with HM and pulmonary infection. However, the interpretation of mNGS reports should be combined with clinical data and relevant laboratory examination results.
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In this study, we explored the clinical value of next-generation metagenome sequencing (mNGS) using bronchoalveolar lavage fluid (BALF) samples from patients with acid-fast staining (AFS) sputum smear-negative pulmonary tuberculosis (PTB) and non-tuberculous mycobacterial pulmonary disease (NTM-PD). Data corresponding to hospitalized patients with pulmonary infection admitted to the hospital between July 2018 and July 2021, who were finally diagnosed with AFS sputum smear-negative PTB and NTM-PD, were retrospectively analyzed. Bronchoscopy data as well as mNGS, Xpert, AFS (BALF analysis), and T-SPOT (blood) data, were extracted from medical records. Thereafter, the diagnostic performances of these methods with respect to PTB and NTM-PD were compared. Seventy-one patients with PTB and 23 with NTM-PD were included in the study. The sensitivities of mNGS, Xpert, T-SPOT, and AFS for the diagnosis of PTB were 94.4% (67/71), 85.9% (61/71), 64.8% (46/71), and 28.2% (20/71), respectively, and the diagnostic sensitivity of mNGS combined with Xpert was the highest (97.2%, 67/71). The specificity of Xpert was 100%, while those of AFS and T-SPOT were 73.9% (17/23) and 91.3% (21/23), respectively. Further, the 23 patients with NTM-PD could be identified using mNGS, and in the population with immunosuppression, the sensitivities of mNGS, Xpert, T-SPOT, and AFS were 93.5% (29/31), 80.6% (25/31), 48.4% (15/31), and 32.3% (10/31), respectively, and the diagnostic sensitivity of mNGS combined with Xpert was the highest (100%, 31/31). The specificities of Xpert and T-SPOT in this regard were both 100%, while that of AFS was 40% (2/5). Furthermore, using mNGS, all the NTM samples could be identified. Thus, the analysis of BALF samples using mNGS has a high accuracy in the differential diagnosis of MTB and NTM. Further, mNGS combined with Xpert can improve the detection of MTB, especially in AFS sputum smear-negative samples from patients with compromised immune states or poor responses to empirical antibiotics.
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INTRODUCTION

Tuberculosis (TB), classified as pulmonary tuberculosis (PTB) or extrapulmonary tuberculosis, is an infectious disease that is caused by the Mycobacterium tuberculosis complex (MTBC). Specifically, PTB accounts for approximately 80% of all TB cases (WHO, 2021), and globally, the number of TB cases in 2020 was approximately 10 million, including 5.8 million new cases. Within this same year, TB also accounted for 1.5 million deaths. A greater proportion of patients with TB are adults (approximately 90%), with 8% of the total number of cases globally registered in China (WHO, 2021). Accurate and timely diagnosis of PTB is not only the basis for a successful treatment but also is key to improving the prognosis of patients and preventing the spread of the disease.

Presently, PTB diagnosis methods primarily include acid-fast staining (AFS), Mycobacterium tuberculosis culturing, and nucleic acid amplification (Xpert). The specificity of the culture method for the diagnosis of PTB is >99%. However, its sensitivity is approximately 80% (Lee et al., 2019). Additionally, it is time consuming (2–8 weeks), and this impedes early diagnosis (Pai et al., 2016a,b; Batyrshina and Schwartz, 2019). In contrast, AFS sputum smear microscopy is a fast and widely used TB screening method. However, its sensitivity is only approximately 50–60% (Young et al., 2008; Deshwal et al., 2019). In this regard, some authors have proposed that AFS using bronchoalveolar lavage fluid (BALF) samples can be performed in patients with negative sputum smears; however, the sensitivity of this test still needs to be improved (Shi et al., 2020; Liu et al., 2021). Further, whether using sputum or BALF smears, the major challenge associated with TB diagnosis using AFS is that a non-tuberculous mycobacteria (NTM) infection can be mistaken for an Mycobacterium tuberculosis (MTB) infection, resulting in patients receiving incorrect treatment. Xpert MTB/RIF assay (Cepheid, Sunnyvale, CA, United States) has been recognized by the World Health Organization (WHO) for preliminary diagnosis of suspected TB cases. However, even though its diagnostic specificity for PTB is >98%, its sensitivity for sputum smear-negative PTB is only 60%. Additionally, it does not offer the possibility of diagnosing NTM infections (Lee et al., 2019, 2020, CDC, 2019). Therefore, in clinical practice, it is challenging to distinguish MTB infections from NTM infections.

Metagenomic next-generation sequencing (mNGS) is a rapid diagnostic tool that differs from traditional microbial culture methods. mNGS identifies the possible pathogens through sequencing of nucleic acids in clinical samples, constructing biological reference databases, and rigorous sequence read mapping. This greatly improves the diagnostic ability (Doan et al., 2016; Chiu and Miller, 2019). Currently, mNGS is used for the diagnosis of various infection-related pathogens, including respiratory tract infections (Langelier et al., 2018; Xie et al., 2019), blood infections (Long et al., 2016), abscesses (Zhang et al., 2019), meningitis, and encephalitis (Guan et al., 2016; Zhao et al., 2020). mNGS can help detect intracellular pathogens and mycobacteria families (Zhang et al., 2019; Shi et al., 2020). However, only a few reports have described its use in the diagnosis of suspected PTB. The subjects included in the previous studies were AFS sputum smear-positive patients with normal immune function (Brown et al., 2015; Votintseva et al., 2017; Doyle et al., 2018; Zhou et al., 2019). To the best of our knowledge, there are only a few studies that evaluated the diagnostic value of mNGS in AFS sputum smear-negative PTB patients (Brown et al., 2015; Votintseva et al., 2017; Doyle et al., 2018; Zhou et al., 2019). We aimed to improve the diagnosis of PTB in immunocompromised patients using the mNGS approach. Conversely, whole-genome sequencing (WGS) has been used to identify Mycobacterium abscessus (Bryant et al., 2013; Sassi and Drancourt, 2014; Harris et al., 2015) and Mycobacterium avium (Operario et al., 2019), and few case reports (He et al., 2020; Taur et al., 2021) and cases (Huang et al., 2019) have described NTM determination using mNGS. More importantly, there is no previous study on the identification of MTB and NTM in patients with unexplained pulmonary infection with AFS negative sputum smear using mNGS. PTB and NTM-PD are similar in terms of clinical presentation; there have been cases of NTM-PD misdiagnosed as PTB (Maiga et al., 2012; Shahraki et al., 2015). However, there are significant differences between the two strains in treatment results and prognosis. Therefore, it is particularly important to identify NTM-PD in patients with suspected PTB during clinical diagnosis and treatment. However, in previous studies on the application value of mNGS in the diagnosis of suspected PTB, the control group was predominantly characterized by a common pathogen and was rarely identified with NTM infection. (Brown et al., 2015; Votintseva et al., 2017; Doyle et al., 2018; Zhou et al., 2019). In addition, there is no definitive conclusion on the ability of mNGS to distinguish NTM from MTB infection.

Thus, we conducted a single-center retrospective study involving hospitalized patients with suspected PTB and non-tuberculous mycobacterial pulmonary disease (NTM-PD) who were sputum smear-negative based on AFS, aiming to clarify the clinical value of mNGS in the diagnosis of AFS sputum smear-negative PTB and NTM-PD.



MATERIALS AND METHODS


Research Design and Participants

This retrospective survey was approved by the Ethics Committee for trial registration (approval number ChiCTR1900023727) of the Tianjin Medical University General Hospital. In total, 120 patients was included in this retrospective study. The inclusion criteria were as follows: (1) patients hospitalized at the Tianjin Medical University General Hospital from July 2018 to July 2021; (2) patients with AFS-negative sputum smear and suspected PTB; (3) hospitalized patients who were eventually diagnosed with active PTB and NTM-PD; and (4) patients who underwent BALF acid-fast staining, mNGS, Xpert, and blood T-SPOT test during hospitalization.

The criteria for determining suspected PTB were as follows: (1) preliminary diagnosis based on pneumonia signs or symptoms (i.e., fever, new or increased cough, new or increased purulent sputum, chest pain, and new or increased dyspnea); (2) imaging analysis showing new infiltration and consolidation, or other lesions at the time of admission, with the new lesions not attributable to other causes (Qu and Cao, 2016); and (3) at least one antibiotic treatment administered before admission.



Diagnostic Criteria

Mycobacterium lung diseases include PTB and NTM-PD. The diagnosis of active PTB was based on the WHO TB treatment guidelines (fourth edition) and the Chinese Tuberculosis Clinical Treatment Guidelines (2017 edition) (Committee, 2010, Electron, 2018), while the diagnosis of NTM-PD was based on the consensus of experts on the diagnosis and treatment of NTM-PD in China and the 2020 guidelines for the diagnosis and treatment of ATS/ERS/ESCMID/IDSA (Haworth et al., 2017; Association, 2020; Daley et al., 2020).

Patients were classified as immunocompromised if they met any of the following criteria (Pan et al., 2019): (1) chemotherapy or neutropenia at <1,000 cells per μL within the past 28 days; (2) corticosteroid treatment at ≥20 mg per day for 14 days; (3) immunosuppressive therapy after organ or stem cell transplantation; and (4) human immunodeficiency virus (HIV) infection.



Specimen Collection and Processing

Experienced doctors collected BALF samples and lung biopsy specimens through bronchoscopy according to standard operating procedures (Meyer et al., 2012). During bronchoscopy, the surgeon recorded complications such as bleeding, fatal hemoptysis, arrhythmia, and death. Within 2 h after collection, lung biopsy specimens were sent to the histopathology laboratory and then processed according to standard procedures (Zhao et al., 2021). The remaining lung biopsy specimens were stored at −80°C for mNGS. Part of the BALF was used for Xpert, MTB, and microscopic smears and part was used for fungal and bacterial culture. The remaining BALF specimens were stored at −80°C for mNGS.



Next-Generation Metagenome Sequencing

Alveolar lavage fluid samples (5 ml) and biopsy specimens (200 mg) were collected. After enrichment through centrifugation at 12,000 × g, at 4°C, for 10 min, 400 μl of the treated samples were mixed with glass beads and lysed using BioPrep-24 (TIANGEN BIOTECH, Beijing, China). The microbial DNA was extracted and purified using a magnetic bead method (MAGEN BIOTECH, Guangzhou, China). The concentration of the extracted nucleic acids was measured using a Qubit 4 (Thermo Fisher Scientific) fluorometer. The extracted nucleic acids were used to construct the metagenomic library using NextEra XT DNA Library Prep Kit (Illumina, San Diego, CA, United States), according to the manufacturer’s instructions. In brief, the DNA was fragmented, followed by terminal repair and primer ligation. Finally, the nucleic acids were amplified to construct a library that meets the sequencing requirements (library size: ∼300 bp). The quality of the library was evaluated using a Qubit 4 fluorometer (Thermo Fisher Scientific) and agarose gel electrophoresis. The qualified libraries with different index junction sequences were mixed at equal concentrations. High-throughput sequencing was performed using the Illumina NextSeq 550 DX sequencing platform (sequencing strategy: SE75). During trimming, the low-quality bases, and short sequences (<35 bp) were removed, the remaining clean reads were compared with the human genome reference sequence (version: GRCh38), and Bowtie2 (BWA) was used to remove human-related reads. The remaining reads were further compared with the pathogenic microorganism database1, and the detected sequence number (reads) for pathogenic microorganisms was obtained. According to the interpretation standard of pathogen pathogenicity: (1) Mycobacterium tuberculosis was considered positive when at least one read was aligned to the reference genome at the species or genus level and (2) NTM was defined as positive when the mapping reading (genus or species level) was at the top 10 of the bacterial list; (3) for bacteria other than mycobacteria, viruses, and parasites, the top 10 bacteria in each category were selected, and suspicious pathogens were reported in combination with clinical characteristics (Miao et al., 2018).



Statistical Analysis

Continuous variables corresponding to the two groups were compared using an independent sample t-test or Mann–Whitney U test, and the classified treatments were compared using the chi-square test or the Fisher exact probability method. All statistical analyses were performed using SPSS software v25.0 (IBM, Armonk, NY, United States) and GraphPad Prism 8.0, and statistical significance was defined as p < 0.05.




RESULTS


Baseline Information of Subjects

As shown in Figure 1, between July 2018 and July 2021, 120 hospitalized patients with undetermined causes of pulmonary infection were selected and finally diagnosed with PTB or NTM-PD. Notably, all the patients were AFS sputum smear-negative. However, 26 patients without BALF sample analysis data based on mNGS or Xpert were excluded. Thus, 94 cases (71 PTB cases and 23 NTM-PD cases) were ultimately selected.
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FIGURE 1. Technology roadmap.


As shown in Table 1, the NTM-PD group, which predominantly consisted of female patients (17/23, 73.9%), showed a higher incidence of structural lung disease (14/23, 60.9%), especially bronchiectasis with non-cystic fibrosis than the PTB group (9/71, 39.1%). Further, the imaging results showed a higher incidence of bronchiectasis with non-cystic fibrosis (9/23, 39.1%) and emphysema (4/23, 17.4%) in the NTM-PD group than in the PTB group (p > 0.05). However, there were no significant differences between them with respect to age, symptoms, immune dysfunction, imaging features, histopathology, CRP, PCT, ferritin, white blood cell count, and albumin level. Additionally, 36 cases (38.3%), including 31 in the PTB group and 5 in the NTM-PD group, were immunocompromised to some extent.


TABLE 1. Baseline characteristics and clinical indices of PTB and NTM-PD subjects.
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Comparison of the Detection Performances of Next-Generation Metagenome Sequencing, Xpert, Acid-Fast Staining (Bronchoalveolar Lavage Fluid Samples), and T-SPOT (Sera Samples) to Distinguish Mycobacterium tuberculosis From Non-tuberculous Mycobacteria

As shown in Table 2 and Figures 2, 3A, out of the 71 patients with PTB, based on the analysis of BALF samples, 67 cases were detected using mNGS, resulting in a sensitivity of 94.4%, followed by Xpert, with a sensitivity of 85.9% (61/71), which was significantly higher than that of the conventional methods T-SPOT 64.8% (46/71) and AFS 28.2% (20/71), and the difference was statistically significant (p < 0.001). However, there was no significant difference in sensitivity between mNGS and Xpert (p > 0.05). When the two rapid detection methods mNGS and Xpert were combined, 69 cases of MTB were detected with the highest sensitivity (97.2%), which was statistically significant compared with that of the conventional method (p < 0.001). Notably, for the NTM-PD group, the specificity of Xpert was 100%, implying that all the patients with NTM-PD were Xpert-negative. However, the specificities of AFS and T-SPOT were 73.9% (17/23) and 91.3% (21/23), respectively. These results indicated that neither AFS only nor T-SPOT only can be used to diagnose PTB. Further, mNGS showed the ability to recognize both MTB and NTM, indicating its superior diagnostic performance relative to Xpert, AFS, and T-SPOT. Notably, the 23 patients with NTM-PD in this study could all be identified using mNGS, indicating that the specificity of mNGS was the same as that of Xpert. The specificity was statistically significant compared with that of conventional methods (p < 0.001).


TABLE 2. Comparison of the detection performances of mNGS, Xpert, AFS (BALF samples), and T-SPOT (sera samples) in all patients with Mycobacterium tuberculosis infection and immunocompromised patients.
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FIGURE 2. Heat maps indicating the performances of mNGS, Xpert, AFS (BALF samples), and T-SPOT (sera samples) in the diagnosis of MTB and NTM. The red bars indicate that MTB and NTM were detected correctly. The green bars indicate that MTB and NTM were detected correctly in immunocompromised patients.
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FIGURE 3. (A) Wayne diagram showing the evaluation of the performances of mNGS, Xpert, AFS (BALF samples), and T-SPOT (sera samples) with respect to the detection of MTB and NTM. (B) Wayne diagram showing the evaluation of the performances of mNGS, Xpert, AFS (BALF samples), and T-SPOT (sera samples) in immunocompromised patients for the detection of MTB and NTM.


Immunocompromised hosts are prone to disseminated infection, which increases mortality rate, after PTB or NTM-PD (Ratnatunga et al., 2020). Given that the non-specific symptoms, signs, and imaging findings corresponding to TB often overlap with those of other pulmonary bacterial infections, the use of conventional antibiotics leads to a low diagnosis performance for the traditional diagnostic methods, leading to prolonged disease and poor therapeutic effects (Mukhopadhyay and Gal, 2010; Nachiappan et al., 2017). mNGS is a molecular method that can be used to detect pathogen DNA. Therefore, we performed subgroup analysis and selected individuals with low immunity for this study. As shown in Table 1, 36 immunocompromised patients were included in this study. Among them, 16 were treated with corticosteroids at doses ≥20 mg/day for connective tissue disease and other diseases for more than 14 days, 9 had neutropenia (<1,000 cells per μL) due to hematological malignancies, 10 received immunosuppressive therapy after hematopoietic stem cell transplantation, and 2 with lung malignant tumors received maintenance chemotherapy within 28 days.

Additionally, as shown in Table 2 and Figures 2, 3B, based on BALF analysis, 29 cases of MTB were detected using mNGS, which showed a diagnostic sensitivity of 93.5%, followed by Xpert, with a sensitivity of 80.6% (25/31), while the sensitivities of T-SPOT and AFS were 48.4% (15/31) and 32.3% (10/31), respectively. Notably, the diagnostic sensitivities of Xpert and T-SPOT were reduced in this subgroup. However, the sensitivity of mNGS was not significantly different from that of Xpert (p > 0.05). After mNGS and Xpert were combined, all MTB cases were detected, and the diagnostic sensitivity (100%) was the highest, which was statistically significant compared with that of the conventional method (p < 0.001). This indicates that the combination of mNGS and Xpert can significantly improve the diagnostic sensitivity for PTB in immunocompromised populations. For the NTM-PD groups, the specificities of Xpert and T-SPOT were both 100%, and the specificity of AFS was 40% (2/5). These findings indicated that AFS only and T-SPOT only cannot be used for the diagnosis of PTB in immunocompromised patients. It is worth noting that there were five patients with NTM-PD in this subgroup, and they all could be identified using mNGS.

Our findings also indicated that using BALF samples, MTB was not detected in 4 out of the 71 patients with PTB using mNGS; however, when mNGS was performed using bronchoscopic lung biopsy samples, MTB could be diagnosed in these 4 patients.



Identification of Non-tuberculous Mycobacteria Strains and Mixed Infection in Bronchoalveolar Lavage Fluid Samples Using Next-Generation Metagenome Sequencing

The strains from the 23 patients in the NTM-PD group in this study were identified using mNGS. Among the patients, there were 12 cases of Mycobacterium intracellulare, five cases of Mycobacterium avium, two cases of Mycobacterium kansasii, two cases of Mycobacterium abscessus, one case of Mycobacterium xenopi, and 1 case of Mycobacterium scrofulaceum.

As shown in Figures 4, 5, mNGS could also identify other mixed-pathogen infections (including bacteria, fungi, and viruses). Among the 94 patients included in our study, 50 cases were complicated by other pathogenic bacterial infections, and most of these cases were complicated with immunosuppression and structural lung disease. Further, we compared mNGS with routine clinical detection methods (BALF bacterial and fungal culture, bacterial and fungal microscopic smears, serum Aspergillus IgG antibody, GM test, Cryptococcus antigen detection, respiratory syncytial virus antibody, Cytomegalovirus antibody, adenovirus antibody, EB virus antibody, and human herpesvirus type I and type II antibodies). All common bacteria, including Haemophilus parainfluenzae, Klebsiella pneumoniae, Streptococcus pneumoniae, Pseudomonas aeruginosa, Acinetobacter baumannii, and Stenotrophomonas maltophilia, were detected by mNGS, with the sensitivity being significantly higher than that of BALF routine bacterial culture and microscopic smear examinations (34.5%, 10/29). Further, six cases, all of which were detected using mNGS, were complicated by fungal infection (Aspergillus spp.). One case of Aspergillus fumigatus infection was detected using the BALF fungal culture method, and three cases were positive based on fungal serum immunoassay. Furthermore, mNGS could also detect one case of Pneumocystis carinii, one case of Legionella pneumophila, one case of St. George Nocardia, and three cases of the genus Actinomyces spp., which could not be detected using the conventional pathogen detection methods. Ten patients with viral infections, including Circovirus, Cytomegalovirus, parainfluenza virus, and polyomavirus, were also detected using mNGS. Three cases of Cytomegalovirus antibody (IgM and IgG) and one case of EB virus antibody (IgM) were detected using the traditional etiological methods, while others were not detected.
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FIGURE 4. Histogram showing the results of mNGS and conventional methods in identifying mixed infection in BALF specimens of patients with PTB and NTM-PD.
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FIGURE 5. Identification of strains in BALF samples from patients with PTB and NTM-PD complicated with co-infection using mNGS.


We also found that 44% (n = 22) of PTB patients with co-infection were complicated with one microbial infection, 22% (n = 11) with two microbial infections, 10% (n = 5) with three microbial infections, and 2% (n = 1) with five microbial infections. Among NTM-PD patients with co-infection, the proportions of patients co-infected with one, two, three, and four microorganisms were 10% (n = 5), 6% (n = 3), 4% (n = 2), and 2% (n = 1), respectively.




DISCUSSION

In this study, we comprehensively evaluated the performance of mNGS for the etiological diagnosis of suspected PTB patients with negative sputum smear. In the diagnosis of PTB, the diagnostic sensitivity of mNGS (94.4%) was higher than those of Xpert (85.9%) and the conventional diagnostic methods T-SPOT (64.8%) and AFS (28.2%). The diagnostic sensitivity of mNGS combined with Xpert (97.2%) was the highest, suggesting that the combination of mNGS and Xpert can improve the diagnosis of PTB, which is consistent with other reports (Zhou et al., 2019; Shi et al., 2020; Liu et al., 2021). However, the sensitivity of mNGS in this study was not significantly different from that of Xpert. Thus, mNGS is not superior to Xpert in the detection of MTB, consistent with the conclusion of other studies (Zhou et al., 2019; Shi et al., 2020). However, compared with these three detection methods, mNGS has a prominent advantage in that it can also identify NTM, which is difficult for culture-based methods to detect, because some NTM species require a time-consuming procedure to detect and some are difficult to culture (Kim et al., 2018). Since our patients used antibiotics before they were enrolled, we believe that mNGS has a higher accuracy than conventional diagnostic methods in detecting MTB and NTM in BALF specimens. Therefore, its use in the diagnosis of TB using BALF samples is a reliable method to distinguish MTB from NTM.

The importance of our study lies in the fact that this patient population lacks specific clinical symptoms, and their imaging features can be easily mistaken for pulmonary infection. Thus, patients with compromised immune function are confused with the original diseases or are considered to be infected with multiple pathogens if the clinical features of TB change. This can lead to missed diagnoses, misdiagnoses, and increased TB-related deaths (Miller et al., 2000; Liam et al., 2006). However, we found that the diagnostic sensitivity of Xpert and T-SPOT was also decreased in the immunocompromised subgroups, and Xpert was prone to false negative results, consistent with other studies (Lee et al., 2019, 2020). The combination of mNGS and Xpert can significantly improve the diagnostic sensitivity for PTB in immunocompromised populations, which has not been mentioned in other studies on the detection of Mycobacterium tuberculosis by mNGS and Xpert.

Studies have shown that the clinical manifestations of PTB and NTM-PD are similar and that they can have common CT manifestations in imaging, including tree bud-like signs, bronchiectasis, and cavities; moreover, necrotizing granulomas can represent histopathological features of both diseases (Mukhopadhyay, 2011; Nachiappan et al., 2017), which are consistent with the results of our study. However, in the present study, NTM was detected using mNGS, revealing the feasibility and unique advantages of mNGS in distinguishing MTB from NTM. The risk of NTM-PD was significantly higher (P < 0.05) in patients with structural pulmonary disease (14/23, 60.9%), especially bronchiectasis without cystic fibrosis (9/23, 39.1%), compared to that for PTB; this was consistent with the results of previous study (Cowman et al., 2019). Our study included 14 structural lung diseases in 23 patients with NTM-PD. For patients with structural or inflammatory lung diseases, such as non-cystic fibrobronchiectasis, chronic obstructive pulmonary disease, or interstitial lung disease, the accurate diagnosis of NTM infection is critical because these emerging pathogens can lead to an accelerated decline in lung function and fatal complications (Floto et al., 2016).

Additionally, it has been reported that patients with impaired immune function and structural lung disease are more susceptible to fungal and other microbial infections after PTB and NTM-PD (Wu and Holland, 2015; Zeng et al., 2020). Specifically, when an immune-impaired host has a mixed infection of pulmonary infiltration, the successful diagnosis of co-existing opportunistic infections using conventional diagnostic methods is challenging (Pan et al., 2019). Further, the use of antibiotics decreases the diagnostic rate of conventional diagnostic methods to a low level. In our study, 46% of the patients with co-infection were infected with more than two types of microorganisms. Our findings also indicated that the analysis of BALF samples using mNGS can lead to the simultaneous detection of mixed infections by bacteria, fungi, viruses, and mycobacteria, which is consistent with other reports (Pan et al., 2019; Xie et al., 2019; Zhao et al., 2021). The results of our study suggested that mNGS is a good diagnostic method for patients with pulmonary infections who have poor responses to empirical antibiotics and are AFS sputum smear-negative. mNGS also offers the possibility to identify not only MTB and NTM but also other mixed infections. Further, it is also suitable for application in immunocompromised patients with complex infections. This not only indicates an improvement in diagnostic ability in immunocompromised people with acute lower respiratory tract infections (LRTI) but also can help clinicians evaluate patients more comprehensively and prescribe a more effective treatment in time.

In our study, MTB was not detected by mNGS in four BALF specimens, although it was discovered in the four bronchoscopic lung biopsies from these patients. It has been reported that the diagnostic rate of mNGS in lung biopsy is higher than that in BALF (Mondoni et al., 2017), probably because the bacterial load in diseased tissue is higher than that in the sputum and BALF. These results suggest that we can use mNGS to analyze lung tissues from patients who are highly suspected of PTB, but whose mNGS results are negative based on the analysis of BALF.

Although some encouraging results were obtained in this study, some limitations were also noted. First, due to the relatively high cost, the widespread clinical application of mNGS may be under restrictions (Lee and Pai, 2017; Lee et al., 2019). Second, diagnosis of infections using invasive techniques, such as bronchoalveolar lavage, may lead to further respiratory deterioration in patients with hypoxemia (Bauer et al., 2019; Azoulay et al., 2020), thus the collection of BALF samples is limited. Third, the sample size was relatively small, as this was a single-center retrospective study. Therefore, a multicenter prospective study with a larger sample size is necessary to further confirm these findings.

In summary, the findings of this study indicate that the analysis of BALF samples using mNGS has a high accuracy in the differential diagnosis of MTB and NTM. Further, mNGS combined with Xpert can improve the detection of MTB, especially in AFS sputum smear-negative samples from patients with compromised immune states or poor responses to empirical antibiotics. Therefore, we believe that mNGS is a powerful tool for identifying pathogenic microorganisms, and further investigations are required on this aspect.
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Objective

To analyze the clinical application and related influencing factors of metagenomic next-generation sequencing (mNGS) in patients with sepsis in intensive care unit (ICU).



Methods

The study included 124 patients with severe sepsis admitted to the ICU in the First Affiliated Hospital of Zhengzhou University from June 2020 to September 2021. Two experienced clinicians took blood mNGS and routine blood cultures of patients meeting the sepsis diagnostic criteria within 24 hours after sepsis was considered, and collection the general clinical data.



Results

mNGS positive rate was higher than traditional blood culture (67.74% vs. 19.35%). APACHE II score [odds ratio (OR)=1.096], immune-related diseases (OR=6.544), and hypertension (OR=2.819) were considered as positive independent factors for mNGS or culture-positive. The sequence number of microorganisms and pathogen detection (mNGS) type had no effect on prognosis. Age (OR=1.016), female (OR=5.963), myoglobin (OR=1.005), and positive virus result (OR=8.531) were independent risk factors of sepsis mortality. Adjusting antibiotics according to mNGS results, there was no statistical difference in the prognosis of patients with sepsis.



Conclusion

mNGS has the advantages of rapid and high positive rate in the detection of pathogens in patients with severe sepsis. Patients with high APACHE II score, immune-related diseases, and hypertension are more likely to obtain positive mNGS results. The effect of adjusting antibiotics according to mNGS results on the prognosis of sepsis needs to be further evaluated.





Keywords: severe infection, sepsis, microorganism culture, mNGS, NGS, intensive care unit



Introduction

Sepsis, a major public health problem, is a syndrome physiological, pathological, and biochemical abnormality caused by infection (Singer et al., 2016). About 1.94–31.5 million deaths occur annually worldwide, of which about 20% (5.3 million deaths) are sepsis-related (Fleischmann et al., 2016; Maraki et al., 2016; Singer et al., 2016; Rudd et al., 2020). Sepsis is also the leading cause of admission to an intensive care unit (ICU) and death (Abe et al., 2018). The common infection sites include lung, abdomen, blood, urinary tracts, and central nervous system. Severe sepsis requires that the infection site, microbial species, and empirical anti-infection treatment are identified first (Rhodes et al., 2017; Cecconi et al., 2018; Niederman et al., 2021). In sepsis management strategies, early recognition and standardized management such as fluid resuscitation and hormone use are proposed, but active antibiotic use remains the cornerstone of successful sepsis treatment (Rhodes et al., 2017; Cendejas-Bueno et al., 2019; Niederman et al., 2021). Pathogen identification and beginning or adjusting the antibiotic therapy as soon as possible are essential. A traditional bacterial culture takes 3–5 days, and specific pathogenic bacteria are difficult to culture, take a longer time, have a low positive rate, difficult to diagnose, and have ineffective and delayed empirical treatment.

Metagenomic next-generation sequencing (mNGS) is a new method that combines high-throughput sequencing with bioinformatics analysis; its advantages include shorter detection time of microorganisms, accurate detection of multiple pathogens such as bacteria, fungi, viruses, and parasites at one time through DNA or RNA gene sequencing of clinical samples (Church et al., 2020; Vandenberg et al., 2020; Evans et al., 2021). This method provides a clear etiological basis for severely infected patients, and allows more targeted medication. However, as a new detection method, it is expensive with unclear clinical characteristics and influencing factors in ICU and there are few relevant studies. Thus, this study analyzed and discussed the clinical characteristics and influencing factors of mNGS in ICU.



Materials and Methods


Study Subjects

The study involved 199 patients admitted to the ICU of the First Affiliated Hospital of Zhengzhou University for sepsis from June 2020 to September 2021. According to the exclusion criteria and inclusion criteria, we excluded the 38 cases cerebrospinal fluid samples and 19 cases alveolar lavage fluid specimens, 5 cases of incomplete information, 8 cases with lost follow-up loss, and 5 cases with blood culture and mNGS were not conducted at the same time. Finally this study selected 124 patients admitted to the ICU of the First Affiliated Hospital of Zhengzhou University for sepsis from June 2020 to September 2021.



Research Methods

Inclusion criteria: (1) It was in line with the sepsis 3.0 diagnostic criteria (Singer et al., 2016) jointly issued by the Society of Intensive Care Medicine (SCCM) and the European Society of intensive care Medicine (ESICM). (2) Agreed to mNGS sequencing for inspection. (3) Routine blood culture and mNGS were tested at the same time.

Exclusion criteria: (1) Did not agree to take the mNGS detection. (2) Unqualified specimens and incomplete clinical data. (3) Blood cultures and mNGS were not tested simultaneously. (4)Unknown prognosis within 28 days.

The study was approved by the Scientific Research and Clinical Trials Ethics Committee of the First Affiliated Hospital of Zhengzhou University (code 2021-KY-0600-002).



Sample Collection

Two experienced clinicians selected patients who met the diagnostic criteria for sepsis and sent mNGS and routine blood cultures simultaneously within 24 hours after sepsis was considered.

The collected mNGS blood samples met the requirements of the First Affiliated Hospital of Zhengzhou University, Gene Hospital of Henan Province (using a special free nucleic acid tube, avoids hemolysis and strict control of the qualified specimens) and were immediately sent for detection; if the blood samples cannot be sent immediately, they were temporarily stored at room temperature. The storage time should not exceed 24 hours, and in case the temperature was more than 37°C, ice packs were used for transport, taking care that the collected blood samples were not in direct contact with ice packs (air bubble films were used for sample packaging, ice packs and mining vessel were separated by more than 15 mm to prevent frozen blood burst, causing hemolysis). The microbial nucleic acid sequences of the samples were analyzed by high-throughput sequencing technology, and then identified by comparing with the nucleic acid sequences of the existing microorganisms in the database. The mNGS detection process included experimental operation (wet experiment) and bioinformatics analysis (dry experiment). The wet experiment comprised the following four steps: sample pretreatment, nucleic acid extraction, library construction, and computer sequencing. Bioinformatics analysis involved the following steps: data quality control, human sequence removal, identification of microbial species alignment.

Thermo Scientific culture bottles was used for routine blood culture, with two sets of aerobic and anaerobic culture respectively. According to the bacteria and fungi culture procedures of Microbiology Laboratory of the First Affiliated Hospital of Zhengzhou University, routine separation media were used, including blood AGAR, chocolate AGAR, and Mueller-Hinton AGAR. Chocolate AGAR and blood AGAR plates were incubated at 5%CO2 at 37°C for 18–24 h. Vitek-2 Compact Instrument was used to identify the strains.



Collection of Clinical Data

The clinical data collection of the selected subjects included: gender, age, and past medical history (hematological system, rheumatic immune system, and neoplastic diseases were classified as immune-related diseases in this study); surgical operation or not; Acute physiology and chronic health score (APACHE II); blood routine examination, procalcitonin (PCT), C-reactive protein (CRP), biochemical indicators including aspartate aminotransferase (AST), creatinine, brain natriuretic peptide (BNP), myoglobin, cholinesterase, fibrinogen (FIB) coagulative time; whether there was tracheotomy, dialysis treatment, vasopressor drug use; temperature details (greater than 38.5 °C or not); experiential antibiotic use after admission; general bacterial culture results, mNGS bacteria and sequence number results were recorded. The main observation index of clinical efficacy was the mortality rate of patients at 28 days.



Statistical Treatment

All data in the study were statistically analyzed by SPSS23.0 and plotted using Graph Pad7.0. The Kolmogorov–Smirnov method was used for normality tests, with P>0.1 indicating a normal data distribution. Continuous variables with normal distribution were represented by mean ± standard deviation (mean ± SD), and data were compared by independent sample t-test. Non-normally distributed data were represented by median [interquartile range](median [IQR]), and data comparisons were performed using the Mann–Whitney U test. The measurement data were analyzed by Pearson’s chi-square test or Fisher’s exact test. The Kruskal–Wallis rank-sum test was used for measurement data with more than one group of non-normal distribution. Multivariate analysis was performed by binary logistic regression. In the multi-factor analysis, we selected the factors screened in the single factor analysis (variables with P<0.2) and then used the Enter method in logistic regression to adjust confounding factors. In this study, P<0.05 was considered to be statistically significant.




Results


Patient Baseline Characteristics

Table 1 shows the distribution of biochemical indicators, clinical features, and past medical history.


Table 1 | Biochemical indicators, clinical features, and past medical history.



After screening, 124 sepsis patients with a median age of 56 years were enrolled in this study, including 43 females (34.68%) and 81 males (65.32%). In this study, 84.68% of patients had used vasoactive drugs, 83.06% of patients had received tracheotomy, 24.19% of patients had immune-related diseases, the 28-day mortality rate was 39.52%, and 107 (86.29%) of the patients underwent treatment protocol change during the treatment.



Clinical Diagnostic Effect of mNGS and Blood Culture

According to Figure 1, the top five microorganisms in the mNGS culture were: Klebsiella pneumoniae (N=41), Acinetobacter baumannii (N=17), Enterococcus (N=12), Herpes virus (N=7), Candida (N=6), and Cytomegalovirus (N=6). Similarly, in blood culture, the top five microorganisms were: Klebsiella pneumoniae (N=6), Staphylococcus aureus (N=6), Enterococcus (N=4), Candida (N=2), Acinetobacter baumannii (N=2). Thus, the top five microorganisms were Klebsiella pneumoniae (N=47), Acinetobacter baumannii (N=17) (mNGS and culture were positive in 2 patients, mNGS positive only in 15 patients), Enterococcus (N=14), Candida (N=7), Herpes virus (N=7), Staphylococcus aureus (N=7). The results also showed that the positive rate of fungal microorganisms detected by the mNGS was higher than that detected by the blood culture (7.26% VS 1.61%). 6 cases of Candida, 2 cases of Aspergillus, and 1 case of Pneumocystis were detected by the mNGS, and the difference was statistically significant (χ2 = 4.783, P=0.02).




Figure 1 | Different pathogenic organisms (in numbers) in mNGS and microbial blood cultures.



Among the 124 patients of the study, approximately 30.65% were negative for mNGS and blood cultures, and mNGS was only positive in 50% of the patients (Figure 2). The mNGS positive rate was higher than that of the blood culture (67.74% vs. 19.35%), and the difference was statistically significant (χ2 = 59.048, P<0.001). The mNGS pathogen coverage rate accounted 54.17% of the total number of positive blood culture results (13/24); only two patients had positive blood culture results.




Figure 2 | Consistency analysis of mNGS and blood culture results. Patients, covered or uncovered, had positive mNGS and blood culture results.





Comparison of Negative mNGS Results With Positive mNGS Results of a Single Pathogen Infection and a Mixed Infection on the Clinical Characteristics

We further analyzed the relationship between the detection results and clinical characteristics of patients based on the mNGS results. The negative rate of mNGS and the detection rate of a single pathogen of mNGS were statistically different in sepsis patients suffering from immune-related diseases. Other biochemical indicators and clinical features had no statistically significant differences.(Table 2).


Table 2 | Comparison of negative mNGS results with positive mNGS results on the clinical characteristics of a single pathogen infection and a mixed infection.





Comparison of Clinical Characteristics Between the Two Groups With Both Negative mNGS and Blood Culture Results and Positive mNGS or Blood Culture Results

Both blood culture and mNGS positive results can provide significant diagnostic and treatment values, but there were some patients with double negative results (both blood culture and mNGS showed negative results). Univariate analysis was performed in advance to identify factors associated with a positive outcome; the results showed that patients with immune-related diseases had lesser double-negative results (P=0.022). Additionally, the APACHE II score (P=0.077), platelet (P=0.060), BNP, and hypertension (P=0.073) were close to statistical significance. There were no statistically significant differences between other biochemical indicators and clinical features (Table 3).


Table 3 | Comparison of clinical characteristics between mNGS and blood culture (positive and negative).



Next, we conducted multivariate analysis by binary logistic regression for P<0.2 in univariate analysis, which showed that the APACHE II score (OR=1.096), immune-related diseases (OR=6.544), hypertension (OR=2.819) were considered independent factors; the higher the indicators, the higher was the positive rate of the mNGS or blood culture. Diabetes had a tendency to be an independent factor affecting positive mNGS or blood culture results (OR=3.208, P=0.070) (Table 4).


Table 4 | Risk factors for mNGS or culture – positive.





Analysis of Factors Affecting the Prognosis of Sepsis Patients

Sepsis patients have poor prognoses, so we included routine biochemical indicators and clinical features of the patients for analysis along with mNGS results for analysis (Table 5). The univariate analysis determined the indicators of P<0.2 (age, women, surgery, APACHE II score at admission, platelet, percentage of neutrophils, myoglobin, BNP, heart rate, mNGS results positive virus, and immune-related diseases); other indicators did not follow the next multivariate analysis. In univariate analysis, the sequence number of microorganisms and pathogen detection (mNGS) type such as negative, infection with a single pathogen and mixed infection had no effect on prognosis. Further binary logistic regression analysis of P<0.2 above (Table 6) suggested that age (OR=1.061), female (OR=5.963), myoglobin (OR=1.005), and positive viral results (OR=8.531) were independent risk factors.


Table 5 | Analysis of factors affecting the prognosis of sepsis patients.




Table 6 | Risk factors for mortality.





Comparison of Antimicrobial Adjustment for Outcomes in Sepsis Patients According to mNGS Results and Blood Culture Results

This study analyzed the prognosis of patients with positive mNGS results and adjusted or not adjusted treatment regimens. Seventy-seven patients were adjusted and seven patients were not adjusted; there was no statistical difference in survival rate between the two groups (59.74% vs. 71.42%, χ2 = 0.368, P=0.544).

Patients with negative mNGS results, with 30 and 10 patients in the regimen-adjusted and unadjusted groups, respectively, had a survival rate of 60% in both groups, (χ2 = 0.000, P=1.000).




Discussion

Severe infections in ICU patients progress and change rapidly. Sepsis guidelines (Cecconi et al., 2018; Dugar et al., 2020) recommend identifying the infection site first, followed by collecting the body-fluid specimens for routine culture, identifying pathogens, and finally, selecting the targeted antimicrobial drugs. The correct use of antimicrobial agents in the early stages is critical for the prognosis of patients with sepsis or septic shock. However, the positive rate of a traditional blood culture is about 20% lower and about 3–5 days longer (Greninger and Naccache, 2019). For particular bacteria cultures, Mycobacterium tuberculosis needs a longer culture time, and the positive rate of pathogens such as Nocardia, Cryptococcus, and Brucella is lower, while viruses fail to culture (Mancini et al., 2010; Siwakoti et al., 2018; Zhang H. C., et al., 2019; Li et al., 2021), thus causing a delay in the treatment. The mNGS can be obtained within 24 hours, has unique advantages for the traditional bacterial culture, and helps screen the pathogenic bacteria, thereby guiding the clinical application better. We discussed the clinical characteristics and value of its function as a new pathogen test in patients with severe sepsis in ICU.

A total of 124 patients with severe sepsis were included in this study, most of whom received vasoactive drugs, had a high APACHE II score, undergone tracheotomy and transferred from sub-hospitals. According to the pathogens found: G-bacillus accounted for the highest proportion; the top two pathogens were Klebsiella pneumoniae, Acinetobacter baumannii, which was consistent with the current epidemiology of hospital-related infections (Kaye and Pogue, 2015; Dugar et al., 2020; Geng et al., 2021). Additionally, one case of Pneumocystis and one tuberculosis pathogens were found. Pneumocystis jirovecii was found in mNGS of a patient with a malignant hematologic tumor complicated with septic shock. Related studies have also shown that although pneumocystis is almost exclusively present in the human lung, pneumocystis fragments can enter the peripheral blood through the site of respiratory infection, especially under immunosuppression (Zhang Y., et al., 2019; Chen et al., 2020; Zhang et al., 2021). It suggests that blood mNGS can help diagnose Pneumocystis jirovecii, which is difficult to diagnosed. In another case of immune-related disease, fragments of bacterium tuberculosis was found in the blood and led to septic shock. This was very challenging for the clinician to determine and distinguish (Mishra et al., 2019; Sun et al., 2021). The mNGS fungi detection rate was significantly higher than the blood culture results with significant statistical differences, and virus detection was impossible in the blood culture. This is consistent with the views of Zheng et al. (Zheng et al., 2022). Highlighting the clinical advantages of NGS in finding particular fastidious pathogenic bacteria that can guide the clinical treatment better (Kruppa et al., 2018; Duan et al., 2021b; Govender et al., 2021; Tsang et al., 2021; Zhan et al., 2022).

This study showed that the mNGS positive rate was higher, and the mNGS pathogen coverage accounted for 54.17% (13/24) of the total number of positive blood culture results, and two other patients showed positive results only in blood cultures. This indicates that mNGS may miss pathogens, be inconsistent with blood culture, have false negative results, and need for higher sequencing depth detection (Duan et al., 2021a; Gu W., et al., 2021). Natoli et al. (2022) also agreed that any contamination with the blood culture between sample processing and data analysis could bias the final results seriously. Boers et al. (Boers et al., 2019) also showed that the above reasons lead to the discovery of non-existent bacterial genera, false correlations between microbes and their hosts, and the inability to detect true correlations. However,The advantages of mNGS detection were not affected by history of antimicrobial exposure. In 2019, Blauwkamp et al. (Blauwkamp et al., 2019) found that microbial cell-free DNA (mcfDNA) sequencing test performed much better than blood culture in analyzing specimens from subjects who had received antimicrobial therapy within two weeks preceding presentation. The reason is that microbial sequencing methods diagnose possible infections by capturing and identifying this highly fragmented mcfDNA in the circulating system, which are lysed fragments of bacteria and conventional blood culture failed to detect (Han et al., 2020).

Our study reported that mNGS showed a higher positive rate in patients having immune-related diseases with sepsis, and a statistically significant higher detection rate of single pathogen infection compared to the no immune-related diseases in patients with sepsis. The earlier studys (Geng et al., 2021; Yan et al., 2021) showed that low immunity was associated with multiple infections. Niles et al., (Niles et al., 2022) in a retrospective study of 169 participants, showed that immune-related patients were more likely to obtain multiple microbial results from mNGS than patients with normal immune function.

Subsequently, we analyzed the influence of sepsis patients with negative culture and mNGS results and positive results of mNGS or blood culture bacteriology. Univariate analysis and multivariate analysis suggesting that sepsis patients with high APACHE II score, immune-related diseases, hypertension had lower double-negative results. This means the more severe the disease, the easier it is to obtain positive blood cultures or mNGS results. There were few reports on the clinical influencing factors of mNGS results. As far as we know, only one study shows that age is a significant influencing factor in the multi-factor logic analysis of positive mNGS results (Duan et al., 2021a).

We included mNGS reads in univariate and multivariate analyses of its impact on the prognosis of patients with sepsis. Our research found that microbial sequence number and pathogen detection (mNGS) type had no direct relationship to the prognosis of sepsis. And age, female, myoglobin and virus-positive results were independent risk factors for sepsis. This suggests that mNGS reads represent the presence of certain bacterial infections, and cannot be associated with disease prognosis. Ong et al. (Ong et al., 2017) showed in a prospective study center that 68% of the septic shock patients activated after viral infection without prior immune deficiency were independently associated risk factors for sepsis mortality. Age, female, and myoglobin are more analyzed in the influencing factors of sepsis (Yang et al., 2019; Gu B., et al., 2021).

This study showed no statistical difference in the overall prognosis of sepsis according to mNGS adjustment regimen, and this may be related to the source of patients, severe septic shock, and small sample size. However, there is no doubt that mNGS can be used to quickly, and a high positive rate to obtain pathogens included fastidious bacteria (Huang et al., 2019). The results of Geng et al. (Geng et al., 2021) were in agreement with the above-mentioned results. mNGS has obvious advantages as it can quickly, efficiently, and accurately obtain all nucleic acid information in test samples, analyze pathogens, guide clinical diagnosis and treatment, and find viruses, fungi, parasites, rare pathogens, and even unknown pathogens (Consensus Group Of Experts On Application Of Metagenomic Next Generation Sequencing In The Pathogen Diagnosis In Clinical et al., 2020; Han, 2022). Zhou et al. (Zhou et al., 2021) described the use of mNGS for pneumonia pathogen identification in a large-scale multi-center prospective study of 159 patients, which resulted in 59 patients (37.1%) changing treatment regimens, including 40 patients (25.2%) downgrading antibiotic use. There are few studies on the application of mNGS in ICU patients, so it is necessary to expand the sample size and further explore the effect of adjusting antibacterial application according to the mNGS results on the prognosis of ICU patients with sepsis.

This study has some limitations. First of all, the origin of the patients (transfered from subordinate hospitals and in a critical condition) may cause negative mNGS and blood culture results. In addition, the antibiotic exposure history has a greater impact on blood culture, leading to an increase in the negative rate of blood culture. Secondly, our sample size is small. Therefore, further large-sample studies are needed to explore the application of mNGS in sepsis. Thirdly, the study does not represent the application characteristics of mNGS in other infections, fever and pathogenic bacteria in difficult cases, and in critically ill patients in other regions.

In conclusion, mNGS can quickly obtain pathogenic bacteria (including fastidious bacteria), have a higher positive rate. The mNGS positive rate was higher than that of the blood culture, but there are still some negative results. Patients with high APACHE II score, immune-related diseases, hypertension had lower double-negative results. The sequence number of microorganisms and pathogen detection (mNGS) type such as negative,infection with a single pathogen and mixed infection were not directly related to the disease prognosis. There was no statistical difference in prognosis of sepsis according to mNGS adjustment regimen. However, mNGS is very important for the acquisition of pathogenic bacteria in severe patients, and we would carry out a larger sample study to explore the impact of mNGS on the outcome of sepsis bloodstream infection.
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Background

The effectiveness of metagenomic next-generation sequencing (mNGS) in respiratory pathogen detection and clinical decision-making in critically rheumatic patients remains largely unexplored.



Methods

A single-center retrospective study of 58 rheumatic patients who were admitted to ICU due to suspected pneumonia with acute respiratory failure if they underwent both bronchoalveolar lavage fluid specimen mNGS and combined microbiological tests (CMTs) was conducted to compare their diagnostic performance, using clinical composite diagnosis as the gold standard. Treatment modifications based on mNGS results were also reviewed.



Results

Forty-three patients were diagnosed with microbiologically confirmed pneumonia and 15 were considered as a non-infectious disease. mNGS outperformed CMTs in the accurate diagnosis of infectious and non-infectious lung infiltration (98.1% [57/58] vs. 87.9% [51/58], P = 0.031). A total of 94 causative pathogens were defined by the gold standard and 27 patients had polymicrobial pneumonia. The sensitivity of pathogen detection and complete concordance with the gold standard by mNGS exceeded those by CMTs (92.6% [87/94] vs. 76.6% [72/94], P < 0.001 and 72.1% [31/43] vs. 51.2% [22/43], P = 0.004, respectively). Moreover, 22 pathogens were detected only by mNGS and confirmed by orthogonal test. Accordingly, the etiological diagnosis changed in 19 cases, and the empirical treatment improved in 14 cases, including 8 cases of rescue treatment and 11 of antibiotics de-escalation. At the pathogen-type level, both methods were comparable for bacteria, but mNGS was advantageous to identify viruses (accuracy: 100% vs. 81%, P = 0.004). For Pneumocystis jirovecii detection, mNGS improved the sensitivity compared with Gomori’s methenamine silver stain (91.7% vs. 4.2%, P < 0.001) and was higher than polymerase chain reaction (79.2%), but the difference was not significant (P = 0.289). In terms of Aspergillus, the better sensitivity with a combination of culture and galactomannan test than that with mNGS was found (100% vs. 66.7%, P = 0.033).



Conclusions

mNGS has an excellent accuracy in etiological diagnosis and pathogen detection of suspected pneumonia in critically rheumatic patients, which has potential significance for clinical decision-making. Its superiority to different types of pathogens depends on the comprehensiveness of CMTs.
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Introduction

Pneumonia remains the major cause of morbidity and mortality in rheumatic patients. The majority of patients present with acute respiratory failure (ARF) and require intensive care unit (ICU) admission, with mortality up to 70% (Janssen et al., 2002; Falagas et al., 2007). This population is vulnerable to a wide range of pathogens and superimposed infections, so early and correct assessment of microbial etiology is very important for appropriate antimicrobial therapy and favorable prognosis of severe infections (Falagas et al., 2007; Feng et al., 2010; Azoulay et al., 2020). However, the pathogen diversity and low microbial loads in immunocompromised patients (ICPs) pose challenges to traditional microbiological methods due to their limitations in the sensitivity, speed, and breadth of pathogen detection (Chiu and Miller, 2019; Azoulay et al., 2020). Moreover, compared with other ICPs, the etiology of rheumatic patients with lung infiltrations is more complex. The initial clinical manifestation of pneumonia in this population may be similar to those of non-infectious lung infiltrates (e.g., rheumatic disease activity related lung involvement or drug-related toxicity), which also greatly increases the difficulty of diagnosis (Janssen et al., 2002; Falagas et al., 2007; Papiris et al., 2016). Given the serious clinical consequences of mistakenly treating an infection with immunosuppression or a flare with antibiotics, more sensitive techniques are needed for precise and timely diagnosis and treatment (Feng et al., 2010; Azoulay et al., 2020).

Metagenomic next-generation sequencing (mNGS) is a nucleic acid sequencing technique with high-throughput capacity. Unlike polymerase chain reaction (PCR)–based and 16S ribosomal RNA gene–based sequencing approaches, it is an unbiased method independent of etiological hypothesis and theoretically permits the identification of all pathogens in a single assay. Due to fast turnaround time and high sensitivity, mNGS could emerge as a promising tool, especially for pathogen detection of rare, novel, and complicated infectious diseases (Chiu et al., 2019; Gu et al., 2019). In recent years, its diagnostic performance has been studied in different patient populations with different types of infections (Prachayangprecha et al., 2014; Gu et al., 2019; Wilson et al., 2019; Zhang et al., 2020). However, only a few studies have described its utility in detecting respiratory pathogens in ICPs (Parize et al., 2017; Langelier et al., 2018; Pan et al., 2019; Zhang et al., 2019), and most of them have only focused on bacteria or viruses (Parize et al., 2017; Langelier et al., 2018). For instance, in a study of 101 heterogeneous ICPs, where pneumonia represented only less than 30%, Parize et al. demonstrated that clinically relevant viruses and bacteria were detected in a significantly higher proportion of patients with NGS than conventional methods (36% vs. 11%, P < 0.001) (Parize et al., 2017). Likewise, a study of 22 human stem cell transplant recipients reported an improved capacity of mNGS to detect viruses and bacteria as pneumonia pathogens (Langelier et al., 2018).

It was worth noting that the pathogen profiles were diverse in different ICPs populations, which might affect its diagnostic performance (Reynolds et al., 2010; Bitar et al., 2014; Di Franco et al., 2017). For example, the prominent feature of patients with hematologic malignancies was the depressed neutrophil function, which leads to a peculiar vulnerability to bacteria and fungi (Pagano et al., 2012; Pergam, 2017). In addition, the pathogen profiles of transplant recipients were diverse in different periods after transplantation. Meanwhile, for rheumatic patients, a variety of immune disorders related to its internal diseases and the frequent use of immunosuppressive drugs, together with the rheumatic diseases related to lung involvement, make them more vulnerable to various opportunistic pathogens and superimposed infections (Falagas et al., 2007; Papiris et al., 2016; Di Franco et al., 2017). Therefore, in clinical practice, it is more meaningful to evaluate the effectiveness of different technologies for homogeneous populations, especially for rheumatic patients who are more prone to varied etiology of ARF and complicated infections. Moreover, the purpose of ordering mNGS was to provide additional information for clinical decision-making, which has rarely been reported in previous studies (Miao et al., 2018; Li et al., 2020) and demands further investigation.

The purpose of this study was to evaluate the efficacy of bronchoalveolar lavage fluid (BALF) specimen mNGS on etiological diagnosis and pathogen identification in rheumatic patients with suspected pneumonia, by comparing the results of mNGS, combined microbiological tests (CMTs), and clinical composite diagnosis standard (i.e., the gold standard). We also reviewed treatment modifications based on mNGS results to explore its implications on clinical decision-making.



Methods


Study design and patients

All adult rheumatic patients who were admitted to the medical ICU of Peking Union Medical College Hospital (Beijing, China) from January 2019 to December 2020 due to suspected pneumonia with ARF (defined as PaO2/FiO2 ratio of < 300 mmHg) were retrospectively reviewed if they underwent BALF mNGS within 48 h after ICU admission. The exclusion criterion was that mNGS and CMTs were not paired, that is, they were not performed simultaneously or on the same day.

This study was approved by the Research Ethics Committee of our hospital. Individual consent for this retrospective analysis was waived.



Data collection

Demographic and clinical data were extracted from electronic medical records (EMRs), including age, gender, type of rheumatic disease, steroids or immunosuppressants used, severity of illness by the Acute Physiology and Chronic Health Evaluation (APACHE) II and Sequential Organ Failure Assessment (SOFA) score on ICU admission, empirical antibiotics, results of CMTs and mNGS, treatment modifications, life-sustaining therapies, and outcome.



Combined microbiological tests and interpretation of results

All patients uniformly underwent CMTs, including culture for bacteria, fungi, and Mycobacterium; special stain for Mycobacterium, Cryptococcus, and P. jirovecii; serological antibody for atypical respiratory pathogens; antigen detection for fungi, Influenza A/B and Legionella pneumophila; direct examination for mold and PCR test for atypical respiratory pathogens, Mycobacterium, P. jirovecii, and viruses, but specific PCR items for virus detection were performed according to the clinician’s discretion, which mainly carried out in the flu season or when viral pneumonia was highly suspected, including influenza virus, parainfluenza virus, rhinovirus, adenovirus, and respiratory syncytial virus (RSV).

The interpretations of microbiological results and definitions of pneumonia caused by a specific pathogen were as described in the literature (Xue et al., 2016; Lee et al., 2017; Donnelly et al., 2020) (Supplementary Table S1). Lung biopsy has been considered as the gold standard for the diagnosis of fungal and cytomegalovirus (CMV) pneumonia, whereas it is defective in its invasiveness and is hard to use in clinical experiences. Therefore, this study mainly adopted the clinical diagnostic criteria. The diagnosis of fungal pneumonia referred to the criteria for probable invasive fungal disease by the European Organization for Research and Treatment of Cancer and the Mycoses Study Group (EORTC/MSG) (Donnelly et al.,2020). Similarly, considering that CMV not only can induce the exacerbation of rheumatic disease but also may present as severe viral pneumonia, CMV infection may be aggressively diagnosed in ICPs with very high or increasing CMV DNA levels based on CMV DNA quantitation in BALF, in addition to clinical and radiographic evidence (Cunha et al., 2010; Xue et al., 2016; Lee et al., 2017).



Procedures of BALF mNGS and criteria for a positive result

BALF samples were immediately sent to BGI clinical laboratory Co., Ltd. for nucleic acid extraction, library construction, high-throughput sequencing, and bioinformatics analysis. RNA sequencing was performed in the flu season or when clinicians highly suspected viral pneumonia. The turnaround time was about one working day. Detailed procedures were given in Appendix 1.

In view of the lack of standard methods to interpret mNGS results and the diversity of reporting parameters between different sequencing platforms, in our practice, we adopted standards derived and revised from the previous literature on the BGISEQ platform to define clinically relevant microorganisms (CRMs) (Miao et al., 2018; Fang et al., 2020; Li et al., 2020). For bacteria (mycobacteria excluded), fungi (molds excluded), viruses, and parasites, a microbe was considered as CRM when its relative abundance at the species level was >30%, and there existed literature evidence of pathogenicity in the lungs. Mycobacterium detected by mNGS was considered as CRM when the stringently mapped read number (SMRN) at the species level was >3. Molds with literature-proven pulmonary pathogenicity were considered as CRMs when the SMRN at the species level was >10. Microorganisms that cannot cause pneumonia, including Corynebacterium, coagulase-negative Staphylococci and Neisseria, which are normally parasitic in the human oropharynx, were not considered CRMs regardless of their relative abundance. The sequencing data of CRMs were listed in Supplementary Table S2.

Microbes solely identified by mNGS were considered as new potential pathogens if they showed literature evidence of pathogenicity and were consistent with clinical presentation (Langelier et al., 2018; Chen et al., 2020; Fang et al., 2020). These were based on strict clinical criteria and combined with multiple-clinician adjudication. In addition, orthogonal confirmation of positive tests for P. jirovecii, atypical pathogens, and viruses on mNGS has been performed with PCR. Meanwhile, repeated mNGS assay was performed on microbes identified by CMTs alone, but the results were not used to evaluate the diagnostic performance of mNGS.



Gold standard for causative pathogens

The final determination of causative pathogens was based on the clinical composite diagnostic criteria (i.e., the gold standard), which was established by the comprehensive analysis of CMTs and mNGS results and other relevant information (such as clinical suspicion diagnosis, clinical manifestation, laboratory tests, imaging findings, and treatment effect observations) (Miao et al., 2018; Chen et al., 2020; Fang et al., 2020; Li et al., 2020). Meanwhile, microorganisms detected only by CMTs or mNGS but not regarded as causative pathogens by the gold standard were defined as false positive. Two intensivists with expertise in the management of infection in ICPs (YS and JMP) independently reviewed the EMRs of each patient, and any disagreement was resolved through in-depth discussion.



Statistics

Following the extracted data, 2 × 2 contingency tables were derived to determine the sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy. All statistics were reported as absolute values with their 95% confidence interval (CI) and determined using the Wilson’s method. Given that mixed infections were common in ICPs, we also evaluated the diagnostic performance of different methods by the complete concordance with the gold standard. That is, only when all pathogens were detected can it be considered as a correct diagnosis. The McNemar test was used to compare the pathogen detection rate of each diagnostic procedure. Data analysis was performed with SPSS 22.0. P < 0.05 was considered statistically significant.




Results


Patient characteristics

During the study period, 103 rheumatic patients were admitted to ICU due to suspected pneumonia with ARF. Among them, 62 patients who underwent BALF mNGS within 48 h after ICU admission were eligible. Except for four patients who were not paired of mNGS and CMTs, 58 (mean age, 51.3 years, 65.5% females) were included in the final analysis. A total of 13 patients underwent viral PCR and RNA sequencing.

The clinical characteristics were summarized in Table 1. Systemic lupus erythematosus (SLE), idiopathic inflammatory myopathies, and systemic vasculitis were the most commonly rheumatic diseases (72% of patients). On ICU admission, the APACHE II and SOFA scores were 18.8 ± 5.3 and 7.1 ± 2.6, respectively. The median PaO2/FiO2 ratio was 167 mmHg and 51 (87.9%) patients received invasive mechanical ventilation. Fifty-two (89.7%) and 56 (96.6%) patients were exposed to antibiotics prior to ICU admission and BALF sample collection, respectively. Forty-one (70.7%) patients were prescribed three or more antibiotics and the most commonly used antibiotics were ceftriaxone, moxifloxacin, and ganciclovir combined with trimethoprim-sulfamethoxazole. Thirty-four patients (58.6%) died in the ICU.


Table 1 | Characteristics of 58 critically rheumatic patients with suspected pneumonia.





Diagnostic performance of CMTs and mNGS


Comparisons for differentiating pneumonia from non-infectious etiologies

According to the gold standard, 43 patients were diagnosed with microbiologically confirmed pneumonia (hospital-acquired [n = 19], community-acquired [n = 24]) and 15 patients were diagnosed with a non-infectious disease, including five with dermatomyositis-related interstitial lung disease (ILD), nine with SLE activity-related lung involvement (2 of ILD, 5 of diffuse alveolar hemorrhage and 2 of acute cardiogenic pulmonary edema), and one with systemic sclerosis-related ILD (Supplementary Table S2).

In terms of etiological diagnosis of ARF, mNGS results were positive in all 43 patients with pneumonia and were false positive in 1 of 15 without pneumonia (No. 23), corresponding to 100% (95% CI, 89.7%–100%) of sensitivity, 93.3% (95% CI, 66.0%–99.6%) of specificity, 97.7% (95% CI, 86.5%–99.8%) of PPV, 100% (95% CI, 73.2%–100%) of NPV, and 98.3% (95% CI, 88.7%–99.1%) of accuracy. On the contrary, CMTs failed to identify P. jirovecii in 5 of 43 cases with pneumonia (Nos. 18, 19, 26, 33, and 40), and 2 of 15 cases without pneumonia were false-positive (Nos. 23 and 49), corresponding to 88.4% (95% CI, 74.1%–95.6%) of sensitivity, 86.7% (95% CI, 58.4%–97.6%) of specificity, 95% (95% CI, 81.7%–99.1%) of PPV, 72.2% (95% CI, 46.4%–89.2%) of NPV, and 87.9% (95% CI, 71.3%–91.3%) of accuracy (Supplementary Table S2). As a result, mNGS outperformed CMTs in NPV and accuracy of etiological diagnosis (P = 0.016 and P = 0.031, respectively).



Comparisons for causative pathogen detection

A total of 94 causative pathogens were defined by the gold standard, including 21 bacteria (18 common bacteria, 2 Mycobacterium tuberculosis, and 1 Mycoplasma pneumoniae), 42 fungi (24 P. jirovecii, 15 Aspergillus spp., and 3 other fungi), and 31 viruses (17 CMV, 4 influenza virus, 1 parainfluenza virus, 1 RSV, and 8 others) (Table 2). Eighty-seven of the 94 causative pathogens were detected by mNGS, whereas 72 were detected by CMTs. In addition, 12 microbes were considered as false positive. Of which, five strains of Acinetobacter baumannii detected by both methods were considered as colonization (Nos. 6, 2 0, 23, 30, and 38), three strains of bacteria identified by mNGS alone were also considered as colonization (Nos. 29, 38, and 47), and the other four detected by CMTs alone were considered as false positive and the possible reasons included colonization (P. jirovecii in No. 50), possible contamination (Aspergillus in No. 49), and likelihood of latent infection (CMV in Nos.55 and 58) (Table 2 and Supplementary Table S2). mNGS increased the sensitivity and accuracy for causative pathogen detection when compared with CMTs (92.6%, 95% CI, 84.8%–96.7% vs. 76.6%, 95% CI, 66.5%–84.5% and 85.8%, 95% CI, 73.5%–94.6% vs. 70.8%, 95% CI, 60.1%–79.8%, all P < 0.001, respectively), while the false-positive rate was comparable (P = 0.973).


Table 2 | Causative pathogen and divergent identifications by mNGS and CMTs in 43 patients with microbiologically confirmed pneumonia.



Among 43 patients with confirmed pneumonia, mixed infection was presented in 27 cases with two pathogens in 12 cases and more than two pathogens in 15 cases. Viruses and Aspergillus spp. were more likely to be associated with polymicrobial pneumonia (Table 2). Mixed fungal–viral (n = 9), bacterial–fungal (n = 6), and bacterial–fungal–viral infections (n = 6) were the most common patterns of mixed infection. The pathogens detected by mNGS were completely matched the gold standard in 31 cases and partially matched in 12 cases, including six of missing partial pathogens (Nos. 1, 5, 7, 9, 13, and 55, mainly Aspergillus spp.) and six of additional colonized bacteria (Nos. 6, 20, 29, 30, 38, and 47). In terms of CMTs, complete and partial matching of the gold standard was found in 22 and 14 cases, respectively. In addition, CMT results were paradoxical with the gold standard in two cases (Nos. 6 and 20) and no pathogen was identified in the remaining five cases with pneumonia (Nos. 18, 19, 26, 33, and 40) (Supplementary Table S2). As a result, the complete concordance rate between mNGS and the gold standard for pathogen identification was better than that of CMTs (72.1%, 95% CI, 56.1%–84.2% vs. 51.2%, 95% CI, 35.7%–66.5%, P = 0.004), especially for co-pathogens (77.8%, 95% CI, 60.7%–88.6% vs. 55.6%, 95% CI, 43.1%–68.9%, P = 0.015).



Case evaluation of discrepant results between CMTs and mNGS

Twenty-two causative pathogens from 17 patients were only detected by mNGS and confirmed by orthogonal confirmation (excluded bacteria), including 13 viruses (human herpes virus type 1 [HHV-1] in Nos. 13, 20, 31, 47, and 58; influenza virus in Nos. 8 and 34; human coronavirus in Nos. 12 and 35; CMV in No. 20; parainfluenza virus in No. 6; RSV in No. 34; and HHV-6 in No. 20), 5 P. jirovecii (Nos. 18, 19, 26, 33, and 40), 2 Rhizopus spp. (Nos. 11 and 47), and 2 bacteria (S. pneumoniae in No. 31 and H. influenzae in No. 41). Among them, parainfluenza virus in No. 6 and RSV in No. 34 were not detected by CMTs because physicians did not order relevant PCR tests. In addition, three of the four patients diagnosed with influenza virus were exposed to influenza treatment before sample collection (Nos. 4, 8, and 34). In comparison, seven causative pathogens were identified by CMTs alone, including four with a positive serum/BALF galactomannan (GM) test (Nos. 1, 5, 7, and 9), two with a positive PCR for P. jirovecii (Nos. 1 and 13), and one with a positive culture for Aspergillus (No. 55). Among these mNGS false-negative cases, a repeat mNGS assay showed that three cases (Nos. 1, 5, and 9) had small SMRN of Aspergillus spp. (range from 3 to 5) without meeting our positive criteria and the remaining four were completely unidentifiable by mNGS (Table 2 and Supplementary Table S2).

Some viruses with uncertain pulmonary pathogenicity were detected by mNGS alone (such as parvovirus and torque teno virus), which no subsequent orthogonal confirmatory tests were performed due to a lack of appropriate identification techniques, the real clinical significance needs further study.



Comparison of mNGS and CMTs in different pathogen type

Both methods were comparable for bacteria detection, but the diagnostic accuracy of mNGS for viruses was higher than that of CMTs (100%, 95% CI, 87.9%–100% vs. 81.0%, 95% CI, 62.6%–87.7%, P = 0.004), which was mainly due to its higher sensitivity to viruses other than CMV (100%, 95% CI, 69.9%–100% vs. 16.7%, 95% CI, 3.0%–49.1%, P < 0.001). Notably, there were subtle differences in identifying specific fungal species depending on the diagnostic tests used. In terms of Aspergillus spp. detection, culture, GM test, and mNGS were positive in 8, 13, and 10 patients respectively, indicating that the diagnostic sensitivity of GM was better than culture (86.7%, 95% CI, 58.4%–97.7% vs. 53.3%, 95% CI, 27.4%–77.7%, P = 0.043) and slightly higher than mNGS (66.7%, 95% CI, 38.7%–87.0%), but the difference was not significant (P = 0.095). In addition, a better sensitivity with a combination of culture and GM test than that with mNGS was found (100%, 95% CI, 74.7%–100% vs. 66.7%, 95% CI, 38.7%–87.0%, P = 0.033). For P. jirovecii detection, the Gomori’s methenamine silver stain (GMS), PCR test, and mNGS were positive in 1, 19, and 22 patients, respectively. As a result, mNGS significantly increased the diagnostic sensitivity when compared with GMS (91.7%, 95% CI, 71.5%–98.5% vs. 4.2%, 95% CI, 0.2%–23.1%, P < 0.001) and was higher than PCR (79.2%, 95% CI, 57.3%–92.1%), although the difference was not significant (P = 0.289) (Supplementary Table S3).



Potential implications of mNGS on diagnosis and treatment

Based on mNGS results, the initial diagnosis of 19 (33%) patients changed as follows: the etiological diagnosis of ARF was revised in six cases; of which, five cases with false-negative CMT results were corrected for P. jirovecii pneumonia (Nos. 18, 19, 26, 33, and 40), and remaining one case with false-positive CMTs was modified to rheumatic disease activity (No. 49). Additionally, the causative pathogens were modified in 13 patients. Among them, two patients with A. baumannii detected by CMTs were finally diagnosed with viral pneumonia (Nos. 6 and 20), four patients diagnosed with single infection by CMTs were changed to mixed infection (Nos. 8, 13, 20, and 41), and seven patients with polymicrobial pneumonia were supplemented with additional pathogens (Nos. 11, 12, 31, 34, 35, 47, and 58). Accordingly, the empiric antimicrobial agents were modified in 14 (24%) patients based on mNGS results, including rescue treatment in 8 patients (Nos. 6, 8, 11, 18, 26, 33, 34, and 47) (mainly for P. jirovecii, Rhizopus spp., and viruses) and de-escalation or removal in 11 patients (Nos. 6, 18, 20, 26, 33, 34, 40, 49, 50, 55, and 58), and, finally, 4 patients improved (Nos. 8, 33, 49, and 55). In particular, a case of false-positive CMT result was finally diagnosed as dermatomyositis-related ILD and received “pulse” methylprednisone combined with immunoglobulin and tocilizumab, with improved prognosis (No. 49) (Supplementary Table S2).





Discussion

Accurate and rapid etiological diagnosis is urgently needed due to the high mortality rate of rheumatic patients with ARF. The effectiveness of mNGS in detecting respiratory pathogens in this population remains largely unexplored. Early studies only reported its ability to bacteria and virus identification (Parize et al., 2017; Langelier et al., 2018). In recent years, clinicians have been increasingly aware of its advantage for opportunistic pathogens (Pan et al., 2019; Zhang et al., 2019). However, small-scale studies demands further investigation.

This study, to our knowledge, was the largest to evaluate the utility of mNGS in a cohort of critically rheumatic patients with suspected pneumonia. By comparing mNGS and CMTs in a pairwise manner, we found that mNGS not only had high NPV in differentiating pneumonia from non-infectious etiologies but also had excellent accuracy in pathogen identification, which may contribute to clinical decision-making. We also demonstrated that its superiority over different types of pathogens depended on the comprehensiveness of CMTs and doctors’ foreknowledge of potential pathogens, which may facilitate a suitable application scenario for clinicians.

Determining the etiology of ARF in rheumatic patients was extremely challenging. According to our data, mNGS exhibited sufficient sensitivity to exclude infection when the result is negative. This was consistent with previous studies on ICPs, which revealed an NPV of more than 98% (Parize et al., 2017; Langelier et al., 2018). This advantage was particularly important for rheumatic patients, as their lung involvement may be caused by a variety of infectious or non-infectious etiologies, and mistaken diagnosis can lead to serious clinical consequences (Janssen et al., 2002; Falagas et al., 2007; Papiris et al., 2016). mNGS may be used as a “rule-out” assay to exclude infection (Naccache et al., 2015) and provide clues for rapid etiological diagnosis. Just like our patient No. 49, timely negative mNGS result successfully prompted the specific treatment of rheumatic disease-related lung involvement.

Another distinct superiority of mNGS over CMTs was an improvement in pathogen detection. Although this has been reported by previous studies on ICPs (Parize et al., 2017; Langelier et al., 2018; Pan et al., 2019; Li et al., 2020), unlike them, we not only revealed a wide range of pathogens and complex patterns of infections but also evaluated the concordance with the gold standard and the possible reasons for discrepant results, which were often absent in the above studies. We found that mNGS had better sensitivity to various pathogens identification than CMTs, especially opportunistic pathogens, while the false-positive rate was similar. In addition, mNGS had excellent concordance with the gold standard in the multiple pathogens identification for individual patients. On the contrary, CMTs were more likely to omit pathogens and underdiagnose co-pathogens, which may be related to its fundamental limitations, that is, it required multiple microbial tests (such as culture, staining, antigen, and PCR) and doctors’ foreknowledge of possible pathogens (Di Franco et al., 2017; Langelier et al., 2018; Azoulay et al.,2020). In the present study, the possible reasons for false-negative CMTs were as follows: 1) clinicians did not order relevant PCR tests or items for some viruses were not carried out (mainly as HHV and coronavirus); 2) patients were exposed to influenza treatment before sample collection; (3) specimen has low pathogen loads or improper extraction technology (e.g., P. jirovecii and Rhizopus spp.). It can be seen that the advantages of mNGS in a single assay were very beneficial to rheumatic patients who were more prone to complicated opportunistic or polymicrobial infection.

In terms of pathogen types, we found that mNGS was superior to CMTs in viral detection, which was consistent with previous reports (Di Franco et al., 2017; Langelier et al., 2018; Pan et al., 2019), and the poor accuracy of CMTs was mainly because physicians did not order relevant PCR tests for all viruses on every patient or the items of some viruses were not routinely carried out in our hospital. This also reflected the real clinical situation, that is, due to the wide variety of viruses, it was difficult to check them one by one, and not all viruses had routine identification items, especially rare ones. Notably, there was no agreement on the advantages of mNGS for fungi detection. Some studies revealed that mNGS had an overall superior detection rate to culture (Pan et al., 2019; Huang et al., 2021), while others noted the comparable detection rate between mNGS and conventional tests (OR, 1.42; P = 0.46) (Fang et al., 2020). This divergence may be attributable to different specimen sources, different diseases, and different diagnostic tests. For example, some studies did not carry out the items of antigen detection, PCR, or even GMS (Pan et al., 2019; Huang C et al., 2021), but the examination package that we used can comprehensively evaluate the diagnostic performance of different methods. Our results demonstrated that mNGS and CMTs were comparable in overall fungal detection and slight differences in identifying specific fungal strains. mNGS can significantly improve the poor sensitivity of GMS to P. jirovecii, which was also higher than PCR, although the difference was not significant due to the small number of patients with P. jirovecii pneumonia (n = 24). Moreover, in terms of Aspergillus spp., mNGS increased the sensitivity rate by approximately 15% in comparison with that of culture but was inferior to the combination of GM test and culture. This may be related to the difficulty of DNA extraction from the thick polysaccharide cell wall (Bittinger et al., 2014; Clarke et al., 2018; Nilsson et al., 2019). In recent years, it has been found that mNGS may not be the best method to detect Aspergillus spp., and detection of cell wall components, such as GM antigen, has an important auxiliary diagnostic value (Hoenigl et al., 2014; Patterson et al., 2016). Overall, we believed that mNGS may be more valuable when some conventional tests are not available (such as GM test and PCR for P. jirovecii and viruses) or physicians lack consideration of potential pathogens, which may help to determine the appropriate clinical application scenarios due to current high cost.

We also preliminarily explored the potential benefits of mNGS in diagnosis and treatment. It should be noted that its impact on clinical decision-making (de-escalated or escalated) depended on the empirical antibiotic strategy adopted by each hospital. For instance, we adopted a combined antibiotic regimen covering the most common pathogens (such as bacteria, CMV, and P. jirovecii), the treatment changes were less than those reported in other studies, which reported that more than half of patients changed their treatment according to the mNGS result (Miao et al., 2018; Huang et al., 2021). However, it should not be ignored that a considerable percentage of our patients were still suspected of inappropriate empirical antibiotic usage, including 40% of patients (n = 23) whose pathogens were uncovered by empirical antibiotic regimens (mainly for molds and viruses) and 86% of patients (n = 50) who overused antibiotics (results not shown, see Supplementary Table S2). Given that combined treatment has potential side effects (e.g., drug toxicity and resistance), the high accuracy and faster turnaround time of mNGS may help clinicians formulate a targeted therapeutic schedule to avoid antibiotic overuse.

Our study has several limitations. First, single-center retrospective study with a small sample size demands further investigation with larger cohorts. Second, none of our patients was diagnosed by lung biopsy, which may lead to overdiagnosis. In particular, the utility of CMV-DNA viral load measurement have not been standardized. Considering that our patients had severe impairment of cell-mediated immunity (median CD4+ T cell counts of 99 × 106/L, Table 1) and the median viral load (2.52 × 105 copies/ml, Table 2) was similar to or higher than that reported in previous studies (Xue et al., 2016; Lee et al., 2017) indicated a greater likelihood of infection. But not negatively, it was very difficult to distinguish between latent and active CMV infection, and many clinical manifestations of CMV pneumonia may be similar to other infections, so it is necessary to further study the significance of CMV DNA. Third, to date, no uniform standards have been reported regarding the interpretation of mNGS results. We interpreted with caution in combination with clinical composite diagnosis and orthogonal confirmation. However, misjudgment cannot be completely avoided. Last, prospective studies are needed to further evaluate its medical benefits (i.e., clinical decision-making, antibiotic consumption, cost-effect, and outcome) in the management of critically rheumatic patients.

In summary, the excellent breadth and accuracy of mNGS in pathogen identification make it to be a promising diagnostic technique in critically rheumatic patients with suspected pneumonia. It also has potential significance for tailoring antimicrobial regimens. In the current clinical practice, mNGS may need to be combined with a fungal antigen test due to its low sensitivity to Aspergillus spp.
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Objectives

There are few studies of metagenomic next-generation sequencing (mNGS) in immunocompromised patients assisted by veno-venous extracorporeal membrane oxygenation (vv-ECMO). The present study is aimed to investigate the pathogen-detected effect and clinical therapy value of mNGS technologies in immunocompromised patients assisted by vv-ECMO.



Methods

Our study retrospectively enrolled 46 immunocompromised patients supported by vv-ECMO from Jan 2017 to June 2021 at the First Affiliated Hospital of Zhengzhou University, respectively. Patients were divided into the deterioration group (Group D) (n = 31) and improvement group (Group I) (n = 15) according to their outcomes. Baseline characteristics and etiological data of patients during hospitalization of 2 groups were compared. The pathogens detected by mNGS and antibiotic regimens guided by mNGS in immunocompromised patients assisted by vv-ECMO were analyzed.



Results

Compared with Group I, the deterioration patients showed a higher percentage of chronic obstructive pulmonary disease (COPD) (32.3% vs. 6.7%, p < 0.01) and were significantly older (47.77 ± 16.72 years vs. 32 ± 15.05 years, p < 0.01). Within 48 h of being ECMO assisted, the consistency of the samples detected by traditional culture and mNGS at the same time was good (traditional culture vs. mNGS detection, the positive rate of bronchoalveolar lavage fluid (BALF) culture: 26.1% vs. 30.4%; the positive rate of blood sample culture: 12.2% vs. 12.2%, p > 0.05). However, mNGS detected far more pathogen species and strains than conventional culture (30 strains vs. 78 strains, p < 0.01); the most popular pathogen was Klebsiella pneumoniae. Parts of patients had their antibiotic treatment adjustments, and the improvement patients showed less usage of broad-spectrum antibiotics.



Conclusions

mNGS may play a relatively important role in detecting mixed pathogens and personalized antibiotic treatment in immunocompromised patients assisted by vv-ECMO.





Keywords: metagenomic next-generation sequencing, routine test, extracorporeal membrane oxygenation, antibiotic treatment, immunocompromised patients



1 Introduction

Immunosuppressive therapy is extensively used in patients with nephropathy and connective tissue disease, but severe side effects such as immunodeficiency, severe infection, and steroid-induced diabetes can occur (Doria et al., 2006; Rimes-Stigare et al., 2015). When immunodeficiency patients develop a severe pulmonary infection, the timely diagnosis of pathogenic microorganisms is difficult (Thong and Chan, 2019). Sepsis, hypoxia, and other factors can lead to multiple organ dysfunction and finally result in acute respiratory distress syndrome (ARDS) (McGregor et al., 2015).

Veno-venous extracorporeal membrane oxygenation (vv-ECMO) is increasingly used as a life-support technique in critically ill patients with reversible refractory respiratory failure and some other situations, such as organ transplantation (Professional Committee for Extracorporeal Life Support of Chinese Medical Doctor Association, 2018; Guglin et al., 2019). In recent years, with a deeper understanding of ECMO and the rapid improvement of ECMO accessories and operation methods, the survival rate of severely ill patients has also increased compared with before (Oh Tak et al., 2021; Kochanek et al., 2022). However, new issues and side effects have emerged. Immune suppression, long-term bed rest, physical weakness, and many invasive procedures, including continuous renal replacement therapy (CRRT) and tracheal intubation, could increase the rate of patients’ infection (Kühn et al., 2020). Infections are common complications in vv-ECMO patients and are associated with an increase in mortality (Burket et al., 1999).

Due to the high infection rate of vv-ECMO patients with low immunity (Dioverti et al., 2016; Nureki et al., 2020), the complex composition of pathogens, and the emergence of new, unknown, and drug-resistant pathogens, the difficulty of anti-infective treatment is increasing, resulting in huge pressure on doctors and patients. Timely and correct anti-infection treatment is the key to the successful treatment of vv-ECMO-supported immunocompromised patients with acute respiratory failure. In the case that the empirical treatment is ineffective, the causative pathogen is unknown, and the conventional microbial detection method has no positive indication, it is urgent for clinicians to find the causative pathogen quickly and accurately, give sensitive antibiotics for precise treatment, and improve the poor prognosis. At present, the commonly used pathogenic detection methods of pneumonia, such as morphological examination (smear and transmission electron microscopy), isolation and culture, and immunological methods, have their own advantages (Mazloomirad et al., 2021). However, for severe infection cases, the traditional methods have limitations in terms of detection time, positive rate, and specificity. Next-generation sequencing (NGS) technology, also known as high-throughput sequencing technology, is marked by the ability to sequence hundreds of thousands to millions of DNA molecules in parallel and generally shorter read lengths (Zhang et al., 2019). Metagenomic NGS (mNGS) is not based on culture, but the DNA of all microorganisms is directly extracted from clinical specimens (Yue et al., 2021). mNGS technology is widely used to explore the pathogens of difficult infectious diseases (Zhang et al., 2020).

Our present study reviewed 46 immunocompromised patients with acute respiratory failure who were treated with vv-ECMO in the First Affiliated Hospital of Zhengzhou University and analyzed the value of mNGS technology in the etiological diagnosis of patients and its guiding value for treatment plans.



2 Materials and Methods


2.1 Study Design and Population

The present study retrospectively enrolled immunocompromised patients supported by vv-ECMO from Jan 2017 to June 2021 at the First Affiliated Hospital of Zhengzhou University respectively. During this period, 72 immunocompromised patients had indications for vv-ECMO assistance. Among them, those who were excluded were 8 patients with ECMO assistant times of less than 24 h, 10 who lack NGS data, and patients younger than 18 years and pregnant women (Figure 1). Finally, 46 patients, including 27 men and 19 women, were enrolled and divided into the deterioration group (Group D) (n = 31) and improvement group (Group I) (n = 15) according to their discharge status at the weaning of vv-ECMO. Patients were considered immunocompromised if they have connective tissue disease, nephropathy, and other diseases that needed immunosuppressive therapy. The criteria for the improvement group were as follows: 1) successfully weaned from ECMO, 2) vital signs were stabilized and do not need mechanical ventilation and vasoactive drugs, and 3) the symptoms and signs of the primary disease disappeared or improved, and the chest CT or X-ray result improved. The criteria for the worsening group were as follows: 1) in-hospital death and 2) critical condition but chose to be discharged immediately. All enrolled patients’ whole blood samples and bronchoalveolar lavage fluid (BALF) were collected and routinely cultured before and within 48 h after being ECMO assisted and were sent for mNGS test within 48 h after being ECMO assisted independently. The baseline characteristics and clinical data were collected. The etiological data and antibiotic regimens in immunocompromised patients assisted by vv-ECMO were analyzed. The clinical data of the patients were obtained through the electronic medical record system.




Figure 1 | The flowchart.





2.2 Methods and Process of Next-Generation Sequencing

The whole blood samples or BALF was collected from the infected patient within 48 h of ECMO initiation, and then plasma was obtained by centrifugation at 4°C. About 300 μl of plasma was used to extract DNA by using TIANamp Micro DNA Kit following the manufacturer’s instructions. The extracted DNA was interrupted by enzyme digestion and enriched with magnetic beads for PCR amplification and end-repair. Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA, USA) and ABI StepOnePlus Realtime PCR System were used for quality control of the DNA library; the qualified libraries were sequenced on the NextSeq 550Dx platform (Illumina, San Diego, CA, USA) using 75-bp sequencing read length.

Illumina Next 550 sequencer was used for the metagenomics sequence, and 15–20 samples that contain 1 negative control were loaded in each metagenomics sequencing batch. The internal reference, which is from Arabidopsis thaliana, was provided by sequencing manufacturers. The diagnosis report criteria contain the following: 1) internal reference should be detected; 2) to determine whether an organism was a contaminant from the laboratory, the ratio of read abundance in a sample to read abundance in the batch negative control and the mean read abundance of cumulative negative controls in the last month were used. Moreover, only if organisms were found >5-fold in samples than in controls, they would be kept.

Then the raw reads were removed from the low-quality reads to get clean reads, and the clean reads were aligned to the human genome to remove host sequence reads; after that, the reads were all mapped to the commercial pathogen database to be annotated and analyzed. The data that support the findings of this study have been deposited into CNGB Sequence Archive (CNSA) (Guo et al., 2020) of China National GeneBank DataBase (CNGBdb) (Chen et al., 2020) with accession number CNP0002988.



2.3 Extracorporeal Membrane Oxygenation Application

All patients were assisted by vv-ECMO, using the femoral vein-internal jugular vein, and the puncture method was percutaneous venous catheterization. ECMO equipment adopts ECMO system kit, including centrifugal pump, oxygenator, and its connecting pipeline, among which the centrifugal pump adopts Rotaflow pump head and controller from Medtronic and MAQUET; the oxygenator is divided into Medtronic and MAQUET adult oxygenator; the pipeline includes ECMO kit pipeline and ordinary PVC pipeline, and the cannulae are all arteriovenous thin-walled.


2.3.1 Extracorporeal Membrane Oxygenation Management

1) Management of mechanical ventilation: to avoid or reduce the occurrence of ventilator-related lung injury to the greatest extent while promoting the recruitment of collapsed alveoli. 2) Anticoagulation: unfractionated heparin anticoagulation to maintain activated coagulation time (ACT) is 1.5 times the upper limit of normal, and the activated partial thromboplastin time (APTT) is 40–55 s. 3) Analgesia and sedation: adequate analgesia, sedation combined with muscle relaxants, combined with the patient’s human-machine synchronization, and the complete suppression of spontaneous breathing. 4) Flow management: adjust the flow according to the patient’s monitoring indicators to maintain blood oxygen saturation (SaO2) at 85%–95% and PaO2 above 60 mmHg; vv-ECMO pump flow to 2–3 L/min, close vv-ECMO airflow, under certain respiratory support (FiO2 < 50%, positive end-expiratory pressure ventilation (PEEP) ≤ 10 cmH2O, peak airway pressure<30 cmH2O), monitor for 2–4 h, if SaO2 > 95%, and PaCO2 < 50 mmHg; weaning of vv-ECMO can be considered.




2.4 Statistical Analysis

All collected data were statistically analyzed using SPSS 21.0 (IBM Corp., Armonk, NY, USA). Measurement data were expressed by mean ± SD, and the two groups were compared by ANOVA. Count data were expressed by frequency (composition ratio), and comparison between groups was performed by χ2 test or Fisher’s exact test. p < 0.05 indicates that the difference is statistically significant.




3 Results


3.1 Clinical and Biochemical Characteristics

The characteristics of enrolled patients are shown in Table 1, with 58.7% being male. Of the two groups, there was no significant difference in patients’ gender, body mass index (BMI), the system score before ECMO [Murray Lung Injury Score, sequential organ failure assessment (SOFA) score, CURB-65 Score, and APACHE II Score], and the baseline data of vital signs (heart rate, mean arterial pressure, and respiratory rate) (all p > 0.05, Table 1). Moreover, the PaO2/FiO2, PEEP and mechanical ventilation time before and after being ECMO assisted, the ECMO support time, the percentages of vasoactive drug used, pneumothorax, prone position ventilation, multiple organ dysfunction syndrome (MODS), and CRRT also showed no significant differences between the two groups (all p > 0.05, Table 1). However, the deterioration group was significantly older than the improvement group (47.77 ± 16.72 years vs. 32 ± 15.05 years, p < 0.01, Table 1), and the intensive care unit (ICU) stay time of the deterioration group was significantly shorter than that of the improvement group [13 (7–18) vs. 32 (20–38) days, p < 0.001, Table 1).


Table 1 | Baseline characteristics of immunocompromised acute respiratory failure patients supported with vv-ECMO.



As shown in Table 1, the percentage of chronic obstructive pulmonary disease (COPD) was significantly higher in the deterioration group (32.3%) than that in the improvement group (6.7%) (p < 0.01, Table 1). The primary diseases of vv-ECMO-supported patients were connective tissue disease (Group D vs. Group I: 67.7% vs. 60%), IgA nephropathy (9.7% vs. 20%), and other types of nephropathy (22.6% vs. 20%) (all p > 0.05, Table 1). The percentage of IgA nephropathy in the improvement group seemed higher than in the deterioration group, but there were no significant differences.

Moreover, compared with the improvement group, the deterioration group showed higher white blood cell (WBC) counts (14.05 ± 5.44 * 109/L vs. 10.16 ± 4.78 * 109/L, p < 0.05, Table 2) at the time during 24 h before being ECMO assisted, longer APTT [46.1 (36.8–62.6) s vs. 37.5 (31.1–47) s, p < 0.05, Table 2], and higher levels of total bilirubin (TB) [33.5 (15–101) μmol/L vs. 21.9 (17.7–33.9) μmol/L, p < 0.05, Table 2] and direct bilirubin (DB) [17.1 (6.7–75.5) μmol/L vs. 9.4 (2–11.8) μmol/L, p < 0.05, Table 2] at the time of ECMO weaning.


Table 2 | Comparison of laboratory examinations at three different time points.





3.2 Pathogens Detected by Metagenomic Next-Generation Sequencing Technology in Veno-Venous Extracorporeal Membrane Oxygenation-Assisted Immunocompromised Patients

The positivity rates of mNGS and culture test for both groups are illustrated in Figure 2. A total of 14 patients’ BALF and 5 patients’ blood samples tested positive for mNGS, of which 9 BALF samples and 3 blood samples were in the deterioration group and 5 BALF samples and 2 blood samples were in the improvement group (Figure 2).




Figure 2 | Circle chart of statistics on the number of patients detected by mNGS and conventional technology. The patients were divided into five groups for statistics: the number of positive patients only by routine test, the number of positive patients only by mNGS test, the number of positive patients by routine test and mNGS test, the number of negative patients by mNGS test, and the number of negative patients by routine test. mNGS, metagenomic next-generation sequencing.



In Table 3, the positive numbers of patients, the numbers of pathogens, and the numbers of different pathogen strains detected by mNGS and routine test from the BALF and blood samples of two groups are shown, but there was no significant difference between Group I and Group D.


Table 3 | Pathogens detected by mNGS and routine test of immunocompromised patients supported with vv-ECMO.



The details of the pathogen species and strains detected by mNGS (within 48 h after ECMO) or routine test (24 h before and within 48 h after ECMO) are shown in Figure 3. As shown in Figure 3, the spectrum of detected pathogens varied between the mNGS test and routine test of immunocompromised individuals supported by ECMO. The types of microorganisms detected by mNGS technology were significantly more plentiful than those of routine testing, and the detection efficiency of mNGS in viruses and special pathogens was better. The most common pathogens were Klebsiella pneumoniae, Acinetobacter baumannii, and Human betaherpesvirus 5.




Figure 3 | The heatmap of the pathogen species and strains detected by mNGS (within 48 h after ECMO) or routine test (24 h before and within 48 h after ECMO). The value of each pathogen represents the number of times detected in this group; after log10 conversion, the value is used for visual display. The pathogen was divided into five categories: G+ (Gram-positive bacteria), G− (Gram-negative bacteria), fungus, virus, and special pathogen. Patients of each group were tested for blood and BALF (bronchoalveolar lavage fluid) by mNGS or routine test. mNGS, metagenomic next-generation sequencing; ECMO, extracorporeal membrane oxygenation.





3.3 Application of Metagenomic Next-Generation Sequencing in Immunocompromised Patients for Antibiotic Therapy

There was no significant difference in the prior antibiotic exposure prior to ECMO admission between both groups (Table 4 and Figure 4). Moreover, there was no significant difference in medication between Group I and Group B (Figure 4). The antifungal treatment had changed significantly after mNGS test: the use of Caspofungin increased, while fluconazole was halted. Compared to the improvement patients, the deterioration patients used more voriconazole [16 (51.6) vs. 3 (20.0), p < 0.05, Table 4] and meropenem and imipenem [24 (77.4) vs. 7(46.7), p < 0.05, Table 4]. Moreover, the improvement patients showed less usage of broad-spectrum antibiotics (Table 4).


Table 4 | Pathogens detected by mNGS and routine test of immunocompromised patients supported with vv-ECMO.






Figure 4 | The antibiotic usage of patients. (A) The use of antibiotics before being assisted by the ECMO. (B) The use of antibiotics after ECMO was removed. The heatmaps were drawn using log10 (days of drug treatment), and all of the drugs were divided into eight categories according to their function. NA, no clear classification; ECMO, extracorporeal membrane oxygenation.






4 Discussion

In the present study, we retrospectively analyzed the pathogen detection effect and clinical personalized antibiotic therapy value of mNGS technologies in a Chinese cohort of immunocompromised patients receiving vv-ECMO for acute respiratory failure.

Previous studies have found that infection is an important factor affecting the prognosis of ECMO patients (Steiner et al., 2001; Bif et al., 2017). The clinical diagnosis of infection in ECMO patients is a challenging topic because they always have signs of systemic inflammation, which may be triggered by the ECMO itself, and because the body temperature is controlled by the ECMO heat exchanger, fever is usually not obvious. Immunocompromised patients are often co-infected with multiple pathogens, and it is not easy to accurately detect mixed pathogens by routine clinical tests (Crotty et al., 2015). The immunocompromised patients assisted by vv-ECMO were often characterized as having high infection rates, mixed pathogen infection, poor prognosis, and even overuse of antibiotics. At present, the commonly used clinical methods to diagnose pathogens include G/GM experiments, bacterial culture, and quantitative PCR (qPCR) (Burket et al., 1999; Haneke et al., 2016). However, these methods usually have limitations. Conventional pathogen culture is currently the universal and necessary “gold standard” in clinical practice, but the culture time is long, and the positive rate is low. The test results of the G/GM experiment will be affected by many factors, its specificity and sensitivity are not high, and the incidence of false-positive and false-negative results is not low and can only be used for preliminary approximate discrimination of fungi. Another commonly used technique is qPCR, which is widely used but has low sensitivity. However, when the copy number of the virus is too low, it cannot be detected, early infection cannot be detected in time, and only specific pathogens can be detected. The common defect of these testing methods is that the number of specimens required for testing is large, and sufficient blood volume must be obtained. Therefore, there is a need for a clinical detection method that is different from the traditional one, which can detect pathogens early and accurately and avoid uncontrolled infections that exacerbate disease progression and seriously affect the prognosis of critically ill patients during ECMO.

NGS technology has the advantages of high detection sensitivity, short detection cycles, and a wide application range. This technology does not require the isolation and culture of pathogens, reduces the false-negative rate, and can analyze multiple pathogens at the same time, which greatly advances the treatment of specific pathogens. In summary, NGS technology not only solves many problems in traditional detection methods but also the pathogen detection rate of this technology is significantly better than that of traditional detection methods such as qPCR (Brown et al., 2018; Carpenter et al., 2019). A recent study found that in immunocompromised children, half of BALF samples previously detected as negative by routine test have potential pathogens detected by mNGS test (Zinter et al., 2019). Theoretically, NGS technology can detect the presence of pathogens, even all nucleotide sequences, which broadens the diagnostic scope of infections. That is, NGS technology has an absolute advantage in the diagnosis of mixed pathogen infection, especially in immunocompromised patients (Wang et al., 2019). Consistent with the above findings, our findings also showed that the mNGS test is more effective than a routine test and can detect multiple pathogenic microorganisms in mixed infections. In addition, K. pneumoniae and A. baumannii were the most popular pathogens detected in immunocompromised patients assisted by vv-ECMO in our present study. K. pneumoniae is a common opportunistic pathogen in ICUs. In the present study, K. pneumoniae was believed to be a pathogenic bacteria, for the following reasons: firstly, the microorganisms we detected are not common in the laboratory, and laboratory contamination bacteria are excluded; secondly, the sequenced microorganisms can cover different regions in the genome; finally, the microorganism is potentially pathogenic in a given clinical setting in a specific patient.

Immunocompromised patients assisted by vv-ECMO often have long hospital stays, heavy financial burdens, and high mortality rates. In addition to the difficult diagnosis of pathogens in immunocompromised patients with mixed infections, another problem is the frequent overuse of antibiotics, especially broad-spectrum antibiotics. Fortunately, mNGS may offer the probability for optimized antibiotic strategy and improved clinical excessive antibiotic use in immunocompromised patients assisted by vv-ECMO to alleviate antibiotic resistance and misuse of medical resources. In 2020, clinicians paid attention to the application value of mNGS in immunosuppressed patients with ARDS and found that mNGS detection can shorten the ICU stay time and the ventilation time and reduce the ICU cost significantly (Zhang et al., 2020). In our present study, mNGS has exhibited the effect of comprehensively evaluating and even effectively adjSusting the antimicrobial therapy in immunocompromised patients supported by vv-ECMO.

Our present study has some limitations. This study is a single-center retrospective study with a small sample size. Although we selected other more comprehensive measures such as the SOFA score, CURB-65 Score, and APACHE II Score to assess the severity of the disease in the two groups, these measures were not significantly different between the two groups; the older age of the Group D may affect patient outcomes. Then, most patients had experienced mechanical ventilation, which may have affected the pathogens’ results. Moreover, ECMO itself is an invasive operation, which may affect the treatment after being ECMO assisted.



5 Conclusion

In immunocompromised patients assisted by vv-ECMO, the pathogens detected by mNGS were consistent with the traditional culture (BALF and blood), but the pathogen species and strains detected by mNGS were richer. Some patients had changed their antibiotic treatment scheme. mNGS had an advantage in detecting mixed pathogens and personalized antibiotic treatment in immunocompromised patients assisted by vv-ECMO.
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Objective

To evaluate the diagnostic performance of metagenomic next-generation sequencing (mNGS) and culture in pathogen detection among intensive care unit (ICU) and non-ICU patients with suspected pulmonary infection.



Methods

In this prospective study, sputum samples were collected from patients with suspected pulmonary infection for 2 consecutive days and then subjected to DNA or RNA sequencing by mNGS or culture; 62 ICU patients and 60 non-ICU patients were admitted. In the end, comparisons were made on the pathogen species identified by mNGS and culture, the overall performance of these two methods in pathogen detection, and the most common pathogens detected by mNGS between the ICU and non-ICU groups.



Results

In DNA and RNA sequencing, the positive rate of pathogen detection reached 96.69% (117/121) and 96.43% (108/112), respectively. In culture tests, the positive rate of the pathogen was 39.34% (48/122), much lower than that of DNA and RNA sequencing. In general, the positive rate of pathogen detection by sputum mNGS was significantly higher than that of sputum culture in the total and non-ICU groups (p < 0.001) but did not show a significant difference when compared to the result of sputum culture in the ICU group (p = 0.08). Haemophilus spp., Candida albicans, Enterococcus spp., and viruses from the mNGS results were excluded before comparing the overall performance of these two methods in pathogen detection. Specifically, among the 10 most common bacteria implied from the mNGS results, significant differences were observed in the number of cases of Haemophilus parainfluenzae, Acinetobacter baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa, Stenotrophomonas maltophilia, Staphylococcus aureus, and Enterococcus faecalis between the ICU and non-ICU groups (p < 0.05).



Conclusions

This study demonstrated the superiority of mNGS over culture in detecting all kinds of pathogen species in sputum samples. These results indicate that mNGS may serve as a valuable tool to identify pathogens, especially for ICU patients who are more susceptible to mixed infections.





Keywords: metagenomic next-generation sequencing, intensive care unit, diagnosis, pulmonary infection, immunocompromised patients



Introduction

Pulmonary infection is one of the most common clinical infections caused by an extremely broad class of pathogens, including bacteria, viruses, fungi, mycoplasma, chlamydia, and/or other pathogenic microorganisms (Magill et al., 2014). It is challenging to identify the pathogens in non-intensive care unit (non-ICU) patients, not to mention ICU patients who tend to be immunocompromised and/or be connected to a ventilator (Li et al., 2020; Geng et al., 2021). Though the culture has been used as the diagnostic gold standard for many bacterial infections, it is time-consuming, and it cannot identify many atypical pathogens and even fails to identify the most abundant species from time to time (Schlaberg et al., 2017). Thus, it is of crucial importance to look for efficient alternatives with a high degree of sensitivity and specificity to speed up the diagnosis process and guide clinicians to the most appropriate treatment. In recent years, unbiased metagenomic next-generation sequencing (mNGS) is emerging as a valuable tool in the diagnosis of infectious diseases, capable of simultaneously detecting almost all species in one sample (Gu et al., 2019). This technique has a higher sensitivity than culture-based methods, especially for pathogen identification in bronchoalveolar lavage fluid (BALF), blood, and sputum. In this study, we aimed to compare the pathogen species identified by mNGS and culture, the overall performance of these two methods in pathogen detection, and the most common pathogens detected by mNGS between the ICU and non-ICU groups.



Materials and Methods


Study Patients

A prospective study was conducted to collect sputum from patients with suspected pulmonary infection throughout the hospital who required sputum culture. The following exclusion criteriawere used: i) sputum samples that failed to pass quality control of mNGS (e.g., contain <10 epithelial cells per low-power field and >25 white blood cells per high-power field), ii) incomplete clinical history, and iii) sample leakage and contamination. Baseline data were collected fromthe electronic medical records of the patients, including demographic characteristics, comorbidities, immunosuppressive state, treatment process, prognosis, and whether admitted to ICUs, including ICU, emergency ICU, neurology ICU, coronary care unit, respiratory ICU, neonatal ICU, and pediatric ICU.



Specimen Collection and Processing

On January 14 and 15, 2021, 139 sputum specimens (including 17 duplicate specimens) were collected from the inpatients with suspected pulmonary infection in the Affiliated Hospital of Xuzhou Medical University. Depending on the patient’s condition, different procedures were taken for sampling. For patients who were awake and cooperative, they were asked to collect sputum in the morning after rinsing their mouths or brushing their teeth. Patients with dentures should remove their dentures and then spit the sputum directly into a sterile, dry, leak-proof container in order to avoid adding saliva or nasopharyngeal secretions to the sputum samples. For patients with artificial airways or in a coma, the sputum samples were collected by applying negative pressure to a disposable suction tube inserted into the artificial airway to the lungs or through the nasal cavity to the glottis. In the end, a total of 122 cases were included, with 62 cases being ICU patients and the rest being non-ICU patients. Ideally, the volume of all specimens should be >1 ml, part of which was kept under strict sterile conditions for culture, while the rest of it was stored in a sterile sealed container and sent to a Vision Medicals Laboratory in Nanjing for mNGS. If the amount of specimen was too small, DNA testing was performed instead.



Sputum Culture Test

A sputum sample examined microscopically should contain <10 epithelial cells per low-power field and >25 white blood cells per high-power field. Then, these samples were digested and shaken to homogenates, which were then inoculated to the appropriate medium. Cultures were performed using a PROBACT-K auto marking and culture apparatus (DIASE, Wuhan, China) for a maximum period of 5 days, with bacteria identified by VITEK-2 Compact (Merrier, Shanghai, China).



Metagenomic Next-Generation Sequencing

Initially, human DNA was removed by Benzonase (Qiagen, Valencia, CA, USA) and Tween20 (Sigma, St. Louis, MO, USA). Then, the bacterial cell wall was digested, and DNA extraction was carried out using a QIAamp® UCP Pathogen DNA Kit (Qiagen), followed by DNA fragmentation, adaptor ligation, biomolecular label (barcode) amplification, and on-board sequencing. Total RNA was extracted with a QIAamp® Viral RNA Kit (Qiagen), and ribosomal RNA was removed by a Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA, USA). cDNA was generated using reverse transcriptase and dNTPs (Thermo Fisher, Waltham, MA, USA). For negative controls, peripheral blood mononuclear cell (PBMC) samples were collected from healthy donors, diluted to a concentration of 105 cells/ml, and processed in parallel with each batch under the same protocol, with sterile deionized water extracted alongside PBMC samples to serve as non-template controls (NTCs).

Nucleic acid detection and sequencing were performed based on the Illumina IDseq platform. Libraries were constructed for the DNA and cDNA samples using a Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA, USA) (Miller et al., 2019). The quality of libraries was evaluated by a Qubit dsDNA HS Assay Kit, followed by a High Sensitivity DNA Kit (Agilent, Santa Clara, CA, USA) on an Agilent 2100 Bioanalyzer. Library pools were then loaded onto an Illumina NextSeq CN500 sequencer for 75 cycles of single-end sequencing to generate approximately 20 million reads for each library.



Bioinformatics Analysis

Trimmomatic was used to exclude low-quality reads, adapter contamination, duplicate reads, and reads shorter than 50 bp. Low-complexity reads were removed by Kcomplexity with default parameters (Bolger et al., 2014). Human sequence data were identified and excluded by aligning to a human reference genome hg38 in Burrows-Wheeler Aligner software. For selecting representative assembly for microorganisms from the NCBI Nucleotide and Genome databases (NCBI, 2021), a set of criteria similar to the National Center for Biotechnology Information (NCBI) criteria was designed. The pathogen list was completed according to the Johns Hopkins ABX Guide (Johns Hopkins ABX Guide, 2021), Manual of Clinical Microbiology (MCM, 12th Edition, 2019), and clinical case reports or research articles published in current peer-reviewed journals (Fiorini et al., 2017), with the final database consisting of ~13,000 genomes. To minimize cross-species misalignments among closely related microorganisms, the RPM of microorganisms sharing a genus or family designation was penalized (reduced), if the species or genus appeared in NTCs. A penalty of 5% was set for species (Gu et al., 2021).



Statistical Analysis

Continuous variables with normal distribution were expressed as mean ± SD, whereas continuous data with non-normal distribution were expressed as median (Q1, Q3). Categorical data were expressed as numbers (percentages). Comparative analyses were conducted by Pearson’s χ2 test, McNemar’s chi-square test, ANOVA, Z test, and Mann–Whitney U test. According to the extracted data, a 2 × 2 contingency table was established to calculate sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). The R 4.1.0 software was used for data analysis, and a two-tailed value of p < 0.05 was considered for significant differences.




Results


Characteristics of Basic Information on Samples and Patient Conditions

The basic information on 122 patients with suspected pulmonary infection is presented in Table 1. Sputum samples collected from these subjects were successfully tested by culture, while the data of DNA sequencing were incomplete due to an operational miss, thus including results of all non-ICU samples but only 61 ICU samples (99.18%). There were even less data on RNA pathogens because RNA sequencing was only performed on 52 ICU samples (83.87%) and 60 non-ICU samples (100%). In this study, 62 ICU patients (50.82%) and 60 non-ICU patients (49.18%) were included, consisting of 77 men and 45 women with a median age of 62.5 years, a median length of stay of 16 days, and a mortality rate of 7%. There were no significant differences between the ICU group and the non-ICU group in age, gender, and mortality rate (p > 0.05 in all), except for the length of stay (p < 0.001). Of all clinical conditions listed in Table 2, the most common ones in patients appeared to be a cerebral stroke, coma, solid tumor, diabetes, chronic obstructive pulmonary disease (COPD), and post-chemotherapy.


Table 1 | Basic information on samples and patients.




Table 2 | Clinical conditions of patients.





Comparison of Pathogen Species Identified by Metagenomic Next-Generation Sequencing and Culture

To identify the pathogens in sputum, DNA sequencing, RNA sequencing, and culture tests were performed on 121 (121/122, 99.18%), 112 (112/122, 91.80%), and 122 (122/122, 100%) samples, respectively. The results of mNGS and culture are shown in Figure 1. It should be noted that opportunistic pathogens were also listed in the results, such as Haemophilus parainfluenzae, Haemophilus influenzae, Enterococcus faecium, Enterococcus faecalis, and Candida albicans.




Figure 1 | Different pathogen species identified by metagenomic next-generation sequencing (mNGS) and culture. (A) DNA sequencing results of bacteria. Haemophilus parainfluenzae, Haemophilus influenzae, Enterococcus faecium, Enterococcus faecalis, Candida albicans, etc., were commonly categorized into normal respiratory microbiomes, but they can still cause infection in immunocompromised patients. Therefore, all the sequencing results were listed, including those of respiratory microbiomes. (B) DNA sequencing results of DNA viruses, fungi, and atypical pathogens. (C) RNA sequencing results of bacteria. RNA sequencing was performed on 112 out of 122 samples. (D) RNA sequencing results of RNA viruses, DNA viruses, fungi, and atypical pathogens. (E) Sputum culture results. H. parainfluenzae, H. influenzae, E. faecium, E. faecalis, and C. albicans were categorized into normal respiratory microbiomes when cultured. If H. influenzae and C. albicans grew massively, they would be reported positive. Abbreviations: A. baumannii, Acinetobacter baumannii; K. pneumoniae, Klebsiella pneumoniae; P. Aeruginosa, Pseudomonas aeruginosa; S. aureus, Staphylococcus aureus; S. maltophilia, Stenotrophomonas maltophilia; E. cloacae, Enterobacter cloacae; M. catarrhalis, Moraxella catarrhalis; C. albicans, Candida albicans.



In DNA sequencing, the positive rate of pathogen detection reached 96.69% (117/121). A total of 272 strains of bacteria in 38 species, 66 strains of fungi in 9 species, and 176 viruses in 14 species or subspecies were detected, along with 8 strains of 4 atypical pathogens, including Ureaplasma parvum (4/121, 3.31%), Mycoplasma hominis (1/121, 0.82%), Whipple whipplei (2/121, 1.65%), and Pneumocystis jirovecii (1/121, 0.82%). The most abundant bacterial species was H. parainfluenzae (53/121, 43.80%), followed by Acinetobacter baumannii (29/121, 23.97%), Klebsiella pneumoniae (27/121, 22.31%), Staphylococcus aureus (22/121, 18.18%), Pseudomonas aeruginosa (20/121, 16.53%), Stenotrophomonas maltophilia (17/121, 14.05%), E. faecium (17/121, 14.05%), H. influenzae (12/121, 9.92%), E. faecalis (11/121, 9.10%), and Moraxella catarrhalis (9/121, 7.38%). The top 6 viruses were Torque teno virus (TTV) (49/121, 40.50%), Epstein-Barr virus (EBV) (41/121, 33.88%), Human herpesvirus 7 (HHV-7) (36/121, 29.75%), Herpes simplex virus 1 (HSV-1) (21/121, 17.36%), Cytomegalovirus (CMV) (16/121, 13.22%), and Human herpesvirus 6B (4/121, 3.31%). The top 5 fungi were C. albicans (40/121, 33.06%), Aspergillus fumigatus (7/121, 5.79%), Candida glabrata (6/121, 4.96%), Aspergillus niger (4/121, 3.31%), and Candida tropicalis (3/121, 2.48%).

In RNA sequencing, the positive rate of pathogen detection also reached 96.43% (108/112). All the bacteria, fungi, DNA viruses, and atypical pathogens detected by RNA sequencing had already been indicated in DNA sequencing. A total of 54 RNA viruses in 16 species or subspecies were detected, among which Human respiratory syncytial virus B was the most abundant species (10/112, 89.29%) followed by Rhinovirus A (9/112, 8.04%), Human Coronavirus HKU1 (7/112, 6.25%), Human respiratory virus 1 (5/112, 4.46%), Human metapneumovirus (4/112, 3.57%), and Human Coronavirus 229E (3/112, 2.68%). Human Coronavirus NL63, Rhinovirus B, Rhinovirus C, Influenza virus C, Human respiratory virus 3, and Human respiratory syncytial virus A accounted for 1.80% (2/112, 1.79%). Hepatitis C virus 2, Human Mumps Virus 2, and Norovirus GI were detected once only (1/112, 0.89%).

In culture tests, the positive rate of the pathogen was 39.34% (48/122), much lower than that of DNA and RNA sequencing. A total of 54 strains of bacteria in 7 species were detected, with A. baumannii being the most common one (18/122, 14.75%), followed by K. pneumoniae (17/122, 13.93%), P. aeruginosa (11/122, 9.02%), and S. aureus (5/122, 4.10%). S. maltophilia, Enterobacter cloacae, and M. catarrhalis were found once only (1/122, 0.82%). C. albicans was the only fungus identified from sputum culture because of its massive growth.



Comparison of Overall Performance of Metagenomic Next-Generation Sequencing and Culture in Pathogen Detection

Due to the limitations of culture-based methods in detecting certain opportunistic pathogens, fungi, and viruses, we decided to exclude Haemophilus spp., C. albicans, Enterococcus spp., and viruses from the mNGS results before comparing the overall performance of these two methods in pathogen detection. The positive rate of pathogen detection by sputum mNGS was significantly different from that of sputum culture in the total and non-ICU groups (p < 0.001) but did not show any significant difference when compared to the result of sputum culture in the ICU group (p = 0.08). In the Total group, the positive rate of pathogen detection by mNGS was 61.48% (75/122), ~25.41% higher than the 36.07% (44/122) of culture (Figure 2A). The PPV, NPV, and accuracy of diagnosing pulmonary infection in all cases by mNGS were 57.33%, 97.87%, and 72.95%, respectively. The positive likelihood ratio and negative likelihood ratio were 2.38 and 0.04, respectively.




Figure 2 | Comparison of overall performance of metagenomic next-generation sequencing (mNGS) and culture in pathogen detection. Tests used Pearson’s χ2 test. (A) The number of positive and negative cases in the Total, intensive care unit (ICU), and non-ICU groups of sputum mNGS and culture. (B) Fourfold contingency tables of the sensitivity and specificity of sputum mNGS and culture. We assumed sputum culture to be ground truth. Tests used McNemar’s chi-square test. (C) Pie chart of the positivity distribution of mNGS and culture. Abbreviations: PPV, positive predictive values; NPV, negative predictive values; Sens, sensitivity; Spec, specificity. Due to the limitations of culture-based methods in detecting certain opportunistic pathogens, fungi, and viruses, we decided to exclude Haemophilus spp., Candida albicans, Enterococcus spp., and viruses from the mNGS results before comparing the overall performance of these two methods in pathogen detection. Only one C. albicans was reported positive in sputum culture, and because of its massive growth, the corresponding mNGS result was listed. Since the bacteria and fungi in the RNA flow results were all included in the DNA flow, mNGS data were based on the data of the DNA flow.



In the total, ICU, and non-ICU groups, the sensitivity of mNGS was 97.73%, 97.3%, and 100%, respectively, showing that mNGS was of great value in diagnosing infection; the specificity of mNGS was 58.97%, 56%, and 60%, respectively. The sensitivity of mNGS was better than that of culture in all the three groups (p < 0.01), and the results were in good coincidence in the total and ICU groups (kappa = 0.49 and 0.57), while the consistency was average in the non-ICU group (kappa = 0.26) (Figure 2B). In general, sputum mNGS and culture were both positive in 43 of 122 (35.25%) cases and were both negative in 46 of 122 (37.7%) cases. There were 32 (26.23%) and 1 (0.82%) positive cases exclusive to mNGS and culture, respectively (Figure 2C). Only one mismatched case showed a difference in sputum culture and mNGS results. Proteus mirabilis was detected in mNGS, but E. cloacae was detected in the culture. Excluding the above case, all sputum culture results can be detected in the corresponding DNA testing procedure.



Comparison of the Most Common Pathogens Detected by Metagenomic Next-Generation Sequencing Between the Intensive Care Unit and Non-Intensive Care Unit Groups

Among the 10 most common bacteria implied from DNA sequencing results, the number of cases of some species showed significant differences between the ICU and non-ICU groups: H. parainfluenzae, A. baumannii, K. pneumoniae, and P. aeruginosa between groups (p < 0.001); S. maltophilia between groups (p < 0.01); and S. aureus and E. faecalis between groups (p < 0.05). In contrast, there were no significant differences between groups in terms of the number of cases of the 5 most common fungi identified by DNA sequencing, including C. albicans, A. fumigatus, C. glabrata, A. niger, and C. tropicalis. Likewise, the number of cases of the 5 most abundant DNA or RNA viruses in the ICU group was not significantly different from that in the non-ICU group, except for the DNA virus CMV (p < 0.05) (Figure 3A).




Figure 3 | The overlap of metagenomic next-generation sequencing (mNGS) positivity between intensive care unit (ICU) and non-ICU groups for different pathogens. (A) The most common bacteria, fungi, DNA viruses, and RNA viruses were detected by mNGS method between ICU and non-ICU groups. The 10 most common bacteria and the 5 most common fungi, DNA viruses, and RNA viruses were detected by mNGS method between ICU and non-ICU groups. The last 5 viruses were RNA viruses detected by RNA sequencing. Ten ICU cases did not complete RNA sequencing. Other pathogens were detected by DNA sequencing. Tests used Z test. (B) Violin plot of bacteria, fungi, viruses, and all pathogens detected by DNA and RNA sequencing between ICU and non-ICU groups. After Shapiro–Wilk tests, they did not follow normal distribution; tests used Mann–Whiney U test. *p < 0.05, **p < 0.01, ***p < 0.001. OR, odds ratio.



However, the number of pathogen species detected by mNGS varies greatly across all cases.

For the number of bacterial species detected in each case, the median was 3 (Q1, Q3, 1, 4) in the ICU group, significantly different from 1 (1, 2) in the non-ICU group (p < 0.001). With regard to the median number of fungi or viruses identified per case, there were no significant differences between groups. The median was 0 (0, 1) for fungi in both the ICU and non-ICU groups and 2 (1, 3) and 2 (1, 2) for viruses in the ICU group and the non-ICU group, respectively. When taking into account all pathogens including bacteria, fungi, viruses, and atypical pathogens, the median was 5 (3, 7.75) in the ICU group and 4 (2, 5) in the non-ICU group, showing a significant difference between groups (p < 0.001) (Figure 3B).




Discussion

The traditional pathogen detection methods commonly used in clinical practice, such as culture, microscopy, and serological testing, tend to be time-consuming and have a low positive rate, making the search for efficient alternatives increasingly important to deliver a timely and accurate diagnosis (Miao et al., 2018; Wang et al., 2020). In infectious diseases like pulmonary infection, the pathogens may involve a broad class of microorganisms including bacteria, mycobacterium tuberculosis, viruses, fungi, mycoplasma, and chlamydia, the complexity of which poses further challenges for traditional methods in pathogen identification, especially in cases of mixed infections (Wang et al., 2019; Wu et al., 2020). In order to speed up the diagnosis process and guide clinicians to the most appropriate treatment, it is of crucial importance to look for efficient alternatives with a high degree of sensitivity and specificity, such as mNGS (Hong et al., 2020). With major progress on challenges (e.g., human DNA contamination) and continued decreases in cost, mNGS becomes an increasingly popular choice for clinical diagnosis (Ji et al., 2020).

With the help of mNGS, we aimed to explore the differences between pathogens in ICU and non-ICU patients with pulmonary infection, on the assumption that ICU patients are more susceptible to severe infections due to multiple traumas, cerebrovascular accidents, shock, immunosuppression, etc. Ideally, BALF is supposed to be used for pathogen detection in pulmonary infection. Nonetheless, BALF is not readily available in general wards, and thus, sputum was chosen instead.

For the comparisons made on patient attributes, there were no significant differences between the ICU group and the non-ICU group in age, gender, and mortality rate, except for the length of stay. In the ICU group, the most common clinical conditions were cerebral stroke and coma, while in the non-ICU group, the most common ones were solid tumor, COPD, post-chemotherapy, and hematopoietic malignancies. All these common conditions showed significant differences between groups, whereas diabetes and other conditions did not.

From the mNGS results, it could be seen that H. parainfluenzae was the most abundant bacterial species detected by DNA sequencing, accounting for 43.80% of all cases (53/121), and turned out to be more prevalent in the non-ICU group (p < 0.001). H. parainfluenzae is an opportunistic pathogen that has been associated with endocarditis, COPD, otitis media, and, in rare cases, brain abscesses (Pang and Swords, 2017; De Castro et al., 2019). As expected, nearly two-thirds of non-ICU patients with H. parainfluenzae infection suffered from tumors or COPD. When treated improperly, H. parainfluenzae may develop resistance mechanisms, that work alone or together, to confer decreased susceptibility to a variety of beta-lactam antibiotics (Garcia-Cobos et al., 2013). Although H. parainfluenzae was often considered a member of the normal flora, it may be the pathogen responsible for the disease in immunocompromised patients without other evidence of etiology, especially when antibiotics are not effective. The higher proportion of H. parainfluenzae in non-ICU patients is unclear, possibly because there are more patients with mixed infections and a higher proportion of broad-spectrum antibiotics in the ICU patients, resulting in a low proportion of patients detected in the ICU patients.

Unlike H. parainfluenzae, the next top 5 bacterial species detected by DNA sequencing, also the top 5 bacterial species identified by culture, appeared to be more common in the ICU group (p < 0.05), including A. baumannii, K. pneumoniae, S. aureus, P. aeruginosa, and S. maltophilia. Given the ability of A. baumannii to live on a variety of hospital surfaces such as surgical drains and catheters, the opportunistic pathogen A. baumannii is primarily associated with hospital-acquired infections, responsible for up to 2%–10% of all Gram-negative infections in the United States and Europe (Costa et al., 2006; Fournier et al., 2006). It is particularly common to find A. baumannii in ICU patients with susceptible immune systems and those who required endotracheal intubation or tracheostomy and invasive equipment such as catheters. Once infected, patients may develop a variety of diseases including pneumonia, meningitis, septicemia, and urinary and respiratory tract infections in spite of the fact that infection of A. baumannii is less common than colonization, and ventilator-associated pneumonia (VAP) and bloodstream infections have been reported to have high morbidity and mortality (Scerpella et al., 1995). In our study, most of the susceptibility tests demonstrated pan-antibiotic resistance in carbapenem-resistant A. baumannii. Similarly, K. pneumoniae is also an opportunistic pathogen, which has been implicated as one of the most common causes of hospital- and community-acquired infections involving urinary tract infections, pneumonia, and intraabdominal infections and has developed resistance against many common antibiotics, including tigecycline and carbapenem (Zhang et al., 2016). K. pneumoniae is becoming one of the top 8 pathogens in hospitals all around the world due to antibiotic resistance. According to the data from chinets.com, K. pneumoniae is the most common pathogen detected in respiratory specimens and is the second most common bacterium among all isolated strains (CHINET 2021). Interestingly, there was only one Gram-positive bacterium among the 6 most common bacteria identified by DNA sequencing, i.e., S. aureus. This bacterium is genetically close to its methicillin-resistant strain methicillin-resistant S. aureus (MRSA). Thus, the differentiation between these two strains could not be resolved by mNGS alone due to the limited genetic resources of S. aureus but relied more on antimicrobial susceptibility testing. S. aureus is among the most common hospital-acquired pathogens, which can cause bacteremia, pneumonia, and meningitis (Okwu et al., 2019). Compared with the abovementioned bacterial species, P. aeruginosa seems to be the “ubiquitous” one since it can live in both inanimate and human environments. This bacterial species tends to cause infections that are especially difficult to treat with its ability to form antibiotic-resistant biofilms. For example, VAP caused by P. aeruginosa is associated with attributable mortality rates of 40%, higher than the corresponding rates for most other causes of VAP (Hauser, 2008). The Centers for Disease Control and Prevention (CDC) has estimated the overall prevalence of P. aeruginosa infections in US hospitals at approximately 4 per 1,000 discharged patients (0.4%). P. aeruginosa accounts for 10.1% of all hospital-acquired infections, and it is the fourth most commonly isolated nosocomial pathogen. Based on the data from chinets.com, P. aeruginosa is the third most common pathogen detected in respiratory specimens and is the fifth most common bacterium among all isolated strains (CHINET 2021), similar to our results. Like other bacterial species, S. maltophilia is also an opportunistic pathogen causing an increasing number of nosocomial infections, especially in patients who are immunocompromised or those who require ventilatory support. Correspondingly, S. maltophilia was only found in ICU patients in this study.

For fungi identified by mNGS, the most abundant species was C. albicans, an opportunistic fungal pathogen that is responsible for candidiasis in human hosts. Typically, C. albicans resides as a harmless commensal in the gastrointestinal and genitourinary tract, found in over 70% of the population. Overgrowth of these organisms, however, will lead to disease, and it usually occurs in immunocompromised individuals, such as HIV-infected victims, transplant recipients, chemotherapy patients, and low-birth-weight babies (Kabir et al., 2012). Nevertheless, in this study, no differences were observed in C. albicans and other fungi between the ICU and non-ICU groups.

By DNA sequencing, mNGS uncovered the top 5 viruses in sputum: TTV, EBV, HHV-7, HSV-1, and CMV. TTV was the first Anellovirus with a circular single-stranded DNA genome identified in humans. Anelloviruses are very ubiquitous, representing about 70% of the viruses found within human blood and tissues (Freer et al., 2018). These viruses are associated with immune suppression and diseases that correlate with immune suppression, such as hepatitis, cancer, and autoimmune diseases (Blatter et al., 2018). The genetic variability and constant evolution of TTV contribute to its adaptation to new environments, and it may have been a part of humans. Whether or not TTV is pathogenic has yet to be discerned, but to date, there is little evidence for direct pathogenesis. EBV, formally called Human gammaherpesvirus 4, is a member of the Lymphocryptovirus genus, which belongs to the Gammaherpesvirinae subfamily of the Herpesviridae family. EBV-associated cancers consist of up to 15% of all human cancers involving a virus infection, but so far, there is limited progress in antivirals to deal with EBV infection (Amon and Farrell, 2005). HHV-7 is classified under the Roseolovirus genus of the Betaherpesvirinae subfamily, which can cause roseola infantum, a common disease of childhood developed by primary infection with HHV-6 and less frequently by HHV-7. After a primary infection, HHV-7 establishes a latent state and can be reactivated later, especially in hosts who are immunocompromised or with solid organ transplantation (Caserta et al., 1998). Likewise, immunocompromised patients are at an increased risk of developing severe HSV-1 infection, which may lead to extensive cutaneous or mucosal necrosis and even esophagitis or proctitis when the adjacent tissue is involved. HSV-1 can also lead to meningoencephalitis, pneumonia, hepatitis, and coagulation dysfunction (Berrington et al., 2009). The above four viruses had been detected in large quantities, but there were no differences between the ICU and non-ICU groups. Among the 5 most abundant DNA viruses, CMV was the only one showing a significant difference between groups. CMV is a common virus affecting ~50%–80% of the general adult population. In most cases, infected people are unaware of their infection since this virus is typically dormant in healthy individuals. CMV infection is also the most common viral infection among transplant patients, occurring in ~20%–60% of this cohort, and it can remain latent in multiple organs and even in bone marrow (Traylen et al., 2011). In immunosuppressed or post-transplant patients, CMV can lead to severe infections such as mixed bacterial/fungal pneumonia, retinitis, or even death.

By RNA sequencing, mNGS confirmed the presence of various RNA viruses in the sputum samples, including Human respiratory syncytial virus (RSV) B and A; Rhinovirus (RV) A, B, and C; Human metapneumovirus (HMPV); and Human Coronavirus (HCoV) HKU1, 229E, and NL63. However, all these RNA viruses did not show any significant differences between the ICU and non-ICU patients. RSV consists of two major subtypes, A and B. Subtype B is characterized as the asymptomatic strain, while subtype A is a major cause of more severe disease (Oliveira et al., 2008). RSV is considered the leading cause of lower respiratory tract infections characterized by bronchiolitis and pneumonia mainly in children, the elderly, and immunocompromised individuals. The severity of RSV infection is very diverse, ranging from mild cold symptoms to severe and life-threatening outcomes. For RV, it is best known for causing the common cold, although it has also been implicated in other clinical conditions such as bronchitis and asthma attacks. RV could very often be responsible for mild cold symptoms, including fever, cough, and runny nose (Cox and Le Souef, 2014). Along with RSV, HMPV is categorized into the Paramyxoviridae family, which can cause upper and lower respiratory infections in people of all ages, especially among young children, older adults, and immunocompromised individuals (Schildgen et al., 2011). Children under the age of five suffer more from pneumonitis and bronchiolitis, adults over the age of sixty-five tend to suffer from bronchitis and pneumonitis, and individuals with weakened immune systems suffer most from pneumonitis (Boivin et al., 2002). For HCoV-HKU1, HCoV-229E, and HCoV-NL63, these human coronaviruses are distributed globally among the human population. By spreading via coughing and sneezing, these viral strains generally cause mild upper respiratory tract diseases in adults but sometimes may cause life-threatening bronchiolitis and pneumonia in young children, the elderly, and immunocompromised individuals (Cabeca et al., 2013; Jain et al., 2015).

Overall, this study demonstrated the superiority of mNGS over culture in detecting all kinds of pathogen species in sputum samples, including bacteria, fungi, and viruses. Compared with sputum culture, mNGS showed a much higher value in the positive rate of pathogen detection, with the ability to identify up to 13 pathogens in one sample. Generally, the number of pathogen species detected by mNGS in each ICU patient was much higher than that in each non-ICU patient. These results indicate that mNGS may serve as a valuable tool to identify pathogens, especially for ICU patients who are more susceptible to mixed infections. Since RNA sequencing can detect not only RNA viruses but also the metabolic and replication activities of other pathogens, with the advancement of mNGS technology and the decline in detection costs, we can routinely perform RNA detection of sputum or BALF in the future.

Nonetheless, it should be noted that there were several limitations in this study. Due to the limited study funding, the number of patients in this study is relatively limited, and a larger sample size will be needed in the future for further validation. For mNGS, its performance in RNA virus detection among ICU patients might be compromised due to the lack of 10 RNA sequencing results. For the traditional method, it did not include the results of viral testing, since only a small proportion of patients had undergone traditional viral testing. In addition, it took nearly 15 days for all these samples to get tested and analyzed, and all mNGS results were not notified to clinicians to guide clinical treatment. Although mNGS has excellent pathogen detection ability, some questions are still inconclusive, such as which pathogens need targeted treatment, how to distinguish between infection and colonization, and whether the detected viruses need targeted antiviral treatment.

Given that infection is one of the leading causes of death in ICU patients, how to correctly interpret the results of the mNGS test, and how to avoid the abuse of antibiotics while choosing an anti-infective regimen, we need more large-scale research to solve these problems.
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Nocardia is an opportunistic pathogen that mainly involves immunosuppressed patients and causes a high mortality rate. As an emerging approach to detect infectious pathogens, metagenomic next-generation sequencing (mNGS) was reported in the detection of Nocardia. However, there is no evidence demonstrating the effect of mNGS on the prognosis of Nocardia infection. In this retrospective study, we included 18 nocardiosis patients. Nocardia species were detected by mNGS from their clinical samples. All the patients were diagnosed with nocardiosis by clinical experts through a comprehensive evaluation. Of these 18 patients, fever is the most frequent initial symptom. Compared to traditional culture methods, mNGS provides a faster turnaround time (TAT) and higher sensitivity. Pulmonary nocardiosis was the most common clinical presentation in the study. mNGS detected 13 types of Nocardia species, of which Nocardia abscessus and Nocardia cyriacigeorgica were the most common species. The study’s most noteworthy discovery is that mNGS outperforms culture at detecting mixed infections (more than one pathogen detected in one clinical specimen, including bacteria, fungi, and excluding virus), and number of infectious species was an independent risk factor for nocardiosis patients’ prognostics after adjusting age, ICU days, gender and underlying diseases (adjusted HR = 1.47, 95% CI: 1.09-1.98, p = 0.011). As a result, we believe that by detecting mixed infections (more than one pathogenic species), mNGS can provide a clinical risk warning for the prognosis of nocardiosis.




Keywords: Nocardia, metagenomic next-generation sequencing (mNGS), precise treatment, mixed infection, infectious diseases



Introduction

Nocardiosis is a rare infection caused by the genus Nocardia, a Gram-positive, weakly acid-fast, and aerobic bacteria, which belongs to the order Actinomycetales (McNeil and Brown, 1994a). As an opportunistic pathogen, Nocardia mainly causes infections in immunosuppressed patients (Beaman et al., 1976; Rathish B Zito, 2020). Nocardiosis is a relatively rare infectious disease. A study which was the largest research reported 441 Nocardia strains in 21 provinces from 2009 to 2021 in China (Wang et al., 2022). In a tuberculosis hospital in Amritsar, the prevalence of pulmonary nocardiosis was 1.4% (Singh et al., 2000). The manifestations of Nocardiosis are in a wide range and are mainly decided by the infection sites, which are serious and atypical clinical (Wilson, 2012). Early diagnosis and treatment of pulmonary nocardiosis promote favorable clinical prognoses (Buckley et al., 1995). The gold standard for nocardiosis laboratory diagnosis is bacterial culture, which usually takes 3-5 days and the sensitivity may be decreased by prior antibiotics usage (Rouzaud et al., 2018a; Rathish, 2020). A former study reported 16S rRNA PCR as a rapid assay for detecting Nocardia, but the approach requires clinicians’ pre-consideration (Couble et al., 2005).

The prognosis of Nocardia is highly dependent on early pathogen identification and drug therapy. Sulfonamides are the first-line treatment of nocardiosis after the first use in the 1940s (Welsh et al., 2013). Before the discovery of the treatment, the mortality rate of pulmonary nocardiosis was close to 100% and was much higher than that of other bacterial infections (Brown-Elliott et al., 2006). In fact, due to the relative rarity of Nocardia infection and the lack of effective detection methods, the best treatment period may have been missed, resulting in a poor clinical outcome (Yagi et al., 2014).

Metagenomic next-generation sequencing (mNGS) is a new approach by sequencing DNA or RNA fragments to identify theoretically all infectious pathogens in clinical specimens (Simner et al., 2018; Gu et al., 2019). mNGS shows high sensitivity and specificity and can be less influenced by former antibiotics usage, which is beneficial for complex infection and fever of unknown origin (FUO) (Goldberg et al., 2015; Miao et al., 2018; Fu et al., 2022). Furthermore, mNGS is more efficient and outperforms traditional microbiological culture when detecting multiple infections (Chen et al., 2021).

A study in 2019 reported the sensitivity of mNGS for Nocardia detection was superior to that of conventional culture methods (Weng et al., 2020). However, there was no study showing the prognostic effects of mNGS in nocardiosis.

In this retrospective study, we included 18 cases who were detected Nocardia species by mNGS and diagnosed as nocardiosis by clinical specialists through composite reference standards. We discovered that mNGS exhibited higher sensitivity and faster turnaround time (TAT) than traditional laboratory methods. We significantly noticed that the number of infectious species was an independent risk factor for nocardiosis patients. In addition, mNGS outperformed traditional microbiological culture in the detection of mixed infections. By detecting mixed infections, mNGS can provide early warning for nocardiosis patients.



Materials and methods


Patient recruitment

Between May 2020 and July 2021, 18 participants were enrolled in this retrospective study at the First Affiliated Hospital of Zhengzhou University from May 2020 and July 2021. We recruited patients who were detected with Nocardia species from their clinical specimens by metagenomic next-generation sequencing (mNGS) and diagnosed with Nocardia infection by clinical specialists through composite reference standards. The composite reference standards were based on clinical manifestations, laboratory tests, microbiological tests, and radiography. Patients who were identified Nocardia species by mNGS but were not clinically diagnosed, together with minor patients were excluded from the study. Totally there were 18 patients enrolled in this study. Every specimen was performed both by mNGS and microbiological culture. Patients’ information, including demographic characteristics, clinical history, laboratory tests, mNGS, and microbiological culture information were collected in the hospital information systems.



Specimen collection

Five types of samples were collected from the patients. There were 10 bronchoalveolar lavage fluid (BALF) samples, 4 blood samples, 2 cerebrospinal fluid (CSF) samples, 1 lung tissue sample, and 1 abscess sample. The lung tissue sample size was more than 3X3X3mm3, and the samples were transported in a 5ml cryopreservation tube on dry ice. More than 5ml of bronchoalveolar lavage fluid (BALF) and abscess were collected and stored in a 50ml cryopreserved tube. Cerebrospinal fluid (CSF) was collected at least 1ml and stored in a 5ml cryopreserved tube. BALF, abscess, and CSF were all transported with dry ice. Blood samples were collected more than 4ml in ethylene diamine tetraacetic acid blood collection tubes and were transported with ice packs.

In this study, we gathered mNGS and microbiological culture information, as well as some time nodes. There are some time nodes defined in our study: specimen time, from the first hospital day to sample collection day; turnaround time (TAT), from specimens submitted for mNGS or microbiological culture to receive the reports; results time, from the first hospital day to receive the mNGS or microbiological culture reports.



DNA/RNA extraction, library construction and sequencing

DNA was extracted using the QIAamp® UCP Pathogen Kit (Qiagen, Germany) according to the manufacturer’s protocol. Cell-free DNA (cfDNA) from plasma samples was extracted by using the TIANamp Micro DNA DP316 Kit (Tiangen Biotech, Beijing, China) following the manufacturer’s recommendations.

The extracted DNA samples were used to construct DNA libraries by using the TruePrep DNA Library Prep Kit V2 for Illumina® (Vazyme, Nanjing, China). cfDNA samples were used to construct DNA libraries by using the VAHTS Universal DNA Library Prep Kit V3 for Illumina® (Vazyme, Nanjing, China). All libraries were prepared following the manufacturer’s manuals. The Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) was used for library quality control. All libraries were pooled with other libraries by using different index sequences and sequenced on an Illumina NextSeq 550Dx platform with the single-end 75bp sequencing option. For each run, no-template control (NTC) samples (Nuclease-free H2O) were also pooled to monitor reagent and laboratory background.



Bioinformatics analysis

Fastq-format data were obtained for each sample by using bcl2fastq software (v2.20.0.422, parameters used: –barcode-mismatches 0 –minimum-trimmed-read-length 50). Adapt sequences and low-quality reads were filtered out using cutadapt v2.10 (-q 25, 25 -m 50). The remaining high-quality reads were first mapped to the human genome (hg38, https://hgdownload.soe.ucsc.edu/downloads.html#human) using bwa-mem 2 v2.1 with default parameters, all unmapped reads were then aligned to the NCBI nt database (https://ftp.ncbi.nlm.nih.gov/genomes/) by using BLAST v2.9.0+ (-task megablast -num_alignments 10 -max_hsps 1 -evalue 1e-10). Alignments were required to be full-length with an identity of at least 95%. A customized Python script was used to identify species-specific alignments. Only the alignments that fulfill the above-mentioned criteria were used for further pathogen identification. Besides, the NTC samples were used to identify reagent and laboratory contaminants. Microorganisms were reported if the following criteria were met: (1) the microbe had at least 3 non-redundant, mapped reads per 10 million raw sequence reads, and (2) the microbe was known to be potentially pathogenic in the given clinical context of each patient.



Statistical analysis

Statistical analyses were all performed on R version 3.6.1. Continuous variables, shown as mean (standard deviation), were compared using Wilcoxon rank-sum test between two groups. Categorical variables, shown as counts and percentages [n (%)], were compared using Fisher’s exact test. Statistical significance was considered as a two-sided p-value <0.05. Patients’ hospital costs and antibiotic costs were calculated by “scale” package of R based on the actual cost. Cox proportional hazards model was applied for discovering the independent risk factors for nocardiosis. The multivariate model was included variables which was significant in univariate analysis and variables which were commonly important in patients’ outcomes. Survival curves were adjusted for age, ICU days, gender and underlying diseases.




Results


Patients’ characteristics

All the nocardiosis patients’ characteristics were summarized in Table 1. Among the 18 patients, there were 14 men and 4 women. Patients’ age ranged from 28 to 76 with an average age of 56.78. Ten of them were over 60 years old. Ten patients were admitted to the intensive care unit (ICU) and their mean ICU length of 10.2 days. Six patients required ventilator ventilation for respiratory support. The antibiotic percentage was calculated as the ratio of antibiotic expenditure to overall hospitalization expenditure. Antibiotics accounted for 16% of overall hospital costs on average. Fever was the most prevalent symptom in this study (72.22%, 13/18), followed by cough (27.78%, 5/13) and chest tightness (27.78%, 5/13). Fifteen of the patients had underlying diseases and 9 of them had more than one kind illnesses. Hypertension, diabetes, and pulmonary disease were all prevalent and each of them accounted for 27.78% (5/13). There were 2 hepatitis C patients and 1 malignant tumor patient. Disseminated nocardiosis was considered as a simultaneous infection of at least two non-contiguous organs, or Nocardia bacteremia. For different nocardiosis sites, 11 patients suffered pulmonary nocardiosis, followed by disseminated nocardiosis in 5 patients (2 patients suffered Nocardia bacteremia and pulmonary nocardiosis; 2 patients occurred Nocardia bacteremia; the other patient developed cutaneous and pulmonary nocardiosis). Central nervous system (CNS) infection was found in 2 patients (Table S1).


Table 1 | Patients’ characteristics.





The comparison between mNGS and microbiological culture results

Every patient’s specimen was performed with both microbiological culture and mNGS. In this study, 18 specimens were classified into 5 different types (10 bronchoalveolar lavage fluid (BALF) specimens, 4 blood samples, 2 cerebrospinal fluid (CSF) samples, 1 lung tissue sample, and 1 abscess sample) (Table 2). The average specimen time was 3.33 days. Ten patients’ mNGS TAT was only 1 day, compared to 2 days of culture TAT in 16 samples. The average mNGS TAT was significantly shorter than that of culture (average time, 1.33 and 2.78 days, respectively, P<0.001).


Table 2 | mNGS and microbiological culture information.



Only 5 specimens were culture-positive among the 18 mNGS-positive patients, and only 3 specimens were cultured with Nocardia (Table S2). Species Candida tropicalis and Klebsiella pneumoniae were found in the other two culture-positive specimens, which were also identified by mNGS. Here, we defined the mixed infections in this study as one patient infected with more than one pathogenic species (including bacteria, and fungal but excluding virus). In this study, microbiological culture only detected single species, the results of which were all verified by mNGS. mNGS outperformed culture at detecting mixed infections.



Characteristics of mNGS results

Among the 18 patients, mNGS detected 13 Nocardia species, 8 other bacteria, 4 fungi, and 6 viruses (Table S2). The main infection type in the patients was simple Nocardia infection in 11 patients (Figure 1A). Seven patients were mixed infections of Nocardia accompanied by other bacteria, fungi, or viruses. Infections of Nocardia accompanied by other bacteria, fungi, together with viruses were found in two patients. Four patients were mixed infections consisting of Nocardia and fungi, with 3 of them having chronic kidney diseases (Table S2). Pneumocystis jirovecii was the most frequent fungus in the mixed infections patients.




Figure 1 | (A), infection types of the patients. (B), the frequency of the 13 Nocardia species detected by mNGS. (C), the distribution of Nocardia species in BALF, blood, and CSF samples. (D), overall survival analysis for nocardiosis patients according to infection types.



In this study, mNGS detected 13 different Nocardia species (Figure 1B). Four patients were detected with only one Nocardia species, with at least 2 Nocardia species isolated in the remaining 14 patients. Nocardia abscessus and Nocardia cyriacigeorgica were more frequently occurring in 4 patients, followed by Nocardia farcinica (3 patients) and Nocardia asteroids (2 patients).

The distribution of Nocardia species in BALF, blood, and CSF was shown in Figure 1C. Apparently, Nocardia species diversity was increased in BALF samples compared with blood and CSF samples. In our study, it was also noticed that some Nocardia species only existed in one single type specimen. N.abscessus, for example, was only detected in BALF. N.asteroides was only observed in blood and Nocardia carnea was only detected in CSF. However, this effect may occur by chance because of the limited sample numbers.



The use of antimicrobial drugs

All the patient’s antimicrobial drugs were collected (Table S3). According to the patient’s antimicrobial drug usage and the classification of antibiotics, we grouped the patient’s drugs into 10 primary categories, including sulfonamides, oxazolidinones, carbapenems, penicillin, β-lactamase inhibitors, antifungal drugs, cephalosporin, tetracyclines, fluoroquinolones, and others. Totally 18 antimicrobial drugs were administrated. During their hospital stay, each patient received an average of 4-5 types of antibiotic treatments. Among the antimicrobial drugs, trimethoprim-sulfamethoxazole (TMP-SMX), biapenem, voriconazole, linezolid, and imipenem were most commonly used.



The comparison of characteristics between survivors and non-survivors and survival analysis

The data cutoff date for the survival analysis was July 26, 2021. We obtained all the patients’ follow-up information. Among the 18 patients, there were 11 survivors and 7 non-survivors. The baseline information of the two groups were shown in Table 3. There was no difference in age, gender, underlying diseases, and Nocardia infection sites between the two groups. Non-survivors showed significantly more infectious species numbers than those of survivors (average number, 1.273 and 4, respectively, P=0.006). Non-survivors were more likely admitted into ICU and placed on ventilators as a result of the severe condition.


Table 3 | The comparison of characteristics between survivors and non-survivors.



We initially included age, ICU days, gender, underlying diseases, and the number of infectious species numbers in the univariate regression analysis (Table 4). The evidence was significant that more infectious species numbers were associated with shorter survival (HR = 1.34, 95% confidence interval (CI): 1.07-1.69, p = 0.013). Multivariate analysis suggested the number of infectious species was an independent prognostic marker (adjusted HR = 1.47, 95% CI: 1.09-1.98, p = 0.011). Survival curves separated from single infection and mixed infections after adjusting for age, gender, ICU days and underlying diseases, indicating that patients with mixed infections developed significantly poor prognosis (P = 0.0425) (Figure 1D).


Table 4 | Univariate analysis and multivariate analysis of overall survival in nocardiosis patients.






Discussion

In this study, we included 18 patients who were detected Nocardia by metagenomic next-generation sequencing (mNGS) and clinically diagnosed with nocardiosis. We compared mNGS and microbiological culture results and we analyzed the demographic characteristics, underlying diseases, infection sites, hospital information, and survival risk factors for nocardiosis patients. Consistent with previous studies, mNGS developed a faster turnaround time (TAT) than microbiological culture and outperformed culture in mixed infections detection (Miao et al., 2018; Chen et al., 2021). More importantly, we discovered that number of infectious species was the only independent survival risk factor for nocardiosis patients. Thus, we tentatively put forward that mNGS can provide a clinical warning by detecting definite infectious species numbers and help in the clinical decision and patients’ prognoses.

Culture has been commonly considered the golden standard for Nocardia detection, but its usefulness was hindered due to the strict culture condition and previous antibiotic treatment (Kerr et al., 1992; Brown-Elliott et al., 2006). Nocardia culture may take 2-7 days even for several weeks, resulting in a delay in establishing the diagnosis (Conville and Witebsky, 2015). The average culture TAT in this study was 2.78 ± 1.35 days, significantly longer than the mNGS TAT (1.33 ± 0.77 days). Besides, the low culture-positive detection rate was also noticed: only 5 of the 18 mNGS-positive samples were positive for culture, with 3 Nocardia-positive samples. A study in 2020 illustrated 5 samples yielded culture-positive among the 14 mNGS-positive samples, and also exhibited a faster mNGS TAT than that of culture, consisting with our findings (Weng et al., 2020). However, there was no prognostic analysis in this study. To the best of our knowledge, we performed the first research to explore the usage of mNGS in prognoses of nocardiosis patients.

When Nocardia species were isolated in respiratory tract samples, the colonization should be taken into consideration. The colonization of Nocardia was defined as a lack of clinical evidence (Margalit et al., 2020). Nocardiosis was defined as a clinically evident infection related to the isolation of the Nocardia species (Margalit et al., 2020). In our study, we recruited patients who were detected with Nocardia species from their clinical specimens by metagenomic next-generation sequencing (mNGS). It was important that all the patients were clinically diagnosed with nocardiosis by clinical specialists through composite reference standards. Therefore, we ruled out the patients with the colonization of Nocardia.

The prognosis of nocardiosis is determined by many factors as previously reported. The early diagnosis and appropriate treatment are key factors related to favorable outcomes (Lerner et al., 1967). Nocardia species usually show susceptibility to these antibiotics: sulfonamides, oxazolidinones, aminoglycosides,β-lactams, quinolones, macrolides, and tetracyclines (Welsh et al., 2013). Before the discovery of the treatment, the mortality rate of pulmonary nocardiosis was reported close to 100%, which was much higher than that of other bacterial infections (Brown-Elliott et al., 2006). Among the above various antibiotics, sulfonamides and linezolid are both frequently used. Sulfonamides have been first discovered as the treatment for nocardiosis in the 1940s and have been administrated as the first-line treatment (Edward P. Benbow et al., 1944). Trimethoprim-sulfamethoxazole (TMP-SMX) is the combination of trimethoprim and sulfamethoxazole and becomes an effective treatment (Wilson, 2012). Linezolid can conduct a good effect in clinical practice, especially in disseminated and central nervous system (CNS) nocardiosis (Moylett et al., 2003). Drug resistance also exists in Nocardia (Welsh et al., 2013). In our study, 15 patients were treated with TMP-SMX and 7 patients were treated with linezolid. Among them, 6 patients received both TMP-SMX and linezolid. Combination therapy of at least two antibiotics is recommended in disseminated nocardiosis (McNeil and Brown, 1994b; Ambrosioni et al., 2010). Compared with immunocompetent patients, immunosuppressed nocardiosis patients may associate a the more severe condition and poorer outcomes (Steinbrink et al., 2018). As a result, the recommended treatment duration for immunosuppressed nocardiosis individuals should last at least 12 months, and treatment for immunocompetent individuals is suggested to be 6-12 months (Wilson, 2012).

Until 2017, 92 Nocardia species have been recognized and 54 of them have been proved to be associated with clinical diseases (Conville et al., 2017). N. asteroides was reported as the main pathogenic taxonomy (Conville et al., 2017). A study investigated clinical features of Nocardia in 7 cities in China between 2009-2017 and reported the majority species as N. farcinica, followed by N. cyriacigeorgica (Huang et al., 2019). In our study, mNGS detected N. abscessus and N. cyriacigeorgica the most, followed by N. farcinica. Whether every clinical detection of Nocardia requires the species level remains unknown. However, it is worth noting that different Nocardia species may develop various phenotypic characteristics and drug sensitivities (Brown-Elliott et al., 2006; Derungs et al., 2021). Traditional methods usually are unable to identify Nocardia species. It is also worth noting the molecular techniques 16S rRNA–based polymerase chain reaction (PCR), with high specificity and sensitivity, can also be used to identify Nocardia (Couble et al., 2005; Rouzaud et al., 2018b). However, 16S rRNA PCR only detects one pathogen at a time. In addition, all samples submitted for 16S rRNA PCR require clinicians to make a pre-consideration for the pathogen, which is unfavorable for infections with atypical clinical manifestations and laboratory examination (Weng et al., 2020). Nevertheless, as a new approach with advantages in detecting infectious pathogens, mNGS can identify Nocardia to the species level, assisting in the typical treatment.

For the comparison of characteristics between survivors and non-survivors, no significant difference was found in age and underlying diseases between non-survivors and survivors. In addition, Nocardia infection sites of non-survivors did not differ from the survivors. A significant difference in the number of infectious species was noticed between survivors and non-survivors. Univariate and multivariate regression analysis discovered that number of infectious species was an independent prognostic risk factor. More infectious species were associated with poor prognosis in nocardiosis patients. Similar results were reported in hematological malignancies. Polymicrobial pulmonary infection is associated with high mortality nearly 50% (Hardak et al., 2016). To our knowledge, no existing research reported the prognosis and outcome of nocardiosis patients with infectious species numbers.

In this research, mNGS detected 9 out of the total 18 patients with mixed infections, outperforming the culture which only detected one species at a time. Previous studies have proved that mNGS is more sensitive than conventional methods in the detection of mixed infections, which was consistent with our study (Wang Jiahui and Feng, 2019; Fang Xiaowei et al., 2020; Chen et al., 2021). mNGS could detect mixed infections in one single test, prompting the clinical diagnosis and medication. We argue in favor of early mNGS in nocardiosis, to early identify the mixed infections and provide clinical warning, which may be a key step for improving patients’ outcomes.

It cannot be ignored that the sample size was small in our study (n=18). The small sample size might be attributed to the limited incidence of nocardiosis. Furthermore, as a new technology, mNGS has only recently been implemented in our hospital. We tried to incorporate all of the samples that met the inclusion criteria, and as a result, we included various sample types. Falsely negative error may occur due to the small sample (Faber and Fonseca, 2014). Rigorous statistical methods are needed in studies with smaller sample. Even so, small sample sizes may lead to more complex statistical problems in practical analyses. Therefore, our conclusions need to be verified in a larger sample size. Appropriate sample sizes should be estimated through sample size calculations to obtain accurate conclusions (Nayak, 2010). Another limitation was that as a retrospective study, antibiotic usage and patients’ clinical history might be not very accurate.



Conclusion

In this study, we evaluated the clinical characteristics and infection status of nocardiosis patients who were positive for mNGS and clinically diagnosed as nocardiosis. We discovered that TATs of mNGS were faster than that of microbiological culture. Furthermore, mNGS outperformed culture in detecting mixed infections, and nocardiosis patients with mixed infections developed a higher risk of death. As a result, we believe that mNGS facilitates the early identification of pathogens, particularly mixed infections, which may be favorable to the prognosis of nocardiosis patients. Although the conclusion should be verified in the former study with an appropriate sample size.
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Background

Spontaneous bacterial peritonitis (SBP) is a severe infection in cirrhotic patients that requires early diagnosis to improve the long-term outcome. Alterations in the gut microbiota have been shown to correlate with the development and progression of liver cirrhosis. However, the relationship between SBP and gut microbiota remains unknown.



Methods

In this study, we applied 16S rRNA pyrosequencing of feces to ascertain possible links between the gut microbiota and SBP. We recruited 30 SBP patients, 30 decompensated cirrhotic patients without SBP (NSBP) and 30 healthy controls. Metagenomic functional prediction of bacterial taxa was achieved using PICRUSt. 



Results

The composition of the gut microbiota in the SBP patients differed remarkably from that in the NSBP patients and healthy individuals. The microbial richness was significantly decreased, while the diversity was increased in the SBP patients. Thirty-four bacterial taxa containing 15 species, mainly pathogens such as Klebsiella pneumoniae, Serratia marcescens and Prevotella oris, were dominant in the SBP group, while 42 bacterial taxa containing 16 species, especially beneficial species such as Faecalibacterium prausnitzii, Methanobrevibacter smithii and Lactobacillus reuteri, were enriched in the NSBP group. Notably, we found that 18 gene functions of gut microbiota were different between SBP patients and NSBP patients, which were associated with energy metabolism and functional substance metabolism. Five optimal microbial markers were determined using a random forest model, and the combination of Lactobacillus reuteri, Rothia mucilaginosa, Serratia marcescens, Ruminococcus callidus and Neisseria mucosa achieved an area under the curve (AUC) value of 0.8383 to distinguish SBP from decompensated cirrhosis.



Conclusions

We described the obvious dysbiosis of gut microbiota in SBP patients and demonstrated the potential of microbial markers as noninvasive diagnostic tools for SBP at an early stage.
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Introduction

Spontaneous bacterial peritonitis (SBP) is a severe complication in patients with liver cirrhosis, and it is also an important cause of acute decompensated cirrhosis, with a 1-year mortality of up to 66% (Haderer et al., 2022). As the most common infection of end-stage liver diseases, the prevalence of liver cirrhosis has given rise to a rapidly increasing number of SBP cases, which may deteriorate into septic shock and multisystem organ failure apace, but patients could survive with early antimicrobial therapy. However, due to asymptomatic clinical symptoms in the early stage and a lack of noninvasive screening methods, over half of the patients have advanced-stage disease at their initial diagnosis, losing the opportunity for timely intervention (Marciano et al., 2019).Therefore, it is urgent to create a sensitive and accurate method for SBP screening in the early phase.

The gut and liver are closely linked anatomically and functionally, forming the so-called gut-liver axis, which means blood, rich in various foreign substances absorbed by intestine and metabolites of intestinal microorganisms, is recycled by the hepatic portal vein to be processed by the liver directly; reciprocally, the liver performs significant functions by enterohepatic circulation in the gut. Nevertheless, gut microbiota dysbiosis is one of the crucial causes of bacterial translocation (BT) resulting from pathologic crosstalk within the gut-liver axis, which in turn can interfere with major events of the pathophysiological cascade underlying decompensated cirrhosis (Marciano et al., 2019). The change in gut microbiota in liver cirrhosis patients has been widely studied. Our previous study revealed that Veillonella, Streptococcus, Clostridium and Prevotella were enriched in liver cirrhosis patients (Qin et al., 2014). Altered gut microbiota was associated with the progression of liver cirrhosis and became more severe in the decompensated stage (Bajaj et al., 2014). However, gut microbiota changes in SBP patients and the role of gut flora in the progression of SBP have not been fully revealed.

To date, a considerable number of studies about the application of gut microbiota as diagnostic biomarkers for liver diseases such as liver cirrhosis, autoimmune hepatitis and hepatocellular carcinoma (HCC) have been published (Qin et al., 2014; Ren et al., 2019; Rao et al., 2021) but have not addressed SBP. The present research evaluated the altered gut microbiota in SBP patients and the possible relationship between the gut microbiota and disease progression, and explored a specific gut microbiota profile as a biomarker panel and redound to establish a noninvasive diagnostic model in screening for SBP at an early stage.



Methods


Participant recruitment

All included patients were diagnosed with liver cirrhosis with ascites, with or without SBP, and were recruited from the Zhuji People's Hospital from January 1 to December 30, 2020. Each cohort in SBP or NSBP consisted of 30 patients, and 30 age- and gender-matched healthy controls were also recruited. The diagnosis of cirrhosis was based on clinical, biochemical, radiological (ultrasonography), and endoscopic findings (presence of varices) or liver histology. The diagnosis of SBP was based on a polymorphonuclear (PMN) cell count of 250 or more per cubic mm or culture positivity of ascitic fluid (European Association for the Study of the Liver, 2018). The inclusion criteria were the presence of decompensated liver cirrhosis and ascites fluid. The exclusion criteria were upper gastrointestinal bleeding, intake of antibiotic therapy in the previous 2 weeks, hepatocellular carcinoma, other associated causes of ascites (such as tubercular or malignant ascites), and severe cardiopulmonary or renal complications. This study was approved by the National Health Commission of China and the Ethics Commission of the Zhuji People's Hospital. Written informed consent was obtained from all participating patients.



Laboratory confirmation

The demographics and clinicopathological data of participants were collected from hospital electronic medical records and direct interviews. All laboratory tests were performed according to the clinical care needs of the patients. Complete blood counts, coagulation profiles, inflammatory indices, including C-reactive protein (CRP) and procalcitonin (PCT), and serum biochemical parameters, including renal and liver function, creatine kinase, ammonia, inflammatory cytokines, lymphocyte count, and immunoglobulin, were tested for all patients at admission.



Fecal sample collection, genomic DNA extraction, and 16S rRNA sequencing

All 90 fecal samples were collected from participants at admission, immediately frozen using liquid nitrogen, and stored at –80°C for subsequent work. First, total genomic DNA was extracted from the samples using the CTAB/SDS method. DNA concentration and purity were measured on 1% agarose gels. Based on the initial concentration, DNA was diluted to 1 ng/μL using sterile water. Second, 16S rRNA genes of distinct regions (16S V3-V4) were amplified using specific primers with barcodes. All PCRs were carried out with 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM forward and reverse primers, and approximately 10 ng of template DNA. Thermal cycling consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s. Finally, the samples were incubated at 72°C for 5 min. The same volume of 1X loading buffer (containing SYBR green) was mixed with PCR products, and electrophoresis was performed on a 2% agarose gel for detection. PCR products were mixed in equidensity ratios. Then, the PCR products were purified with a Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following the manufacturer’s recommendations, and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq platform, and 250 bp paired-end reads were generated. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, accession ID: PRJNA861246.



Pyrosequencing data bioinformatics analysis

Paired-end reads were assigned to samples based on their unique barcode and then truncated by cutting off the barcodes and primer sequences. After assembly, chimeric sequences were removed using Usearch software based on the Uchime algorithm (Edgar et al., 2011). Sequence analysis was performed by UPARSE software (UPARSE v7.0.1001). Sequences with ≥97% similarity were assigned to the same OTUs. Representative sequences for each OTU were screened for further annotation. For each representative sequence, the Silva Database was used based on the Mothur algorithm to annotate taxonomic information. Furthermore, to study the phylogenetic relationships of different OTUs and the differences in the dominant species in different samples (groups), multiple sequence alignments were conducted using MUSCLE software (Version 3.8.31). OTU abundance information was normalized using a standard sequence number corresponding to the sample with the fewest sequences.

Alpha diversity and beta diversity were calculated with QIIME (Version 1.7.0) and visualized with R software (Version 2.15.3). The gene functions of the gut microbiota and the 16S rRNA gene sequences in Kyoto Encyclopedia of Genes and Genomes (KEGG) were predicted by PICRUSt. A random forest model by R 3.4.1 software was constructed for distinguishing between the SBP and NSBP groups, and the 10 most predominant genera were selected as candidate biomarkers based on importance values.



Statistical analysis

Statistical analysis was performed using SPSS version 20.0 (SPSS Inc.). For most variables, descriptive statistics such as median with interquartile range (IQR; for data with skewed distribution) and proportion (%) were calculated. The Mann−Whitney U test was used to compare normally distributed variables; otherwise, one-way ANOVA followed by the Student-Newman−Keuls method was used. The Wilcoxon rank sum test combined with the Benjamini−Hochberg method was applied to compare bacterial taxa. Correlations between variables were computed using the Spearman rank correlation. The values are presented as the mean ± SEM if normally distributed; otherwise, the values are presented as the median (25th and 75th percentiles). P < 0.05 was considered significant.




Results


Patient characteristics

A total of 90 participants were recruited in this study, including 30 SBP patients and 30 NSBP patients with 30 gender- and age-matched healthy controls. The demographic and clinical characteristics of SBP or NSBP patients are summarized in Table 1. Both groups of patients were mainly elderly, with an average age of more than 60 years old. The median number of PMNs in SBP patients was 620, which was significantly higher than that in the NSBP group. Other baseline characteristics, such as liver function, inflammatory indices and lymphocyte count, were similar in both groups. Of note, most patients belonged to Child−Pugh class B (40%) and C (56.6%) with a high mean MELD score. Liver function indices, such as total bilirubin (TB), g-glutamyltransferase (GGT), aspartate aminotransferase (AST), alkaline phosphatase (ALP) and alanine aminotransferase (ALT), were significantly increased in SBP or NSBP patients compared with healthy controls (P < 0.01), as were the inflammatory indices CRP and PCT (P < 0.01).


Table 1 | Clinical characteristics of patients.





Gut microbial diversity and richness analysis in SBP patients

The specaccum species accumulation curve tended to be flat, indicating that nearly all species in the community were observed, which proved that the sample size was sufficient (Figure 1A). Compared with that of the controls, gut microbial richness, which was calculated by the observed species and the Chao1 index, was significantly decreased in SBP and NSBP patients (P < 0.001, Figure 1B). No significant difference was observed between SBP and NSBP patients in terms of microbial richness. In addition, both the Shannon index and Simpson index illustrated that the SBP patients were characterized by higher microbial community diversity than the healthy controls (P < 0.05). However, the overall microbial diversity was not significantly different between the NSBP patients and the controls. The details of the indices above are listed in Supplementary Table 1. This finding suggests that decompensated cirrhosis patients, with or without SBP, have obvious gut microbiota changes, which appear to be greater in patients with SBP.




Figure 1 | Comparison of the microbial richness and diversity in the SBP, NSBP and control groups (N = 30). (A) Specaccum species accumulation curves indicated a sufficient sampling size. (B) Compared with the control, microbial richness, which was calculated by observed species and Chao1, was significantly decreased in both SBP and NSBP patients (P < 0.001). Microbial diversity, which was characterized by the Shannon index and Simpson index, was significantly increased in SBP patients. No significant difference was observed between the SBP and NSBP groups (P > 0.05). The details of the indices above are listed in Supplementary Data S1. *P < 0.05 and **P < 0.01 vs. control in the SBP or NSBP group.





Compositional analysis of SBP and NSBP microbial clusters

To display the difference in bacterial communities between samples, beta diversity was calculated through nonmetric multidimensional scaling (NMDS) analysis and principal coordinate analysis (PCoA). The NMDS and PCoA analysis of unweighted UniFrac, which measured the phylogenetic similarities between microbial communities, showed a marked difference between the SBP or NSBP group and the control group (ANOSIM; SBP vs. control, R=0.48, P=0.001; NSBP vs. control, R=0.44, P=0.001; Figure 2A). In addition, the microbial structure of the SBP group showed a distinct trend from that of the NSBP group (ANOSIM; SBP vs. NSBP, R=0.03, P=0.062; Figure 2B). The average proportion of Bacteroidota, Proteobacteria, Firmicutes, Fusobacteria and Actinobacteria in the SBP and NSBP groups was up to 90% at the phylum level (Figure 2C). Furthermore, significant divergences of those five main phyla were observed between the SBP or NSBP groups and the control group. Most of the OTUs in the SBP and NSBP groups were similar, and 994 of the 1426 OTUs were shared between the SBP and NSBP groups by a Venn diagram (Figure 2D). Notably, 205 of 1426 OTUs were unique to SBP. Despite the highly diverse bacterial communities and interindividual differences, as shown in the heatmap of the relative abundances of the discrepant OTUs in each group (Figure S1), the intestinal microbial community of the cirrhotic patients were clearly affected by SBP.




Figure 2 | Comparisons of beta diversity in the SBP, NSBP and control groups (N = 30). A significant difference was found between the SBP group and the control group or the NSBP group and the control group by (A) NMDS analysis and (B) PCoA. No significant difference but a trend was found between the SBP and NSBP groups (ANOSIM; SBP vs. Control, R = 0.48, P = 0.001; NSBP vs. Control, R = 0.44, P = 0.001; SBP vs. NSBP, R = 0.03, P = 0.062). (C) Hierarchical clustering of different groups using Bray−Curtis dissimilarity indices at the phylum level by the unweighted UniFrac distances. (D) A total of 994 of the 1426 OTUs were shared between the SBP group and NSBP group by a Venn diagram. NMDS, nonmetric multidimensional scaling; PCoA, principal coordinate analysis.





Comparisons of the gut microbiome in SBP and NSBP patients

Statistical taxonomic analysis at the phylum and genus levels was carried out, and the average abundance of phyla and genera in groups was compared. As shown in the stacked bar plot at the phylum level, the bacterial phyla Bacteroidota, Proteobacteria, Firmicutes, Fusobacteria and Actinobacteria were the predominant taxa that made a difference in the three groups (Figure 3A). The group stacked bar plot at the genus level was also constructed (Figure 3B). Likewise, 15 genera, including Escherichia-Shigella, Bacteroides, Fusobacterium, Faecalibacterium, Enterococcus, Prevotella and Akkermansia, accounted for over 50% of the taxa among the samples in all groups. We adopted metastat analysis to measure the relative abundances of the significant bacteria at the phylum and genus levels among the 3 groups and presented the distribution of the OTUs identified as key variables by heatmaps. At the phylum level (Figure 3C), the relative abundances of the phyla Bacteroidota and Desulfobacterota significantly decreased in the control group compared with their relative abundances in the SBP and NSBP groups (P < 0.01). The relative abundances of the phyla Firmicutes, Actinobacteriota and Acidobacteriota were highest in the control group (P < 0.01). No significant difference was found between the SBP and NSBP groups at the phylum level. Meanwhile, at the genus level (Figure 3D), the healthy control group possessed the highest abundance of the genera Ruminococcus, Blautia, Peptoclostridium and Clostridium_sensu_stricto but the lowest quantity of the genera UBA1819, Parabacteroides, Veillonella, Enterococcus, Acinetobacter, Bacteroides, Serratia, Lachnoclostridium and Rikenellaceae_RC9_gut_group (P < 0.01). Notably, the SBP group had a relatively higher average abundance of the genera Pantoea (P < 0.05), Serratia (P < 0.01) and Klebsiella (P < 0.01) but a lower average abundance of the genus Ruminococcus torques_group (P < 0.05) than the NSBP group.




Figure 3 | Composition and comparison of the gut microbiome in the SBP, NSBP and control groups. (A) The phylum-level and (B) genus-level composition diagrams show the composition characteristics of the different groups of gut microbiomes. Heatmap showing the abundance distribution of the OTUs identified as key variables among different groups. Metastat analysis showing the relative abundances of the significant bacteria at (C) the phylum level and (D) the genus level in patients compared with each group. We used the Wilcoxon rank-sum test to evaluate whether the difference in relative abundance was significant (dark red rhombus indicates P < 0.05; bright red rhombus indicates P < 0.01).



LEfSe was used to determine and distinguish the composition of the gut microbiome between the SBP and NSBP groups. The phylogenetic relationship between the two groups is shown in the phylogenetic tree with a cladogram to demonstrate the predominant taxa distribution associated with SBP (Figure 4A). Different taxa were further extracted and shown on a bar plot, which only presented significantly different species between the two groups with LDA scores greater than the preset value of 2 (Figure 4B). The length of the bar graph indicates the degree of influence of species that differ significantly between groups. The results revealed 34 taxa of the gut microbiome, including Gammaproteobacteria, Proteobacteria, Enterobacterales, Klebsiella, Serratia, Acinetobacter, and Moraxellaceae, which were extremely enriched (LDA>3) in the SBP group. For the NSBP group, 42 kinds of microbial biomarkers, including Oscillospirales, Clostridia, Faecalibacterium prausnitzii, Ruminococcus torques group, Methanobrevibacter smithii and Lactobacillus reuteri, were the predominant flora (LDA>3).




Figure 4 | LEfSe and LDA analysis based on OTUs characterized the microbiome between the SBP and NSBP groups. (A) The cladogram shows the phylogenetic relationship between themicrobial taxa that were higher in the SBP patients than in the NSBP patients. (B) LDA scores showed significant bacterial differences between the SBP and NSBP groups. Only the taxa meeting a significant LDA threshold value of >2 are shown. Red indicates the NSBP group, and green indicates the SBP group. LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size.





Microbial gene function analysis in SBP patients

We used the PICRUSt tool to predict the abundances of functional categories of the KEGG ortholog (KO) based on closed-reference OTU picking to identify the metabolic and functional changes in the gut microbiota among all groups. A total of 35 pathways at level 2 with clearly differential abundances between SBP or NSBP patients and the controls are shown in the heatmap generated with the Z score (Figure 5A). There were 10 kinds of gene functions certified to be dominant in the control group, including membrane transport, xenobiotic biodegradation and metabolism, cell growth and death, translation, amino acid metabolism, cell motility, enzyme families, transcription, genetic information processing, and environmental adaptation. In addition, 18 pathways at level 3 were identified with significantly different abundances between SBP patients and NSBP patients(Figure 5B). Specifically, glycolysis/gluconeogenesis, pyruvate metabolism, aminoacyl-tRNA biosynthesis, valine, leucine and isoleucine biosynthesis, histidine metabolism, and thiamine metabolism showed higher activity in SBP-associated gut microbiota, while membrane and intracellular structural molecules, ion channel pores, lipopolysaccharide biosynthesis proteins, glycosyltransferases, ascorbate and aldarate metabolism and metabolism of cofactors and vitamins showed prominently decreased activity in the SBP-associated gut microbiota. Collectively, these data indicate that microbial functional dysbiosis may participate in the pathogenesis and development of SBP.




Figure 5 | Heatmap visualizing the hierarchical clustering of the most significantly altered metabolites and metabolites related to the important pathways. (A) Top 35 most significant pathways identified from the KEGG pathway analysis of the significantly altered metabolites between the SBP group and NSBP group. The red (positive z score) and blue (negative z score) colors represent upregulation and downregulation, respectively. (B) Comparison of the most significant metabolic pathways between the SBP and NSBP groups. P < 0.05 is shown in the figure.





Correlation analysis between differential bacterial species and clinical characteristics

The top 10 relative abundances of bacterial species were selected for correlation analysis with the clinical characteristics in SBP patients by the Spearman rank test (Figure 6). Notably, the abundance of Escherichia coli (9.8%) was positively correlated with WBC (P=0.02, r=0.30), CD4 count (P=0.03, r=0.31), CD8 count (P=0.01, r=0.36), CD45 count (P<0.01, r=0.37), PT (P=0.04, r=0.26), CTP (Child-Turcotte-Pugh) score (P=0.01, r=0.33) and MELD score (P=0.02, r=0.31). The abundance of Faecalibacterium prausnitzii (5.2%) decreased in SBP patients and was negatively correlated with WBC (P=0.02, r=-0.30), CRP (P=0.03, r=-0.29), PCT (P<0.01, r=-0.43), TB (P=0.04, r=-0.26), and CTP scores (P<0.01, r=-0.43). Moreover, the species Clostridioides difficile (1.1%) showed converse correlations with liver function, such as the levels of ALT (P=0.04, r=-0.26) and AST (P=0.02, r=-0.30). The abundance of Bacteroides vulgatus (11.8%) in the SBP patients was negatively correlated with the level of PCT (P<0.01, r=-0.38). The altered gut microbial profiles and their related host immunity and inflammation may actively participate in the pathophysiology of SBP.




Figure 6 | Associations between gut microbiomes and clinical indices of decompensated cirrhosis patients in SBP and NSBP groups. Distance correlation plots of the relative abundance of 10 species and clinical indices. Positive values (red) indicate positive correlations, and negative values (blue) indicate inverse correlations. Those correlations with a coefficient r < 0.25 are deleted and not shown in this figure. The color key and circle size indicate the strength of the correlation (r value).





Diagnostic potential of SBP based on gut microbial markers

Based on the obvious change in the structure and composition of the gut microbiota between the SBP and NSBP groups, a random forest classifier model was constructed to assess the potential of gut microbial markers as a noninvasive diagnostic tool for SBP. The combination of five OTU-based biomarkers, Lactobacillus reuteri, Rothia mucilaginosa, Serratia marcescens, Ruminococcus callidus and Neisseria mucosa, were selected as the optimal set to distinguish the differences between 30 SBP patients and 30 NSBP patients. The probability of disease (POD) index was calculated using the data from the 5 selected microbial markers, and was significantly higher in SBP patients than in NSBP patients (Figure 7A). Of greater significance, in regard to the receiver operating characteristic (ROC) curve for the evaluation of the constructed models, the POD index reached an area under the curve (AUC) of 0.8383 with a 95% confidence interval (CI) of 0.7216–0.9549 (p < 0.0001, Figure 7B). When other diagnostic models of combinations with more or fewer bacterial species were constructed, the AUC value did not improve (Figures 7C, D). The data indicated that the classifier model based on the 5 specific microbial markers displayed powerful diagnostic potential in distinguishing SBP from decompensated cirrhosis patients.




Figure 7 | Gut microbiome as a noninvasive diagnostic model for SBP by the random forest model. (A) The POD value was significantly increased in SBP versus NSBP patients with a combination of five species. (B) The POD index achieved an AUC value of 83.8% with a 72.2% CI to 95.5% between SBP and NSBP patients. (C) ROC curve analysis in the SBP and NSBP cohorts combined to evaluate the classification ability of gut microbiome markers in predicting different groups. The combination of Lactobacillus reuteri, Rothia mucilaginosa, Serratia marcescens, Ruminococcus callidus and Neisseria mucosa reached a higher AUC value as the optimal biomarker. (D) Random forest classifier measured the importance of variable markers in the prediction of results. The mean decrease in accuracy for flora combinations of 3, 5, 10 and 20.






Discussion

SBP is a severe complication in patients with decompensated liver cirrhosis that requires rapid and accurate antibiotic treatment to improve clinical outcomes. Bacterial translocation (BT) from the gut to the mesenteric lymph nodes is recognized as a major mechanism for the pathogenesis of SBP (Haderer et al., 2022). Previous studies have confirmed that the gut microbiome is profoundly altered with relative overexpression of pathological species and loss of some keystone taxa in patients with cirrhosis (Qin et al., 2014). Moreover, gut microbiota dysbiosis is more pronounced in decompensated cirrhotic patients accompanying cirrhosis progression (Bajaj et al., 2014). The presence of bacterial DNA in ascites translocated from the intestine was directly associated with poor clinical outcomes in SBP patients (Fagan et al., 2015). This study demonstrated that an evident imbalance of the gut microbiome exists in SBP patients. Meanwhile, in contrast to NSBP patients with decompensated liver cirrhosis, the composition and structure of the gut microbiota was unique in SBP patients.

Based on the microbial composition of SBP patients, gut microbial richness in SBP and NSBP patients was significantly decreased compared to that in healthy controls. Consistent with our previous study, gut gene richness was much lower in patients with liver cirrhosis than in healthy individuals (Qin et al., 2014). This difference may be more pronounced because the cohort we enrolled this time consisted of only patients with decompensated cirrhosis. The loss of gut microbial richness was characterized by more overall adiposity and a significant inflammatory phenotype associated with obesity and ulcerative colitis (Le Chatelier et al., 2013; Wan et al., 2022). Surprisingly, the gut microbial diversity was higher in SBP patients than in healthy individuals. In previous studies of cirrhosis-related microbiota, no significant difference in bacterial diversity was found (Chen et al., 2011; Qin et al., 2014; Lv et al., 2016). Although gut microbial diversity tends to decrease in the majority of diseases, it is increased from cirrhosis to early HCC (Ren et al., 2019). We proposed that at the early stage of liver disease or infection, the microbial diversity may increase at first accompanied by enrichment of the more pathogenic bacteria.

The dysbiosis of gut microbiota in different digestive system diseases, such as CRC, HCC, and Inflammatory bowel disease (IBD), was characterized by their unique alteration of microbial composition. In this study, it was proven through NMDS and PCoA that there was a separated trend in communities of gut microbiota between SBP and NSBP patients. The difference in microbial composition of SBP patients was more obvious when compared to the HCs than the NSBP patients, indicating that the SBP microbiome has a more serious imbalance. Based on the LefSe and LDA score, 34 bacterial taxa, including 15 species, were dominant in the SBP group, while 42 microbial biomarkers containing 16 species were enriched in the NSBP group. Among them, some pathogenic bacteria, such as Klebsiella pneumoniae, Serratia marcescens, and Prevotella oris, were extremely enriched in SBP patients. Gram-negative bacteria were the main etiological agent of SBP, and K. pneumoniae was the most common cause, second only to Escherichia coli (European Association for the Study of the, L, 2010). K. pneumoniae may translocate from the intestine to cause liver infection (Lin et al., 2013). Clinical outcomes of SBP due to ESBL-producing K. pneumoniae are confirmed to be worse, with 30-day mortality rates ranging between 40 and 67% (Cheong et al., 2009; Kim et al., 2014). Consistent with another study, the gut microbiota of most septic patients was dominated by Klebsiella, indicating that the pathogens causing secondary infection in septic patients might originate from the intestinal colonization of pathogens (Mu et al., 2022). S. marcescens is also a common clinical infectious microorganism that causes septicaemia, pneumonia, urinary tract infection, endocarditis and arthritis acquired both in the community and the hospital (Su et al., 2003). In SBP patients, S. marcescens was more likely to lead to the invasion of the peritoneal cavity due to the weakened local resistance of the intestinal mucosa and imbalance of gut microbiota (Jimi et al., 1981). P. oris is an anaerobic bacterium mainly involved in oral cavity infections and leads to systemic infectious lesions such as empyema, cervical spinal epidural abscesses, and meningitis (Sato and Nakazawa, 2014). A case of septic shock caused by P. oris of hepatic origin was reported, which indicated its high virulence (Cobo et al., 2022). Correspondingly, some beneficial bacterial taxa were decreased in SBP patients, such as Faecalibacterium prausnitzii, Methanobrevibacter smithii and Lactobacillus reuteri. The species F. prausnitzii has been demonstrated to have a lower abundance in patients with liver cirrhosis than in healthy people, and is associated with the regression of acute-on-chronic liver failure (ACLF) (Wang et al., 2021; Chen et al., 2021). F. prausnitzii is the main butyrate-producing bacterium, and its short-chain fatty acid (SCFA) metabolites have an important anti-inflammatory effect on the intestine and liver (Lee et al., 2020). M. smithii is the dominant methanogen in the gut and can conserve energy through methanogenesis (Catlett et al., 2022). A decrease in M. smithii in gut communities was associated with IBD (Ghavami et al., 2018). L. reuteri serves as a probiotic to modulate periodontal parameters and subgingival biofilm dysbiosis by resolving inflammation and by reducing the molecular mediators associated with bone loss (Salinas-Azuceno et al., 2022). Furthermore, L. reuteri treatment was shown to protect liver function and recover liver superoxide dismutase concentrations in mice fed a Paigen atherogenic diet (Wang et al., 2022). Therefore, our study suggested a reduction in beneficial bacterial taxa accompanied by a significant increase in potential pathogens in SBP patients leads to a more obvious dysbiosis of gut microbiota, resulting in disruption of intestinal barrier function and bacterial translocation.

In this study, gene functions such as glycolysis/gluconeogenesis, pyruvate metabolism and aminoacyl-tRNA biosynthesis enriched in SBP patients were associated with energy metabolism, while the synthesis of functional substances that maintain cell structure and beneficial substances such as cofactors and vitamin metabolism were insufficient in SBP patients. These alterations in gene functions convincingly showed the potential influence of gut microbiota on metabolism in SBP patients, which indicated their contribution to the development of the disease (Engelmann et al., 2021). Recent advances have demonstrated a prevailing metabolic alteration in decompensated cirrhosis, especially in energy metabolism characterized by reduced oxidative glucose metabolism in the mitochondria and increased extramitochondrial glucose utilization through glycolysis (Moreau et al., 2020).

In addition, we analyzed the correlation between clinical indicators reflecting the severity of SBP disease and gut microbiota and found that the abundance of F. prausnitzii was negatively correlated with WBC, CRP, PCT, TB and CTP scores. The abundance of E. coli was positively correlated with WBC, CD4 count, CD8 count, CD45 count, PT, CTP score and MELD score. This finding provides theoretical support for the current clinical supplementation of probiotics or preventive use of antibiotics in SBP patients (Fernandez et al., 2016; Marciano et al., 2019). Although leukocyte esterase reagent strips (LERS) appeared to have a notable overall performance alternative to the cell count for the detection of SBP, there is currently a lack of non-invasive diagnostic method for SBP (Patel et al., 2022). Notably, five optimal microbial markers for SBP were identified by the random forest model. The microbial marker-based classifiers displayed a strong diagnostic potential in distinguishing SBP from decompensated cirrhotic patients with ascites. Early diagnosis and treatment for SBP in cirrhotic patients is critical to reduce mortality. Therefore, this study has important clinical application value in noninvasive diagnosis realized by the microbial mode for SBP.

Our study has some limitations. First, the study had a single-center retrospective design and a relatively small sample size, which may have compromised its statistical power. Second, we did not have a validation group. As gut microbial diagnosis can be influenced by many factors, such as regional, dietary, and population-based factors, it will be improved with cross-regional validation. Third, this study illuminated the characteristics of SBP and NSBP patients, but it cannot prove the causality between the imbalanced microbiota and the prognosis of the disease. More animal experiments and clinical trials are needed in the future.



Conclusion

Our study suggests that the composition of the gut microbiota differs between SBP patients and NSBP patients. The dysbiosis of gut microbiota in SBP patients was more severe, with increased intestinal pathogenic bacteria and decreased beneficial bacterial taxa associated with disease severity. Five distinguished bacterial taxa have potential as biomarkers for SBP diagnosis in patients with decompensated cirrhosis. The random forest model achieved an accuracy of 83.83% with the combination of Lactobacillus reuteri, Rothia mucilaginosa, Serratia marcescens, Ruminococcus callidus and Neisseria mucosa.
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Post-treatment apical periodontitis (PoAP) occurs when root canal treatment has not adequately eliminated bacterial invasion and infection. Yet little is known about the bacterial composition and changes related to the etiology and pathogenesis of PoAP. In this study, clinical samples classified as root apex (HARD) and periapical granulation tissues (SOFT) were separately collected from 10 patients with PoAP. The microbiota of each sample was characterized by 16S rRNA gene sequencing, and the obtained dataset was coanalyzed with 20 NCBI sequence read archive (SRA) datasets of healthy oral (HO) and primary apical periodontitis (PAP). We observed 2522 operational taxonomic units (OTUs) belonging to 29 phyla, and all samples shared 86.5% of the sequence reads. The OTUs affiliated with Bacteroidetes, Firmicutes, Proteobacteria, Fusobacteria, and Actinobacteria, were identified as core microbiota, which accounted for nearly 90% of 16S rRNA sequences in all samples. However, the principal coordinates analysis (PCoA) of the beta diversity demonstrated that the three periapical statuses have distinct microbial compositions. Compared with HO and PoAP, Actinomyces has a significantly increased abundance in PAP. The microbial diversities in PoAP were significantly lower than those in the HO and PAP (p<0.05). The relative abundance of most bacterial taxa was decreasing, except that Clostridia and Synergistia were increased. Furthermore, we explored the potential metabolic differences of the microbial communities by KEGG pathway prediction. We revealed that the microbiota of PoAP might have a more active metabolic capacity, including carbohydrate metabolism, energy metabolism, and enzyme cofactor/carrier biosynthesis (p<0.05). Our study revealed that invasion of opportunistic pathogens such as Clostridia and Synergistia might play a significant role in PoAP, thus guiding the further study of complex microbial-host interactions and the development of more effective diagnostic and therapeutic methods.
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Introduction

Apical periodontitis (AP) involves inflammatory destruction of periradicular tissues caused by a reaction of the host immune system to the presence of invaded microorganisms (in planktonic state or biofilms) or microbial products (Siqueira and Rôças, 2013; Shin et al., 2018). Root canal treatment is the most common method of treating AP. Post-treatment apical periodontitis (PoAP) occurs when root canal treatment has not adequately eliminated the infection, and its treatment represents a critical challenge in the clinic. According to numerous cross-sectional studies from various countries, the prevalence of PoAP in endodontically treated teeth is high, ranging from 24.1% to 53.5%, placing a heavy burden on medical resources (Liang et al., 2013; Di Filippo et al., 2014; Zhang et al., 2015). Furthermore, there is growing evidence that demonstrates associations between chronic apical periodontitis lesions and systemic diseases such as diabetes mellitus or cardiovascular diseases (Segura-Egea et al., 2015). Residual microbes that exist primarily in biofilms in the apical portion are thought to be the major cause of PoAP in properly treated cases (Nair, 2006). Consequently, it is necessary to uncover the pathogenic microorganisms and their functions associated with AP to clarify the disease process and provide a theoretical basis for more precise diagnosis and effective treatment.

Traditionally, bacteria have been studied using culture-based techniques, which rely on isolation, growth, and laboratory identification by morphological and biochemical tests. These studies revealed that in both acute and chronic AP, the microbiota is polymicrobial and predominantly anaerobic, harboring up to 12 species (Dahlén, 2017). Gram-positive and facultative anaerobic bacteria, such as Streptococcus, Enterococcus, Lactobacillus, Propionibacterium, and Actinomyces species, are considered the main persistent microorganisms in endodontically treated teeth (Molander et al., 1998; Chávez de Paz et al., 2003). However, researchers have shown that more than 50% of oral bacteria cannot be cultivated by routine laboratory techniques (Dewhirst et al., 2010). Thus, applying only cultural methods may lead to underestimating as-yet-uncultivated species (Zargar et al., 2020). Recently, the development of metagenomic sequencing has enabled us to gain increasing insight into the bacterial diversity of infected root canal systems. Some important periodontal pathogens, such as Tannerella forsythia, that have never been cultivated from infected root canals were detected in AP (Siqueira and Rôças, 2017). Furthermore, next-generation sequencing can aid in data analysis for thousands of different amplicons, rather than just individual or multiple samples, yielding enormous datasets, thereby offering more profound insight into AP (Park et al., 2020).

Microbial communities can vary their characteristics to adapt to environmental conditions for survival and maintenance (Clemente et al., 2012). Likewise, microbes could occupy different ecological niches with AP development, leading to dysbiosis, and exhibit qualitative and quantitative differences. For primary apical periodontitis (PAP), microorganisms typically colonize the pulp through caries lesions. While for PoAP, microorganisms are mainly located in the apical portion, resistant to the antimicrobial procedures and capable of enduring nutrient deprivation (Siqueira and Rôças, 2009). In a recent systemic review, Manoil et al. (2020) pointed out that all types of AP were correlated with a highly diverse microbiota. Yet the specific community distribution of each infection type remained controversial. Furthermore, due to the difficulty of microbial sampling in the apical portion niche, little is known about the pathogenesis of AP after root canal therapy. In recent years, the application of endodontic microsurgery in the treatment of PoAP has made it possible to obtain samples from the lesion area precisely. This paper explores the distinctive microbiota distribution from healthy oral to PoAP.

In this study, we use metagenomic analyses to characterize the differentiated composition of AP microbiotas at different stages, from healthy oral to PAP to PoAP. We also evaluated the differences in microbial metabolism in AP using KEGG annotation, providing a preliminary insight for further research on the complex microbial-host interaction and pathogenesis of AP.



Material and methods


Patient inclusion

The present study protocol was approved by the ethics board of Peking University Hospital of Stomatology, Beijing, China (no. PKUSSIRB-2013057). Patients with endodontically treated teeth that received endodontic microsurgery were included according to the following criteria from October 2019 to December 2020 at the Department of Cariology and Endodontics of the Peking University School of Stomatology.

The inclusion criteria were as follows:

	1) The treated teeth had adequate coronal restoration.

	2) True periapical lesions without involving the periodontal tissues (probing depth [PD] ≤ 3 mm).

	3) Written informed consent.



The exclusion criteria were as follows:

	1) A history of antibiotic use in the past 1 month.

	2) Vertical root fracture were identified during surgery.

	3) Resurgery teeth.





Sample collection

Samples were obtained directly from apical lesions during endodontic microsurgery. Briefly, patients were anesthetized using 4% articaine with 1:100,000 epinephrine (Primacaine; Acteon Pharma, Bordeaux, France). Sulcular or mucogingival incisions were chosen depending on the tooth type and esthetic requirements of the case. Osteotomy was established with sterile fissure burs (Lindemann H161 Burs; Brasseler USA, Savannah, GA) under the application of sterilized water for cooling. Then, the infected granulation tissue was removed by a new sterile curette, part of which was biopsied and the remainder was collected in sterile PBS for subsequent analysis (SOFT samples). The root tip that was perpendicular to the long axis of the tooth was sectioned and collected similarly (HARD samples). All clinical procedures were performed by endodontists with at least five years of relevant experience. Before and during sampling, the tissue flap was pulled by an assistant to prevent contamination.



DNA extraction and 16S rRNA gene amplicon sequencing

According to the manufacturer’s instructions, genomic DNA was extracted from oral samples using the DNeasy® Blood & Tissue Kit (Cat No. 69504, Qiagen). The extracted DNA was quantified using NanoDrop 2000 spectrophotometer (ThermoFisher Scientific, Wilmington, Delaware, USA) and diluted to 20 ng/µL. The V3-V4 regions of 16S rRNA genes were amplified with the 341F/805R primers (CCTACGGGAGGCAGCAG/GACTACHVGGGTATCTAATCC). For amplicon sequencing, libraries were prepared with MiSeq library preparation Reagent Kit v3 (Illumina, USA) and then sequenced on a NovaSeq 6000 Sequencer platform (Illumina, USA) by Genesky Biotechnology Inc. (Shanghai, China).



Data preparation and analysis

The raw sequencing reads of 16S rRNA genes of 10 unstimulated saliva samples from healthy oral (HO) conditions (SRA: DRP007410, submitted by Metabologenomics, Inc., Japan) and 10 infected dental pulp samples from primary AP (PAP) conditions (SRA: SRP121389, submitted by Institute Pasteur of Shanghai CAS, China) were downloaded from NCBI for further analysis. A total of 40 samples, including the 16S rRNA gene sequences from this study and the downloaded SRA datasets, were trimmed, and chimeric reads were filtered and assigned to operational taxonomic units (OTUs) at 97% identity using the UPARSE algorithm with USEARCH (Edgar, 2013). The taxonomy of each OTU was assigned using QIIME2 V2021.4 (Bolyen et al., 2019) with the SILVA132 database (Quast et al., 2018). The generated OTU table was normalized to 20,000 reads per sample used for the downstream analysis and visualization. Alpha and beta diversity indexes were calculated using the Vegan package in R (Oksanen et al., 2020). All color-scaled heatmaps were generated with the PHEATMAP R package (Kolde, 2019). Linear discriminant analysis (LDA) effect size (LEfSe) analysis was performed to identify taxa showing the most significant differences in microbial abundance between groups (Segata et al., 2011). Only taxa with LDA scores > 4.0 and p < 0.05 are shown. Pathway prediction for the oral microbiota of all samples was carried out with PICRUSt2. The normalized pathway abundance was visualized with a heatmap, and the discrepancy in significant pathways between groups was analyzed using Statistical Analysis of Metagenomic Profiles (STAMP) (Parks et al., 2014).



Statistical analysis

Based on the ANOVA F-value of Shannon diversity, the power and sample size calculation were performed using the pwr.anova.test() function in the R package pwr (Xia et al., 2018). The Kruskal-Wallis one-way analysis of variance by ranks and Bonferroni t-test were performed to analyze the alpha-diversity differences between different sample types. Permutational multivariate analysis of variance (PERMANOVA) statistical analyses and pairwise tests were conducted based on the unweighted UniFrac matrix, and values were obtained using type III sums of squares with 999 permutations of residuals under a reduced model. The nonparametric factorial Kruskal-Wallis sum-rank test was used to determine the differential abundance in LEfSe analyses. In addition, Spearman’s correlation analysis was performed to calculate the correlation coefficient between metabolites and bacteria. Welch’s t-test was executed in STAMP to analyze the predicted functions of bacteria. For all statistical analyses, p < 0.05 was considered statistically significant.




Results

The power analysis result showed that a sample size of more than 2 per group could provide more than 99% statistical power. Hense, a total of 10 patients (10 teeth) with a mean age of 35.5 years (range, 17-60 years) were enrolled in this cohort according to the inclusion/exclusion criteria. Clinical information was collected from the medical records and shown in Table 1


Table 1 | Clinical information of Included patients (n = 10).




Overview of sequencing analysis

A total of 3,794,105 raw read pairs were generated by Illumina sequencing of the 16S rRNA V3-4 amplicon libraries. After quality control, including the removal of singleton sequences and chimeras, 3,316,784 high-quality sequences remained, with an average length of 400 bases. The rarefaction curves indicated that the species representation in each sample had approached the plateau phase, and it was unlikely that more microorganisms would be detected with additional sequencing efforts. These high-quality sequences were clustered into 2522 OTUs by the UPARSE pipeline using a threshold of 97% identity.



Microbial community composition and structure succession analysis

A total of 29 phyla were detected across all samples, of which 12 phyla accounted for more than 99% of the entire microbial community, including Bacteroidota, Firmicutes, Proteobacteria, Fusobacteriota, Actinobacteria, Spirochaetota, Synergistota, Campilobacterota, Patescibacteria, Desulfobacterota, and Chloroflexi, as well as Nanoarchaeota belonging to Archaea. The relative abundance of microbial communities in different samples at the phylum level is shown in Figure 1. Among these phyla, Bacteroidota was the most abundant phylum, followed by Firmicutes, which together constituted more than 50% of the 32 samples. The relative abundance of Proteobacteria varied significantly in all samples, ranging from 0.1% to a maximum of over 89%. Other phyla, such as Verrucomicrobiota, Gemmatimonadota, and Halobacterota, constituted only a very small proportion (<1%) of the total microbial community.




Figure 1 | The phylogenetic profiling of microbiotas in healthy oral (HO), primary apical periodontitis (PAP), and persistent apical periodontitis (AP). Samples of persistent AP were classified into root apex (HARD) and periapical granulation tissues (SOFT). (A) Relative abundance of major microbial species at the phylum level. (B) Heatmap of relative abundance at the genus level.



According to the abundance heatmap at a detailed genus level (Figure 1), we can find that as the disease progressed, the relative abundance of some microbial taxa significantly decreased, such as Prevotella, Streptococcus, Neisseria, Veillonella, Rothia, TM7x and Capnocytophaga (Supplementary Figure 1), while Porphyromonas, Fusobacterium, Treponema, Tannerella gradually increase (Supplementary Figure 2D). Additionally, a relatively high abundance of Actinomyces was found in PAP samples (Supplementary Figure 2). When comparing the HARD and SOFT samples both from PoAP, it could be found that the relative abundance of Sphingomonas and Paracoccus significantly decreased in SOFT (Figure 2), whereas the abundance of Bulleidia, Corynebacterium increased (Figure 2).




Figure 2 | Microorganisms with significant difference between HARD and SOFT samples at the genus level. (*p < 0.05; ***p < 0.001).



Furthermore, Venn diagram analysis showed that most OTUs (86.5% of all sequence reads) were shared across all samples, and each type of sample also had its own specific taxa (Figure 3). Using LEfSe analysis, 51 microbial marker taxa that could distinguish HO samples from diseased samples were identified (LDA score > 4, Figure 3). Among them, Actinobacteria and Actinomycetes were especially prevalent in PAP samples, Synergistales were more frequently detected in HARD samples, while Anaerovoracaceae, Tissierellales and nodatum group were identified as microbial markers in SOFT samples. We also conducted LEfSe analysis to screen the potential biomarkers between HARD and SOFT. The results showed that the potential biomarkers of the SOFT were Bulleidia, Catonella, Granulicatella, etc. On the other hand, the potential biomarkers of the HARD were Sphingomonas, lwoffii, Aeromonadaceae, etc. (Figure 3).




Figure 3 | Distribution of the microbiota composition and biomarkers. (A) Venn diagram of the taxonomic distribution, the percentage under OTU numbers represent reads percentages of all sequencing data. (B-C) The result of linear discriminant analysis integrated with effect size (LEfSe). Microbial marker taxa with significant abundance differences among HO, PAP, HARD and SOFT (B) and between HARD and SOFT (C) (LDA > 3.5, p < 0.05).





Microbial richness and diversity analysis

Microbiota sequences were subsampled at 20,000 reads per sample prior to diversity assessments, resulting in a total of 38 samples meeting this threshold for further analysis. Microbial alpha diversity was assessed using three metrics: the observed OTUs (observed microbial richness), Chao1 index (estimated microbial richness), and Shannon diversity index (estimated evenness and richness). Compared to the HO and PAP samples, all diversity measures were decreased dramatically in the PoAP for both HARD and SOFT samples (Figure 4). Additionally, principal coordinates analysis (PCoA) of beta diversity was performed based on unweighted UniFrac distances. In the PCoA plot, a significant distinct microbiota pattern was observed within HO, PAP, and PoAP samples(Figure 4). On the other hand, the micerobiota of HARD and SOFT samples from PoAP shared similar community structures in pairwise comparison (Table 2).




Figure 4 | Comparison of diversity indices between HO and different stages of AP based on 16S rRNA sequencing data. (A) Observed OTUs, (B) Chao1 index, and (C) Shannon diversity index indicate the decrease of alpha diversity in persistent AP compared with HO and PAP. (*p < 0.05, **p <0.01, ***p <0.001) (D) Principal coordinates analysis (PCoA) of beta diversity based on unweighted UniFrac distances representing the differences among HO, PAP, and PoAP (HARD and SOFT). (Adonis R2 and p. value were generated by PERMANOVA).




Table 2 | PERMANOVA pairwise comparison based on unweighted unifrac distance.





Metabolic pathway prediction

PICRUSt2 was used to elucidate the possible microbial metabolism among the PAP, PoAP (HARD and SOFT), and HO microbiotas. The colored scales show the normalized pathway abundance in each sample (Figure 5). The heatmap shows that microbiota in PoAP samples could have a more active metabolic capacity, including carbohydrate metabolism, energy metabolism, and enzyme cofactor biosynthesis. In addition, the metabolic processes of cell structure, vitamin synthesis, and fatty acid and lipid synthesis were more active in HARD samples of PoAP than in HO samples (Figure 6). In contrast, energy metabolism and nucleotide synthesis were more active in SOFT samples of PoAP than in HO samples (Figure 6). Besides, our analysis indicates that energy metabolism and assimilation/fermentation metabolic processes were depleted in PAP samples, while nitrogen metabolism and vitamin synthesis were enhanced (Figure 4).




Figure 5 | Heatmap showing differentially abundant metabolic pathways among HO, PAP, and persistent AP (HARD and SOFT). The abundance is predicted and normalized using PICRUSt2 with the default Metacyc database.






Figure 6 | Metabolic pathway differences in microbiota in HARD (A), SOFT (B) and PAP (C) samples compared with HO. The p values at the 95% confidence intervals indicated the potential activity differences of the metabolic pathways.






Discussion

The oral cavity is one of the most diverse microbial habitats in the human body, harboring approximately 1,000 microbial species (Wade, 2013). The use of metagenomic sequencing technologies could enable the characterization of not only the in situ composition and function of the microbiota but also variations across anatomic sites, time, and individuals (Huttenhower et al., 2012). AP is considered a biofilm-related oral disease (Siqueira et al., 2010). Microorganisms existing under PoAP conditions often form robust intra/extraradicular biofilms that are difficult to acquire by traditional paper point sampling (Siqueira and Rôças, 2009). In the present study, samples representing PoAP were obtained directly from the infected regions during endodontic microsurgery. These samples were classified as root apex (HARD) and periapical granulation tissues (SOFT) for the first time, facilitating a more precise characterization of the pathogenic microbes associated with PoAP. To understand the complex microbial signature at different developmental stages of AP, we coanalyze 16S rRNA sequencing data from clinical samples of PoAP together with datasets of HO and PAP available from the public database, providing a valuable reference for further research on the interaction mechanism of the microbial community in PoAP conditions.

As a relatively independent ecosystem, the oral cavity is considered to maintain a stable microecological structure. Zaura et al. (2009) reported that the predominant taxa in unrelated healthy individuals belong to Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes, and Fusobacteria, supporting the concept of the core oral microbiota. In the present study, these taxa were also shared between AP and HO samples (Figure 1), implying that the core microbiota is probably the best suited for the oral microenvironment and contributes significantly to the maintenance of oral function in both healthy and diseased states (Radaic and Kapila, 2021). Nevertheless, each periapical status still had a unique microbiota. From the perspective of microbial diversity, there was an obvious decrease in alpha-diversity indexes in PoAP (HARD and SOFT). This finding probably indicates that endodontic therapy could have disrupted the microbial balance and reduced both richness and diversity within samples. In contrast, the microbial diversity and richness of teeth with PAP are almost the same as those in HO samples (Figure 4). Meanwhile, the PERMANOVA test performed in this study allowed robust, unbiased analysis of multivariate data based on complex experimental designs and models (Anderson et al., 2008). PERMANOVA and pairwise comparison analyses return p-values for significance and R2 values, indicative of the amount of variation attributed to a specific treatment within a model. The results showed that the beta diversity of the samples was clearly divided into 3 clusters, which indicated the progress of the disease is closely associated with the microbial composition of AP (Figure 4; Table 2).

To unveil the microbial consortium specifically involved in PoAP, comparative phylogenetic profiling was performed using metagenomic sequencing datasets. The results showed that the relative abundance of some anaerobic marker bacteria species (LDA>4.0) exhibited upregulation (Figure 1B and 2D), such as that of Porphyromonas, Fusobacterium, Treponema, Prevotella, Peptostreptococcales, and Capnocytophaga. Within these taxa, many species belong to the “red, orange, or green microbial complexes” of periodontal pathogens classified by Dr. Socransky (Socransky et al., 1998). Primarily, we observed the abundance increase of Porphyromonas, Tannerella, and Treponema, categorized within the “red complex” that might pose high pathogenicity linked to periodontal diseases. However, the relationship between the “red complex” and endodontic infection is still unclear. Gomes et al. (2007) found that the “red complex” in endodontic infection was associated with tenderness to percussion and pain on palpation, while Rôças et al. did not find any correlation between clinical signs and the presence of T. forsythia (Rôças et al., 2001). The other upregulated microbial markers in PoAP, such as Clostridia and Synergistia, have also been recently found in other studies as pathogens of periodontal disease, gastrointestinal infections, or soft tissue infections (Hiranmayi et al., 2017). However, their specific pathogenic mechanisms and their relationship with PoAP remain to be further investigated. Our analysis indicated that the “red complex” species, as well as other emerging periodontal pathogens, could be associated with the pathogenesis of PoAP.

Additionally, it can be found that although both HARD and SOFT samples were derived from PoAP patients, microorganisms shows an obvious preference between them (Figure 2). The comparative analysis of the two reveals that the genus Bulleidia and Corynebacterium were the indicators of SOFT samples. According to Morgan and Goldstein (2021), Bulleidia is an important dental pathogen and can cause distant site infections (e.g. prosthetic joints). However, this pathogen is challenging to isolate due to its fastidious culture requirements and identification demands. Thus, there is no systematic, supportive susceptibility information about Bulleidia. Clinicians and microbiologists need to be aware of its extended pathogenic potential and explore more data about this emerging pathogen. In the HARD samples, the identified indicators included lwoffii, Sphingomonas, etc. Some of these bacteria are capable of enduring poor nutrients and environmental stress, which has been identified as the cause of nosocomial infections (Cao et al., 2018; Asaf et al., 2020).

In contrast to PoAP and HO, most of the upregulated microbial markers in primary AP belonged to Actinomyces, which is considered part of the oral flora and has the ability to adhere to the oral tissue and thereby resist cleansing mechanisms. Some studies have demonstrated that Actinomyces spp. play an essential role in the formation of dental biofilms and could contribute to the development of diseases such as caries and periodontitis (de Oliveira et al., 2020). Dioguardi et al. (2020) have previously reviewed microbial associations with Actinobacteria in primary endodontic lesions, which indicated the selective conditions of anaerobiosis and the loss of the integrity of the oral mucous membrane could give rise to infection by these microorganisms. In addition, other microbial markers, such as Lactobacillus, TM7, and Rothia, were significantly depleted in the AP group compared with the HO group. Many Lactobacillus species have been considered probiotics, which can maintain or improve microbial homeostasis in the host environment and inhibit pathogen invasion and colonization (Zhang et al., 2018). Therefore, the use of probiotics to restore microbial homeostasis may provide new ideas for precision therapy.

To elucidate the mechanism of pathogenicity of microorganisms in AP, we performed preliminary KEGG metabolic predictions by linking the 16S rRNA data with the functional annotation of sequenced prokaryotic genomes. Compared to the HO and PAP samples, the microbiota of the PoAP (HARD and SOFT) samples showed a more active metabolic capacity. In addition, several processes of bacterial biosynthesis, such as nucleotide metabolism, carbohydrate biosynthesis, fatty acid and lipid synthesis, and enzyme cofactor/carrier processes, were enhanced. These findings reflect that the microorganisms associated with PoAP could be more pathogenic.

While in the present study, our analyses were based on high-throughput DNA sequencing, which raises the common question of whether the bacteria identified were still alive since NGS protocols also detect free DNA originating from dead cells (Nair, 2007). Although some researchers have attempted to address this problem by removing free DNA before nucleic acid extraction, the reliability of these methods has not been extensively verified (Nocker et al., 2006; Villarreal et al., 2013). There is also evidence that the longevity of free DNA in the infected root canal could be short and therefore unlikely to represent a major proportion of the DNA isolated (Brundin et al., 2010). Besided, it is well known that apical periodontitis is a dynamic process with distinct pathogenetic stages, so even detection of DNA from dead cells can be of interest to our understanding of the ecological structure of the periapical microbiota (Siqueira, 2008). In addition, our functional analysis based on PICRUSt and KEGG Mapper is just a prediction; further researches are warranted to demonstrate our speculation and clarify the pathogenesis of apical periodontitis. Another potential bias in this study may originate from the contamination during obtaining or handling the specimen. For this instance, we performed adequate sterilization and continued to pull the tissue flap before and during sampling to prevent contamination; but a sterile control still needs to be taken.



Conclusion

The present study characterized the microbial distribution and variation in PoAP compared with healthy oral and primary AP. In addition, we identified the PoAP-associated microbial consortium and marker taxa. We preliminarily predicted their metabolic differences, which might be associated with the etiology and pathogenesis of PoAP. These findings will provide essential guidance for clinical diagnostics, preventive intervention, and therapeutic management for PoAP. Future research will focus on comprehensive multi-omics studies of AP microbiotas at different stages and characterization of microbial-host interaction of the core pathogenic bacteria to study how they drive the destruction of the soft tissue and bone in PoAP.
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Bartonella henselae, the pathogen that causes cat-scratch disease (CSD), is relatively rare in the clinic. CSD usually causes mild clinical manifestations, which self-heal in a matter of weeks. However, in immunocompromised patients, CSD may cause systemic disorders that can lead to critical illness. Due to the diversity of symptom signs and the lack of a golden standard for diagnosis, identifying atypical CSD in a timely manner presents a challenge. Metagenomic next-generation sequencing (mNGS), is a promising technology that has been widely used in the detection of pathogens in clinical infectious diseases in recent years. mNGS can detect multiple pathogens quickly and accurately from any given source. Here, we present a case of atypical CSD, which was diagnosed using mNGS. The patient manifested a fever of unknown infectious origin, and routine antibiotic treatment was ineffective. mNGS was employed to test the patient’s peripheral blood, which led to the detection of B. henselae. This was rarely seen in previous CSD reports. We surmised that the patient presented with atypical CSD and thus a targeted therapy was recommended. Crucially, the patient recovered rapidly. Based on this case study findings, we recommend that CSD should be included in the differential diagnosis for fever of unknown origin and that mNGS may be helpful in the diagnosis of CSD.
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Introduction

The three most common Bartonella species (spp.) infecting humans include: Bartonella henselae, which causes cat-scratch disease (CSD); Bartonella bacilliformis, which causes Carrion’s disease; and Bartonella Quintana, which causes trench fever. CSD is the most common human infection caused by Bartonella spp. B. henselae are small, fastidious, hemotropic, gram-negative intracellular bacteria (Pennisi et al., 2013; Nelson et al., 2016). Cat fleas are thought to be the main vector of B. henselae (Im et al., 2013). CSD is commonly diagnosed in children and teenagers (Karski et al., 2018). In the United States, the average annual incidence of CSD is about 4.5/100,000 for outpatient diagnoses and 0.19/100,000 for inpatient admissions (Nelson et al., 2016). B. henselae infection in humans has been reported worldwide but been rarely in China. In general, immunocompetent patients present with typical CSD, while immunocompromised patients often have an atypical form. The typical clinical manifestation of CSD occurs a few days after coming into contact with a cat. Initially, the patient develops erythematous papules at the infection site, after which the wound usually heals itself without leaving any scars. About two weeks later, regional lymphadenopathy occurs near the site of infection, which is the hallmark of the disease and is accompanied by nonspecific symptoms such as low-grade fever, headaches, loss of appetite, and fatigue. All symptoms normally disappear within a few weeks. However, 5−20% of patients develop atypical forms of the disease manifested by Parinaud’s oculoglandular syndrome, hepatosplenic abscesses, bacillary angiomatosis, bacteremia, fever of unknown origin, endocarditis, encephalitis, uveitis, conjunctivitis, osteitis, arthropathy, or myalgia, among others (Mazur-Melewska et al., 2015; Nawrocki et al., 2020).. Atypical CSD can cause the rapid deterioration of patients in a matter of days (Lemos et al., 2021). Therefore, such cases of CSD rely on a rapid and reliable diagnosis as well as an effective treatment regimen. However, due to the great variability in the signs and symptoms, as well as the lack of gold standard diagnostic criteria, the diagnosis of atypical CSD can be difficult and is often significantly delayed (Sodini et al., 2021).



Case presentation

A 13-year-old boy was admitted to our hospital due to an intermittent fever for 12 days. Prior to this, the patient was perfectly healthy. It was confirmed by the patient and his relatives, that he had recently been in contact with a kitten but not with pigeons, sheep, or other animals. Prior to fever onset, the patient experienced some shivers and then went on to develop headaches during the fever episodes, a poor appetite, and weight loss. He had been given various antimicrobial drugs before being admitted to our hospital, but none of them proved effective. The boy’s temperature gradually rose to 40.2 °C, and the feverish episodes became more frequent; thus, the patient’s relatives asked for him to be admitted to our hospital.

According to the admission records, the patient initially had a temperature of 38.2 °C, with the fever occurring once a day. The patient experienced no other discomfort such as a cough, vomiting, diarrhea, rash, arthralgia, headache, or convulsion. Laboratory examination (performed in a local hospital) showed that the patient’s complete blood count and the immune function were normal. However, they did detect an increase in the serum C-reactive protein (CRP) levels to 54.08mg/L (normal 0−5 mg/L) and in the erythrocyte sedimentation rate (ESR) to 23 mm/h (normal 0−20 mm/h). Chest computed tomography (a CT scan) showed the presence of small nodules on the upper lobe of the right lung and on the lower lobes of both lungs, with a maximum diameter of about 4 mm. An ultrasound detected splenomegaly; the spleen was about 126 mm long and 40 mm thick. Etiological examination revealed no abnormalities, including mycoplasma, respiratory syncytial virus, Epstein-Barr virus, or Coxsackie virus. A lumbar puncture was performed, but no abnormality was detected in the patient’s cerebrospinal fluid.

At admission, the physical examination identified no positive signs. Although the ultrasound performed at the local hospital showed an enlarged spleen, it was not palpable at the left costal margin. The laboratory investigations on the first day of admission showed a significant increase in serum CRP (94.73 mg/L), and an ESR of 78 mm/h. The procalcitonin concentration was 0.285 ng/mL (normal 0−0.02 ng/mL). Other laboratory tests, including complete blood count, blood biochemical examination, coagulation test, and thyroid function, were all within the normal range. All other laboratory test results also came back negative; these included HIV infection, tuberculosis, other viral infections (e.g., cytomegalovirus, herpes simplex virus, hepatitis virus, influenza virus, among others), galactomannan test, connective tissue disease antibody test, tumor markers, two sets of blood cultures for the detection of aerobic and anaerobic bacteria, and bone marrow cytology and culture tests. Furthermore, echocardiography, a chest CT scan, and cranial magnetic resonance imaging (MRI) failed to detect noticeable abnormalities.

During the initial phase of treatment, the patient received empiric antimicrobial drugs such as latamoxef sodium, rifamycin, and penciclovir for four days. However, the fever persisted and the CRP levels and ESR rose to 107.58 mg/L and 98 mm/h, respectively. On the fifth day after admission, metagenomic next-generation sequencing (mNGS) was performed on the patient’s peripheral blood, using an Illumina Next 550 sequencer with a single-end 75 base pair sequencing strategy. A total of 19,446,948 reads were generated within 24 h. After quality control, 19,186,121 were aligned with the human reference genome (HG38) and 260,404 reads were used for downstream analysis. Finally, four B. henselae-specific sequences were detected. Since neither our hospital nor the Henan Center for Disease Control could perform serological antibody tests or polymerase chain reaction (PCR) for B. henselae, we carried out another blood culture but this time extended the culture period to six weeks. The patient’s treatment plan was adjusted, and the following antibiotics were administered: azithromycin (500 mg on the first day and 250 mg on the second to fifth days) together with rifampin (20 mg/kg/d, given in two doses), followed by doxycycline (200 mg/d, given in two doses) with rifampin. The fever gradually subsided and the shivering and headaches eventually disappeared. The patient’s CRP levels also decreased and his temperature returned to normal on the 17th day after admission. The patient was feeling well enough to be discharged on the 19th day. He continued to take doxycycline and rifampin orally for the entirety of the one-month-long course. When the patient returned to our hospital for a follow-up reexamination, he was in good health. No abnormalities were detected in his blood after the following tests were performed: complete blood count, CRP, ESR, procalcitonin concentration, blood biochemical examination, and mNGS. We were therefore able to discontinue the patient’s treatment. The patient’s follow-up prolonged blood culture remained negative for B. henselae.



The criteria for CSD diagnosis

Although CSD was originally described in France in 1950, its cause was unknown until 1983, when the pathogenic bacterium was detected in the lymph nodes of a patient with CSD using a Warthin-Starry silver stain (Margileth, 2000). However, the ambiguity in the symptoms and signs of CSD renders the diagnosis of atypical forms of the disease challenging. When CSD is highly suspected based on the patient’s clinical manifestations and epidemiological background, sensitive and reliable laboratory tests must be used to accurately diagnose the disease and rapidly initiate appropriate treatment. A CSD diagnosis is generally derived from a history of animal exposure, and the presence of skin lesions, fever, lymphadenopathy, as well as the results of immunoserologic laboratory tests, in vitro culture, or DNA amplification methods (Chen et al., 2007). Margileth et al. (Margileth, 2000) proposed that CSD be diagnosed according to the following criteria: 1. Contact with cats or fleas, with or without the presence of a scratch mark or a regional inoculation lesion. 2. Laboratory/radiology testing: negative purified protein derivative or serology for other infectious causes of adenopathy; sterile pus aspirated from the node; positive PCR result. CT scan: liver/spleen abscesses. 3. Positive enzyme immunoassay (EIA) or indirect fluorescent serological antibody test >1:64 for B. henselae; a fourfold rise in titer between the acute and convalescent specimens is definitive. 4. Biopsy of lymph node, skin, liver, bone, or eye granuloma shows granulomatous inflammation compatible with CSD; Warthin-Starry silver stain indicates a positive result. However, given the patient’s medical history, the reliability of laboratory tests, and the difficulty of obtaining histopathology data, it is almost impossible to meet all these criteria in a patient simultaneously.



Implementation of the criteria

Although contact with a cat is ubiquitous, only 60% of patients with CSD may have skin lesions caused by scratching or biting (Ulug, 2015). Serological tests, such as the EIA or indirect fluorescent antibody (IFA) assays, are the most popular laboratory methods for the diagnosis of CSD. These tests have high sensitivity (88%) and specificity (97%), but they may lead to incorrect results in a considerable number of cases (Vermeulen et al., 2007). Although immunoglobulin (Ig)M antibodies suggest an acute infection, the short duration in the blood may lead to false-negative results (Podsiadly et al., 2009; Johnson et al., 2020). IgM antibodies against B. henselae are seldom detected even in the early stages of CSD, and these negative results do not exclude the presence of acute disease (Ridder et al., 2002). Evidence of cross-reactivity has been observed between B. henselae infection and infection with other bacterial species such as Coxiella burnetii, Chlamydophila spp., and non-henselae Bartonella spp. These pathogens are common in healthy individuals, which may give rise to false-positive results. Besides, the IgG antibody response against B. henselae may remain positive one year after the initial infection. If the IgG titer is between 1:64−1:256, it must be rechecked at 10−14 days to confirm (Klotz et al., 2011). A PCR test performed on blood or tissue samples can detect different Bartonella spp. with a high degree of specificity. Meanwhile, PCR sensitivity is estimated to be much lower (40−75%) (Dona et al., 2018; Salmon-Rousseau et al., 2021), and the time point at which the pathogen can be detected is unknown (Yanagihara et al., 2018). It has been reported that the PCR technique fails to detect the pathogen in atypical CSD (Sarno et al., 2021). In addition, the PCR test for B. henselae is only available in specialist research laboratories and is costly. Pathological examinations are often delayed or rejected by the child patient’s parents (Sodini et al., 2021), and this method can’t be realized for patients without clear local lesions. Warthin-Starry silver staining is also unreliable for providing an accurate diagnosis of atypical CSD as it detects other bacteria such as Helicobacter pylori and Legionella pneumophila. Since B. henselae are fastidious, slow-growing, and difficult to isolate in the culture medium under most laboratory settings (Lamps and Scott, 2004), culture methods are generally not used for the diagnosis of CSD (Ulug, 2015).

The patient in this case study presented with a fever of unknown infectious origin, accompanied by nonspecific symptoms such as a headache, loss of appetite, and weight loss. Although the patient did have contact with a kitten, no other symptoms or signs such as lymphadenopathy, papules, impaired vision, liver and spleen abscess, encephalitis, endocarditis, etc. were detected. Because the patient had no local lesion, a pathological examination could not be performed. Relevant serological and PCR tests were also not available at our hospital or laboratory sites. Moreover, the blood culture results were negative. Considering the bacteremia caused by B. henselae, we prolonged the blood culture time, but still obtained nothing. Therefore, if we had to rely on these conventional detection methods, the etiology of the present case would have remained unknown.



The use of mNGS for the diagnosis of CSD and other rare, atypical, and complex infections

As a fast and unbiased method, mNGS enables researcher to address open-ended questions about pathogens without potential assumptions. mNGS can simultaneously detect multiple pathogens in a given tissue, making this technique especially suitable for detecting pathogens with rare, atypical, and complex infections (Miller et al., 2018).

In the study by Wang et al. the conventional bacterial culture result of a patient with subcutaneous abscess was negative, while mNGS was able to detect B. henselae (Wang et al., 2020). In this particular study, the patient had been scratched by a cat one week before admission. On obtaining the mNGS result, the patient received a two-week course of doxycycline, and he was cured following abscess drainage and antibiotic treatment. Yang et al. found that hemophagocytic lymphohistiocytosis was associated with B. henselae infection in a patient with multiple susceptibility genes (Yang et al., 2020). The clinical manifestation and laboratory examination of the patient did not show any evidence of initial infection. Histopathological examination of lymph nodes suggested that it could be CSD, and subsequent mNGS analysis of the lymph node detected the presence of B. henselae. Patel et al. detected B. henselae in a patient with blood-culture-negative endocarditis, presenting with crescentic glomerulonephritis (Patel et al., 2022). The combination of microbial cell-free DNA NGS and serological methods confirmed B. henselae infection. Degner et al. detected B. henselae in 22 cases using plasma microbial cell-free DNA NGS, of which 12 cases were diagnosed as having CSD/fever of unknown origin (Nicholas Degner, 2021).

Xing et al. diagnosed seven patients with cerebral aspergillosis (a rare but often fatal, difficult to diagnose opportunistic infection) using mNGS of cerebrospinal fluid (Xing et al., 2021). This finding indicated that mNGS facilitates the diagnosis of cerebral aspergillosis and may reduce the need for invasive cerebral biopsy in patients with suspected cerebral aspergillosis. Chen et al. diagnosed visceral leishmaniasis in three patients using bone marrow mNGS (Chen et al., 2020). These patients were initially misdiagnosed and unsuccessfully treated for 2−6 months, indicating that the sensitivity of bone marrow mNGS was higher than that of smear microscopy in patients with suspected leishmaniasis. Xie et al. diagnosed a rare case of intracranial hemorrhage caused by Seoul virus infection using mNGS, when other conventional microbiological tests returned negative results (Xie et al., 2021). This study has exposed the various extrarenal manifestations of Seoul virus infections, which should not be overlooked. Chen et al. diagnosed nine cases of severe psittacosis pneumonia using mNGS (Chen et al., 2020). The clinical condition of these patients gradually deteriorated during the empirical treatment. The initiation of post-mNGS minocycline therapy led to a rapid recovery. The authors claimed that, mNGS shortened the time to diagnosis and enable the earlier initiation of targeted antibiotic therapy. Xie et al. used mNGS to diagnose a case of co-infection pneumonia with Mycobacterium abscessus and Pneumocystis jiroveci in a patient without HIV infection (Xie et al., 2021). Clinical progress was satisfactory following initiation of combined antifungal and anti-M. abscessus therapy. The research of Wang et al. showed that mNGS was an effective method for the detection of pulmonary fungal infection, but was not suitable for diagnosing cryptococcal pneumonia (Wang et al., 2020). Tang et al. reported the use of mNGS for the diagnosis of infection in 16 patients with primary immunodeficiency (Tang et al., 2021). The patients’ cerebrospinal fluid, bronchoalveolar lavage fluid and blood samples were subjected to mNGS and the results demonstrated that mNGS had a marked advantage over conventional methods in identifying infectious agents, especially suitable for detecting pathogens of opportunistic and mixed infections. Qian et al. also recommended the timely use of mNGS in cases when infection by mixed or rare pathogens was suspected, especially in immunocompromised individuals or individuals with severe conditions that required urgent treatment (Qian et al., 2020). However, almost all the aforementioned studies are retrospective case reports and small case series. The clinical utility of mNGS has not yet been established in large-scale prospective clinical trials. Furthermore, universal reference standards and robust test validation approaches for clinical metagenomic assays are lacking (Chiu and Miller, 2019).

Our case study documents the first reported case of B. henselae being detected in the peripheral blood by mNGS in China. Although mNGS is more rapid than bacterial culture methods and is less affected by antibiotic treatment or the bacterial growth conditions, there are few reports of its application to diagnose bacterial infection in the bloodstream. The reasons may include: 1. Unlike the large-scale replication of viruses, the load of bacteria in the blood is low. As the DNA of patients and pathogens needs to be detected simultaneously, its relative quantity may directly affect the method’s sensitivity. 2. As for the blood culture method, the risk of sample contamination during mNGS should be considered. For instance, to determine whether the flora residing on normal skin or in an oral cavity is a contaminant or a true pathogen may require at least two sets of blood samples from separate venipuncture sites. 3. The optimal sample volume is still unknown. 4. mNGS results are among the most challenging types of clinical laboratory data to interpret (Greninger and Naccache, 2019). In addition, antimicrobial susceptibility cannot be fully tested, which is very important for doctors to make antimicrobial treatment plans for patients. Collectively, these limitations may explain why mNGS is not routinely used for the detection of bacterial infection in the bloodstream.



Interpreting mNGS results

There is no standard method for interpreting mNGS results. It is necessary to consider factors such as the quality of the test process and sample, the rarity of the pathogen and its relative and absolute abundance (Gu et al., 2019). Due to the complexity of mNGS methodology, contamination can be easily introduced at each step. It is often difficult to determine whether the detected pathogens are colonizing, background, or pathogenic forms of bacteria. Therefore, systematic analyses, interpretation and validation of laboratory and auxiliary examination results are necessary (Nan et al., 2022). In particular, the discovery of any atypical or novel infectious agent in clinical samples should be followed up with confirmatory investigations (e.g., tissue biopsies or seroconversion) to ascertain its true pathogenic nature (Chiu and Miller, 2019). For instance, Xing et al. considered that although the abundance of aspergillus might be low in the samples assayed by mNGS, it should not be regarded as background contamination because of the high mortality rate associated with aspergillus infection (Xing et al., 2021). Pathogen identification should be considered in the clinical context and in conjunction with the patient’s symptoms and signs, radiographic evidence, and the results of clinical laboratory tests (e.g., smear, culture, and galactomannan tests). In this regard, although pulmonary infection caused by Neisseria meningitidis may be uncommon, clinicians should still consider it as a potential causal pathogen of lung infection in immunodeficient patients. Therefore, clinicians need to correlate clinically to make accurate judgments when interpreting reports (Zheng et al., 2021). Pathogens typically considered as contaminants (e.g., Bacillus cereus) may still cause severe disease and should not be ignored when interpreting the mNGS results (Tusgul et al., 2017). Some institutions have established precision medicine teams composed of research experts in fields such as medical microbiology, infectious diseases, computational biology, and other clinician groups to discuss mNGS results and provide reasonable explanations (Mongkolrattanothai et al., 2017). The 2020 Expert Consensus on the Clinical Application of the Second-generation Sequencing Technology of Chinese Metagenomics to Detect Infectious pathogens puts forward that, when the results of mNGS are consistent with the patient’s clinical manifestations and relevant laboratory results, the mNGS results can guide the antimicrobial treatment. If the mNGS result is positive and meets the clinical criteria, but there is no other supporting laboratory evidence, PCR should be carried out with appropriate primers. In addition, it is suggested that the available conventional laboratory tests are further improved for validation purposes. In circumstances when the mNGS result is positive, but the clinical manifestations or laboratory tests does not support this result, it is recommended that conventional laboratory tests are relied upon. For patients whose mNGS results are negative but are highly suggestive of possible infection according to other examination results, such as culture methods, it is recommended to take another sample and repeat the mNGS test (C Q et al., 2020).

For the patient in this case study, mNGS was performed on the fifth day after hospital admission. The result only showed the presence of B. henselae, which led us to suspect CSD. We were aware that the patient had contact with a kitten and that atypical CSD could manifest as bacteremia with a fever of unknown origin. There was no laboratory evidence to support the infection by other pathogens, and the patient failed to respond to empirical treatment. The absence of specialist test centers nearby means that serological and PCR tests were not carried out. Furthermore, identification of B. henselae by prolonged blood culture time proved fruitless. After being given the targeted antimicrobial treatment, the patient’s clinical symptoms disappeared and the laboratory indicators improved rapidly, thus validating the mNGS results.



Antibiotic treatment of CSD

Due to the uncertain effect of antibiotics in atypical CSD and the lack of official recommendations, the clinical application of antibiotics is usually based on personal experience and expert opinions (Salvatore et al., 2015). Although antibiotics are not recommended for the treatment of mild to moderate cases of typical CSD, they are recommended for treating atypical CSD, especially in immunocompromised patients. Antibiotics that have been approved include azithromycin, rifampicin, doxycycline, ciprofloxacin, sulfamethoxazole, and gentamicin (Margileth, 1992; Rolain et al., 2004). The combined use of azithromycin and rifampin is a common treatment choice, although the dose and course of treatment vary widely (Johnson et al., 2020). The administration of 5−12 mg/kg/d azithromycin once daily or rifampin 20 mg/kg/d in two doses for 2−3 weeks have been shown to be effective (Margileth, 1992). Dornbos and colleagues have reported switching to intravenous doxycycline and rifampin when azithromycin treatment failed in a rare case of multifocal thoracic osteomyelitis with an epidural abscess (Dornbos et al., 2016). This decision was based on the limited published data relating to B. henselae-associated vertebral osteomyelitis in adults, as well as studies reporting the treatment of other serious B. henselae infections (Rolain et al., 2004). Immunocompetent patients over the age of eight can be treated with doxycycline (200 mg/d given in two doses for 2−4 weeks), which can be delivered intravenously or in combination with rifampicin. For immunocompromised patients, the treatment regimen needs to be extended to four months (Cunningham and Koehler, 2000). Of note, a clinical study showed that patients with eye lesions treated with antibiotics combined with oral glucocorticoids had a better final outcome (i.e., restoration of vision) than those treated with antibiotics alone (Habot-Wilner et al., 2018).



Conclusion

The diagnosis of atypical CSD is clinically challenging. This case study highlights the need to carefully evaluate and screen the complex and diverse clinical manifestations of a given disease to avoid delaying diagnosis and risking patient deterioration. Even in patients lacking the typical characteristics of CSD, this disease should be included in the list of differential diagnosis in patients with fever of unknown origin. When a lymph node biopsy is not feasible or serological results are uncertain, mNGS should be considered as a method for diagnosing CSD. As a promising technology, mNGS can rapidly identify multiple pathogens from a given source with a high degree of sensitively. Compared with conventional methods such as serological detection, PCR and bacterial culture, mNGS is a hypothesis-independent approach, which is less affected by the antibacterial treatment or the bacterial growth conditions. mNGS is particularly suited to detect the causal pathogens of rare, atypical, or complex infections. However, mNGS dose have its limitations: First, it is relatively expensive and is not effective at determining drug resistance; Second, as the human host background needs to be sequenced simultaneously with the pathogen DNA, the relative abundance of genetic material may affect the method’s sensitivity; Third, microbial contamination can easily be introduced at each test step of mNGS; Fourth, universal reference standards for clinical metagenomic assays are still lacking; and Finally, interpretation of mNGS results is an incredibly challenging. In conclusion, the clinical utility of mNGS in large-scale prospective clinical trials has not been established and further clinical validation is required.
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Mucormycosis is a conditionally pathogenic fungal disease with high morbidity that mainly affects patients with decreased immunity. Diagnosis relies on the histopathological examination of microorganisms with the typical structure of mucormycetes in tissues and subsequent confirmation via culture. Early detection of causative microorganisms is critical to rapidly administer appropriately targeted antibiotics. Metagenomic next-generation sequencing (mNGS) is an innovative and sensitive technique used to identify pathogenic strains. Here we used mNGS to timely diagnose an infection with Lichtheimia ramosa and Mucor irregularis in two patients with hematologic malignancies; the infections manifested as nasal and cutaneous infections and developed after chemotherapy and small molecule targeted therapy. Following treatment with amphotericin B cholesteryl sulfate complex, the symptoms were reduced significantly, and both patients obtained successful outcomes. Additionally, we searched and summarized the current medical literature on the successful diagnosis of mucormycosis using mNGS. These cases indicated that mNGS, a novel culture-independent method, is capable of rapid, sensitive, and accurate identification of pathogens. mNGS may be a complementary method for the early identification of mucormycosis, allowing for appropriate and timely antibiotic administration and thus improving patient outcomes.
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Introduction

Mucormycosis is an opportunistic fungal disease with high morbidity that primarily affects patients with decreased immunity. In the past two decades, it has become the third most prevalent invasive mold disease in patients with hematologic malignancies (HM), following candidiasis and aspergillosis (Cornely et al., 2019; Jeong et al., 2019). Pulmonary, rhino-orbital-cerebral, cutaneous, and disseminated are the most common clinical manifestations of mucormycosis (Vehreschild et al., 2013). Invasive mucormycosis is difficult to diagnose owing to nonspecific clinical manifestations and imaging (Skiada et al., 2020). Traditional microbiological identification methods include histopathology and culture; however, cultures are frequently negative and time-consuming, and biopsy may not always be viable for individuals with compromised immunity (Roden et al., 2005; Skiada et al., 2011). Owing to the rapid progression of mucormycosis, timely diagnosis and the administration of antifungal therapy are crucial to improve patient prognosis. Thus, there is an urgent clinical need for a molecular diagnostic tool that can reliably and efficiently identify pathogens and guide the treatment for patients.

Metagenomic next-generation sequencing (mNGS) is a new genomics-based pathogen detection method relying on a single run to obtain nucleic acid sequence information about microbes to detect microorganisms through analysis and comparison (Ghez et al., 2018). Moreover, mNGS can be used to identify all types of pathogens since it does not rely on culture and retrieves DNA without bias (Chamilos et al., 2008). mNGS has significant advantages over typical pathogen detection approaches, as it can rapidly identify pathogens that cannot be cultivated or are difficult to culture (Walsh et al., 2012). Recently, it has been developed to detect a wide range of microbial infections in patients with HM and in transplant recipients (Schwartz et al., 2018).

Here we present two cases of patients with lymphoma with nasal and cutaneous mucormycosis after chemotherapy and treatment with Bruton’s tyrosine kinase inhibitor. Initially, the clinical manifestation was mainly fever, and the empirical anti-infection effect was not satisfactory. The patients were diagnosed with Lichtheimia ramosa and Mucor irregularis infection via mNGS of peripheral blood, later confirmed as mucormycosis by secretory culture. Appropriate antibiotics were applied in the early stage, and the prognosis was good. This case report corresponds to the CARE guidelines (Limmathurotsakul et al., 2010).



Case presentation


Case 1

A 10-year-old girl with T-lymphoblastic lymphoma was admitted to our hospital on June 27, 2021. She underwent a third cycle of induction chemotherapy on June 30 for 7 days. A timeline of the episodes is shown in Figure 1.




Figure 1 | Episode timeline of case 1. CRP, C-reactive protein; PCT, procalcitonin; ANC, absolute neutrophil count; MRP, meropenem; MIC, micafungin; CPS, cefoperazone sulfate; POS, posaconazole; LZD, linazolamide; TGC, tigecycline; PBS, polymyxin B sulfate; GCV, ganciclovir; AmBL, amphotericin B liposome; VCZ, voriconazole; MOX, moxalactam; CLM, clindamycin; ACV, acyclovir; ABCD, amphotericin B cholesterol sulfate complex.



The patient reported a mild cough 3 days later. Micafungin (50 mg daily, intravenously—IV) was administered as the primary antifungal prophylaxis; the patient’s symptoms improved after the treatment. Bone marrow suppression began on July 10 and lasted for 11 days; colony-stimulating factor was added as supportive care. Febrile neutropenia occurred 2 days later, with the patient having a body temperature of 37.5°C. The white blood cell count was 0.31 × 109/L according to the blood routine examination. The absolute neutrophil count (ANC) was 0.02 × 109/L, and the C-reactive protein (CRP) level reached 1.31 mg/L. Immediate empirical antibiotic therapy with meropenem (MRP, 0.5 q/8 h, IV) was administered, and her fever subsided for 2 days.

On July 14, the body temperature climbed to 38.6°C, and the blood routine examination showed that the ANC was 0.02 × 109/L and the procalcitonin (PCT) level was 0.6 ng/ml. Linazolamide (LZD) (300 mg/8 h, IV) was added to treat Gram-positive cocci, and the antifungal treatment was modified to posaconazole suspension (POS, 5 ml/6 h, orally). However, the body temperature was not controlled. On July 15, the temperature rose to 39.5°C and was accompanied with shivers. The ANC had risen to 0.03 × 109/L, the PCT level had risen to 3.23 ng/ml, and the CRP level was 44 mg/L. MRP was replaced with cefoperazone sulfate (1.5 g/8 h, IV) coupled with LZD as a broad-spectrum antibacterial treatment. High-grade continuous fever with chill still remained. At that time, a series of cultures of peripheral blood were negative and no pathogen could be detected. The (1,3)-β-D glucan and galactomannan antigen tests were negative, and no obvious abnormalities were observed in the chest computed tomography (CT) images. Considering a history of abdominal infection after the last cycle of chemotherapy, tigecycline (40 mg/12 h, IV) was used to resist an abdominal complex bacterial infection on July 16.

On July 17, the patient complained of severe pain on the left side of her face as well as had a high temperature and chills. The physical examination revealed left facial swelling and restricted expression; the left nasolabial groove was shallow, and a bluish-purple patch could be seen in the palate. The magnetic resonance imaging results of the patient’s brain showed abnormal signal shadows of the ethmoid sinus, sphenoid sinus, and bilateral maxillary sinus, considering sinus infections (Figure 2). The treatment was upgraded to polymyxin B sulfate (250,000 IU/12 h, IV) to cover multidrug-resistant negative bacteria immediately. Subsequently, mNGS (MGISEQ-2000 sequencing platform; MGI, Shenzhen, China) of peripheral blood detected L. ramosa with high relative abundance as well as simplex virus and pegivirus (Table 1). Amphotericin B liposome (AmBL, 30 mg daily, IV) combined with voriconazole (VCZ, 0.1 g/12 h) was immediately used as a broad-spectrum antifungal therapy. Ganciclovir (0.15 g/12 h, IV) was administered as antiviral treatment alongside supportive care, such as intravenous hyper-nutrition. From July 17 to 20, the patient’s fever interval was prolonged, and the heat peak was lower. However, the facial edema did not diminish considerably.




Figure 2 | Magnetic resonance imaging (MRI) and computed tomography (CT) images of the patient’s head (case 1). (A) MRI of the patient’s head on July 17: abnormal signal shadow of the ethmoid sinus, sphenoid sinus, and bilateral maxillary sinus. (B) CT scans of nasopharynx on July 24: soft tissue shadows are observed in the right nasopharynx, ethmoid sinus, nasal cavity, and maxillary sinus.




Table 1 | Literature review: Cases of mucormycosis diagnosed with metagenomic next-generation sequencing.



On July 21, severe fever returned, with a Tmax of 40°C. Her ANC recovered from neutropenia at that time. Infection with Mucorales was indicated by fluorescent staining of nasal secretions, which revealed wide, pauci-septate hyphae. The AmBL and VCZ combination was replaced with POS injection as antifungal treatment. The antiviral treatment was changed to moxalactam (1 g/12 h, IV) and clindamycin (0.3 g/12 h, IV) combined with acyclovir (0.25 g/8 h, IV), and amphotericin B atomization inhalation was used to relieve local symptoms. However, intermittent fever persisted during the treatment, soft tissue infection rapidly progressed, mucosal necrosis was observed, and a defect in the upper jaw occurred, accompanied by bone pallor. The CT scans of the nasopharynx showed soft tissue shadows in the right nasopharynx, ethmoid sinus, nasal cavity, and maxillary sinus; fortunately, bone destruction was not found (Figure 2). After pediatric head and neck surgery, a multidisciplinary consultation with the pharmacy department diagnosed the patient with nasal mucormycosis. Amphotericin B cholesterol sulfate complex (ABCD) (2 to 3 mg/kg daily, IV) was suggested, combined with amphotericin B local nasal drip and debridement of the nasal sinuses after systemic infection control. The scope of the lesions was greatly decreased, the local symptoms were relieved, and the body temperature was stabilized after 2 days of treatment.

The patient was discharged and sent to a local hospital for ABCD anti-infection treatment for 3 weeks and POS suspension (5 ml/6 h, orally) for another 2 months. Imaging examination was repeated every subsequent month, and the nasal sinus infection did not spread any further. The antifungal treatment regimen was well tolerated, with no return of mucormycosis after follow-up by phone until February 2022.



Case 2

A 64-year-old man suffering for 6 years from chronic lymphocytic leukemia (CLL) was admitted to our hospital on October 18, 2021. He had been continuously taking ibrutinib for CLL. At 1 week before admission, he was transported to the coronary heart disease care unit of the local hospital for a 48-h stay owing to a sudden acute myocardial infarction. He developed a skin infection after applying the restraint belt. Figure 3 depicts a timeline of the episodes.




Figure 3 | Episode timeline of case 2. CRP, C-reactive protein; PCT, procalcitonin; CCU, coronary heart disease care unit; LZD, linazolamide; PTZ, piperacillin sodium and tazobactam; MIC, micafungin; CPS, cefoperazone sulfate; VCZ, voriconazole; MRP, meropenem; AMK, amikacin sulfate; GCV, ganciclovir; ABCD, amphotericin B cholesterol sulfate complex.



Upon admission, the patient’s vital signs were normal. A physical examination revealed anemia, with a 15 × 20-cm eroded region on the right upper limb covered in black eschar as well as additional necrotic tissue and effusion. On the left lower leg, there was a 5 × 6-cm erosion surface (Figure 4). Both lower limbs had edema. Other physical examinations disclosed no obvious issues. The blood routine examination showed the following: white blood cell count—23.18 × 109/L, ANC—21.15 × 109/L, HGB—79 g/l, PLT—36 × 109/L, and positive Coombs test. The PCT level was 1.3 ng/ml, and the CRP level was 99.78 mg/L. The (1,3)-β-D glucan test was positive, and the galactomannan antigen test was negative. The electrocardiogram revealed ST segment abnormalities as well as aberrant Q waves (II, III, and aVF). The chest CT result showed pulmonary infection. The color Doppler ultrasound showed thrombosis of the right basilar vein and left leg intermuscular vein. Based on these findings, CLL progression was diagnosed, along with hemolytic anemia, cutaneous infection, lung infection, a previous myocardial infarction, and venous thrombosis. An initial treatment of LZD (0.2 g/12 h, IV), micafungin (150 mg daily, IV), and piperacillin sodium and tazobactam (4.5 g/8 h, IV) was empirically administered. Ibrutinib was stopped, and fresh frozen plasma combined with rituximab and low-dose methylprednisolone were administered to control CLL. Meanwhile, component blood transfusion, anticoagulation, analgesia, organ function protection, and other symptomatic treatments were administered. Unfortunately, the patient was not completely relieved from his local problems.




Figure 4 | Changes in cutaneous fungal infection (case 2). (A) Admitted. (B) November 1. (C) November 4. (D) Admitted. (E) November 4.



The patient reported fever with a body temperature of 38.1°C. At 2 days later, the PCT level was 0.69 ng/ml, and the CRP level was 81.89 mg/L. To improve the etiological evaluation, his peripheral blood and foci secretions were analyzed to identify potential pathogens; however, they were all negative. The anti-infection treatment was altered to VCZ (0.2 g/12 h, IV), cefoperazone sulfate (3 g/8 h, IV), and LZD as empirical antifungal and antibacterial therapy. Although the body temperature was controlled, the skin infection symptoms did not improve.

On October 26, his temperature reached 39.2°C and was accompanied with shivering. Peripheral blood was drawn to test for pathogens via culture and mNGS. MRP (1 g/8 h, IV), amikacin sulfate (0.4 g/d, IV), and LZD were administered combined with VCZ as a broad-spectrum antimicrobial therapy.

Within 48 h, the mNGS results were released: M. irregularis, human betaherpesvirus, human alphaherpesvirus, and Alphatorquevirus were detected (Table 1). The subsequent fungal culture of the secretion revealed Mucor growth, confirming the cutaneous mucormycosis. The antibacterial treatment was initiated with LZD and piperacillin sodium and tazobactam. The antiviral treatment began with ganciclovir (0.375 g/12 h, IV), and the antifungal treatment was adjusted to ABCD (150 mg daily, IV). Local debridement and antifungal medication were also initiated. The body temperature was stabilized after 3 days of treatment, and the local symptoms were reduced dramatically (Figure 4B). With continuing therapy, the necrotic tissue progressively peeled off, and fresh granulation tissue formed (Figures 4C, E).

Due to financial concerns, the patient was discharged from the hospital on November 4 and transferred to a local hospital for anti-infection treatment. He was routinely contacted via telephone. The patient is taking venetoclax orally to treat CLL, he is in good health, and the skin wound has completely healed.




Methods for mNGS

Blood samples (5 ml) were collected into EDTA tubes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) and centrifuged at 1,600 × g for 10 min. Cell-free DNA was extracted from the plasma supernatant. After centrifugation, 600 μl supernatant was removed, and DNA was extracted using a micro-sample genomic DNA extraction kit (1901; Genskey, Tianjin, China). Using an NGS library construction kit, the DNA libraries were constructed by DNA enzyme digestion (200–300 bp), end-repair, a-tailing, adapter ligation, and polymerase chain reaction (PCR) amplification (2012B; Genskey). Before sequencing, the DNA library quality was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) in conjunction with qPCR to measure the adapters. Two to three quantitative sets of circular single-stranded DNA were added to create DNA nanospheres. The DNA nanospheres were placed onto the sequencing chip and sequenced on the MGISEQ-2000 device (MGI, Shenzhen, China). We employed an environment control sample (human nucleic acid) for each run to monitor microbial DNA signals originating from the background during batch processing as well as distinct ID spike variations (Arabidopsis-specific fragments) to monitor sample-to-sample contamination.

For quality control, adapter contamination, and low-quality and low-complexity reads, raw reads were filtered by fastp (v0.19.5) and Komplexity v0.3.6. Reads that were mapped to human reference assembly GRCh38 were removed with bowtie2 v2.3.4.3. The reads were then aligned to a microorganism database containing approximately 12,000 genomes using SNAP v1.0beta.18, as previously described. For each species, the mapped reads were categorized using either the National Center for Biotechnology Information RefSeq genome database or the GenBank genome database. We used Perl scripts to count the species or genus abundance after filtering out false-positive organisms.

For all pathogens originally detected, we first filtered out the obvious sequence alignment abnormalities (for the detected species, genome coverage <1% and depth <2) and background polluted bacteria (considered to be the exact background bacteria when the taxon-specific read number falls within the normal fluctuation range of historical statistical data compared with the negative controls). Pathogen data interpretation and pathogen-positive determination were then performed.



Discussion

Mucormycosis is a difficult-to-diagnose fungal infection with high morbidity and mortality (Cornely et al., 2019). The most common pathogens are Rhizopus spp., Mucor spp., and Lichtheimia spp. (including Absidia spp. and Mycocladus spp.), accounting for 75% of all cases of mucormycosis (Vehreschild et al., 2013; Jeong et al., 2019). The next most common pathogens are Rhizomucor spp., Apophysomyces spp., Saksenaea spp., and Cunninghamella spp (Vehreschild et al., 2013).. Additionally, uncommon species such as Synchephalastrum racemosum, Thamnostylum lucknowense, Cokeromyces spp., and Actinomucor elegans have been reported since the advent of molecular techniques (Jeong et al., 2019). The most significant risk factors for mucormycosis are diabetes mellitus, HM, other cancers, ketoacidosis, hematopoietic stem cell transplantation, neutropenia, corticosteroids, trauma, iron overload, illicit intravenous drug use, neonatal prematurity, and malnutrition (Skiada et al., 2020). In people with normal immunity, trauma- or burn-related skin lesions may potentially get infected as well (Skiada et al., 2020).

Patients with HM and recipients of hematopoietic stem cell transplantation have the poorest prognosis (Roden et al., 2005). In recent decades, the incidence of mucormycosis has increased, primarily as a consequence of the increased number of patients with severe immunosuppression (Skiada et al., 2011). Herein we reported two patients with HM who developed severe nasal and cutaneous mucormycosis following chemotherapy and Bruton’s tyrosine kinase inhibitor (ibrutinib). According to ibrutinib-related disease association research, fungal infections are prevalent among patients with CLL and lymphoma (Roden et al., 2005). According to Ghez et al. (Ghez et al., 2018), the mechanism may involve a compromised innate/adaptive antifungal immune response during the initial phases of ibrutinib immunotherapy (during the first 6 months).

Mucormycosis is rapidly progressing and destructive, and thus delaying the initiation of therapy leads to increased mortality. A prior study in 70 patients with HM with mucormycosis demonstrated that more than 6 days of treatment delay doubled the mortality rate (Chamilos et al., 2008). Early diagnosis and rapid therapeutic intervention are of utmost importance because these maximize the survival rates and may also reduce the need for surgical excision, disfigurement, and suffering (Walsh et al., 2012). Diagnostic methods consist of risk factor identification, clinical manifestation evaluations, early utilization of imaging techniques, and timely initiation of diagnostic approaches based on histopathology, smear microscopy, culture (growth and isolation of microorganisms), and advanced molecular techniques such as microbial nucleic acid and antigen detection tests, serology (detection of pathogen-​specific antibodies), and exhaled breath metabolomics (Skiada et al., 2020). However, Mucor infection diagnosis is difficult in HM because of its nonspecific clinical manifestations; fever may be the only sign of infection. Pathogen detection is also challenging. Histopathology and routine culture are the gold standards, but biopsy is often difficult in patients with underlying HM (Schwartz et al., 2018). Moreover, owing to prior antibiotic and antifungal exposure, the sensitivity of routine culture is frequently low (Limmathurotsakul et al., 2010). In up to 50% of mucormycosis cases, the culture can be erroneously negative (Lackner et al., 2014). Additionally, histopathology and routine culture are time-consuming. Both patients described herein experienced such issues. The first patient that we reported had a recurrent high fever as the major manifestation for 5 days in the agranulocytosis phase. The repeated blood cultures were negative, facial edema developed later, imaging revealed atypical sinusitis, and the repeated empirical anti-infection adjustments were ineffective. Skin infection and fever were the predominant manifestations in the second patient, and secretory and blood cultures were negative at the beginning of the anti-infection treatment, resulting in an increased severity of symptoms and a challenging diagnosis.

Molecular-based methods such as PCR and mNGS lead to earlier diagnosis compared to culture (Millon et al., 2016). The amount of circulating Mucorales DNA in serum was shown to be particularly high compared to invasive aspergillosis, most likely due to the angio-invasive nature of Mucorales infection (Ibrahim et al., 2012; Millon et al., 2016). Attempts directed at molecular-based diagnosis from blood and serum have yielded promising clinical results (Millon et al., 2016). PCR is hypothesis-driven and requires prior knowledge of the suspected pathogen, and concerns have been raised regarding detection sensitivity; hence, it has only been used for preliminary screening (Gu et al., 2021). mNGS is a non-biased technology for quick pathogen detection that performs DNA or RNA sequencing directly from samples. Multiple specific pathogen tests can be replaced with a single mNGS assay, which enables the detection of a broad range of pathogens (viruses, bacteria, fungi, and parasites) directly from clinical samples without requiring doctors for prejudgment (Miao et al., 2018; Simner et al., 2018). Therefore, mNGS provides advantages over PCR for diagnosing and detecting certain rare or unknown infections. mNGS may thus be specifically relevant for the diagnosis of difficult-​to-diagnose cases or for immunocompromised patients in whom the spectrum of potential pathogens is increased (Chiu and Miller, 2019). In addition, mNGS can overcome the constraints of conventional culture, as it allows for the detection of known infections in 24–48 h, greatly shortening the diagnosis time of infectious pathogens (Miao et al., 2018; Chiu and Miller, 2019). Rapid reporting of mNGS results can also facilitate the timely modifications of therapy in clinical practice (Gosiewski et al., 2017). In our present cases, mNGS allowed for the rapid and accurate identification of pathogens, which were confirmed by subsequent local secretory culture results. When multiple broad-spectrum anti-infections fail, mNGS-based anti-mucormycosis treatment controls the infection.

The considerable potential of mNGS in mucormycosis diagnoses has been demonstrated by multiple successful cases and studies. Most published works are case reports. We list the most recent mNGS mucormycosis diagnosis reports in Table 2. All these cases indicate that mNGS can be used to diagnose rare infectious diseases with a variety of symptoms and in multiple sample types as follows:


Table 2 | Literature review: Cases of mucormycosis diagnosed with metagenomic next-generation sequencing (mNGS).



(a) Bloodstream infection: peripheral blood is the first choice for bloodstream infection detection. mNGS significantly improves the accuracy of bloodstream infection diagnosis, minimizes pathogen diagnosis time, and facilitates the rational use of antibacterial drugs (Li et al., 2021).

(b) Central nervous system infection: mNGS has a higher detection rate than conventional detection methods for bacterial infections of the central nervous system and is less affected by antibacterial drugs (Wilson et al., 2019; Zhang et al., 2019). Moreover, mNGS have irreplaceable advantages in the diagnosis of central nervous system tuberculosis, viruses, special pathogens (such as Brucella), parasites, and other pathogen infections, whereas fungal pathogens such as Cryptococcus and Aspergillus need to be detected in conjunction with traditional methods (Yao et al., 2016; Fan et al., 2018; Wang et al., 2018;  Xing et al., 2020; Yan et al., 2020). Additionally, mNGS helps diagnose non-infectious disorders such as autoimmune encephalitis and aids in selecting appropriate medicines (Wilson et al., 2019). It is recommended to employ a combination of mNGS and traditional microorganism detection methods for the diagnosis of chronic or recurrent central nervous system infections. This combination of methods is also the second-line diagnostic approach for acute encephalitis cases (Li et al., 2021).

(c) Respiratory infection: for respiratory tract infections, mNGS enables rapid and accurate pathogen detection and identification. It has been shown that mNGS application improves the diagnosis of lung-invasive fungal infections (Li et al., 2018). The detection rate of fungal etiology in bronchoalveolar lavage fluid (BALF) mNGS samples (81.3%) was significantly greater than that in blood samples (25.0%) in pulmonary invasion fungal infection; however, the types of samples had a similar specificity (Chen et al., 2020). mNGS sensitivity did not differ substantially between respiratory specimens (Li et al., 2021), but BALF was more sensitive than sputum for the detection of nontuberculous mycobacteria (Miao et al., 2018). Moreover, mNGS outperforms existing detection methods in the identification of mixed lung infections. In immunocompromised patients, the detection accuracy rate of mNGS may even reach 100% (Li et al., 2020).

(d) Bone and joint infections: synovial fluid, ultrasonic cleaning fluid from implants, and periprosthetic tissue can be used as specimens for mNGS (Ivy et al., 2018; Huang et al., 2019). mNGS is particularly recommended for pathogen detection in patients with negative microbiological culture results, poor response to empirical antibiotic therapy, and inadequate debridement (Fang et al., 2020).

(e) Urinary tract infections (UTIs): mNGS is not superior to the traditional detection methods for bacterial and fungal UTIs; however, it has advantages in diagnosing viral and complex UTIs (Flores-Mireles et al., 2015). The limitation of mNGS in urine testing is that reporting interpretation is difficult, and colonization of the distal urethra, periurethral skin, and vagina interferes with and requires experienced clinicians to participate in the interpretation (Mouraviev and McDonald, 2018).

(f) Digestive system infection: mNGS is rarely used in the identification of intestinal pathogens, and its greater application value is reflected in the identification of drug resistance genes in intestinal pathogenic microorganisms as well as the identification of the causes of rare viral hepatitis (Kujiraoka et al., 2017; Somasekar et al., 2017).

(g) Complex and atypical pathogen infections: many cases have demonstrated the superiority of mNGS in identifying infections with complex and atypical pathogens (Li et al., 2021). Moreover, mNGS has shown significant advantages in pathogen identification in immunocompromised patients (Parize et al., 2017). It is recommended as a first-line infection diagnosis and surveillance tool or as a complementary means to routine testing in patients undergoing solid organ and hematopoietic stem cell transplantations (Carpenter et al., 2019). mNGS has considerably improved pathogen diagnosis in febrile patients and is expected to be utilized as an integrated diagnostic tool for patients with fever of unknown origin to discriminate between infectious and non-infectious origins as well as to detect emerging pathogens (Jerome et al., 2019). Furthermore, mNGS helps monitor and respond to rapidly evolving infectious diseases such as unexplained pneumonia, e.g., COVID-19 (Duan et al., 2021).

Sample types, such as blood, sputum, BALF, cerebrospinal fluid (CSF), pleural fluid, pus, and tissue specimens, can be used in mNGS (Duan et al., 2021). Specific samples must first be collected from the primary site of infection for the diagnosis of infectious diseases—for instance, CSF is typically advised for infections of the central nervous system, whereas BALF and sputum are generally advised for infections of the lungs. Even though library creation, sequencing, and bioinformatics analysis are the same for all samples, pretreatment varies depending on the source of the sample (Li et al., 2021). Sputum requires liquefaction treatment, FFPE samples require dewaxing, and tissue requires homogenization. For specimens containing a large human cell background, such as secretions, pus, tissue specimens, and cloudy CSF and BALF, sequences need to be removed from the analysis by appropriate de-hosting processes to improve overall detection sensitivity (Charalampous et al., 2019). Using techniques such as filtering, differential centrifugation, DNA enzymatic hydrolysis, and methylation reagent treatment, the amount of human DNA in samples can be decreased (Li et al., 2021). Cell-free DNA or cell-free RNA extraction strategies are generally used in samples from peripheral blood (Charalampous et al., 2019). In bioinformatics analysis, human nucleic acid sequences are filtered first. The proportion of sequences removed by filtering steps was significantly correlated with tissue type, the abundance of infectious microorganisms, and/or the degree of environmental contamination (Ramachandran and Wilson, 2020). Specifically, 97–99% of the sequences in CSF samples from patients with encephalitis may be human because such samples are typically pathogen-free (Ramachandran and Wilson, 2020), whereas for sputum from patients with viral pneumonia infections, 80% of the sequences may be viral (Duncan M, 2019). Different threshold mechanisms must be created for different types of samples and pathogens for downstream analysis (Li et al., 2021). Notably, mNGS results need to be combined with clinical presentation—for example, when the mucormycosis pathogen is detected in peripheral blood, bloodstream or local infections should be judged according to the clinical manifestation and image due to the fact that Mucor DNA fragments can easily enter the blood during a local infection (Jing et al., 2021).

Early antifungal management, proper surgery, and immunosuppression reversal are all essential components of mucormycosis treatment (Phoompoung and Luong, 2019). The latest guidelines recommend liposomal amphotericin B as the first-line therapy (Phoompoung and Luong, 2019). In the first case that we presented herein, although AmBL (1 mg/kg daily, IV) was administered immediately after mucormycosis had been diagnosed, the local symptoms did not improve, and fever returned 3 days later. This was likely because the recommended dosage of AmBL for mucormycosis treatment is 3–5 mg/kg/day. Due to the toxicity of AmBL, moderate escalation is required; effective plasma concentrations cannot be attained quickly, resulting in therapy failure. A patient’s general conditions can improve significantly after the administration of ABCD (3.3 mg/kg daily, IV).



Conclusion

We presented two cases of patients with lymphoma who developed severe nasal and cutaneous mucormycosis following chemotherapy and small molecule targeted therapy. Traditional laboratory tests and imaging failed to determine the possible infection etiology; however, mNGS was able to rapidly and accurately determine the pathogens, and the results were later validated in local secretory fungal cultures. Both patients improved rapidly after receiving ABCD antibiotic treatment and experienced a good clinical outcome.

Our cases demonstrate that mNGS is a sensitive, efficient, accurate, and straightforward diagnostic technique that improves diagnostic accuracy and treatment efficacy. It is reasonable to predict that, as sequencing prices fall, mNGS will become widely used as a clinical pathogen detection approach.
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Rapid and accurate pathogen identification is essential for timely and effective treatment of pneumonia. Here, we describe the use of metagenomic next-generation sequencing (mNGS) of bronchoalveolar lavage (BALF) fluid to identify pathogens in patients with hematologic comorbid respiratory symptoms in a retrospective study with 84 patients. In the transplantation group, 8 cases (19.5%) and 47 cases (97.9%) were positive for BALF by conventional method detection and mNGS detection, respectively, and 6 cases (14.0%) and 41 cases (91.1%) in chemotherapy group, respectively. The detection rate of mNGS in both groups was significantly higher than that of conventional detection methods (all P<0.05). Pseudomonas aeruginosa and Streptococcus pneumoniae were the most common bacterial infections in the transplantation and chemotherapy groups, respectively. Aspergillus was the most common fungal infection in both groups. Human betaherpesvirus 5 (HHV-5), torque teno virus and human betaherpesvirus 7 (HHV-7) were the most common pathogen species in both groups. The most common type of infection in patients in the transplantation and chemotherapy groups was the mixed infection of bacteria-virus. Most patients in the transplantation group had mixed infections based on multiple viruses, with 42 cases of viral infections in the transplantation group and 30 cases of viral infections in the chemotherapy group, which were significantly higher in the transplantation group than in the chemotherapy group (χ2 = 5.766, P=0.016). and the mixed infection of virus-virus in the transplantation group was significantly higher than that in the chemotherapy group (27.1% vs 4.4%, P=0.003). The proportion of death due to pulmonary infection was significantly higher in the transplantation group than in the chemotherapy group (76.9% vs 16.7%, χ2 = 9.077, P=0.003). This study demonstrated the value of mNGS of BALF in improving the diagnosis and prognosis of hematologic comorbid pneumonia, helping patients to obtain timely and effective treatment, and giving guidance on the overall treatment plan for patients, with particular benefit for patients with hematologic chemotherapy comorbid pneumonia.
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1 Introduction

Respiratory tract infection has long been the most common comorbidity in hematologic disease, especially in patients in the granulocyte-deficient phase of chemotherapy and those receiving allogeneic hematopoietic stem cell transplantation (allo-HSCT) (Garcia et al., 2013; Kim et al., 2013; Beam et al., 2018). Also, lower respiratory tract infection has become the leading cause of death in allo-HSCT (Nichols et al., 2004; Langelier et al., 2018; Zhou and Moore, 2021). mNGS requires no preconceptions, can detect multiple pathogens at once, and has been shown in several clinical studies to rapidly and accurately assist in the diagnosis of complex pulmonary infections and severe infections. In addition, mNGS is valuable in aiding the diagnosis of invasive fungal infections, mixed pulmonary infections and severe unresponsive pneumonia, especially in studies of immunocompromised patients, where the accuracy of mNGS detection can even reach 100% (Li et al., 2021). Therefore, early, sensitive and accurate diagnosis is essential to identify and confirm the presence of pathogens of pulmonary infections. Respiratory tract infections generally manifest as fever, chill, cough, sputum, and in severe cases, respiratory distress may occur. Imaging examinations such as high-resolution computed tomography (CT) may aid in the diagnosis (Tanaka et al., 2011), but the specific type of pathogenic infection is difficult to determine. Conventional PCR can only detect several common types of viruses, traditional pathogenic culture are time-consuming, easily contaminated and have a low positive rate. Fungal detection is more difficult. In most cases, it is difficult to obtain patient sputum for culture, making it difficult to diagnose the type of pathogenic infection. Bronchoalveolar lavage fluid (BALF) is a better source of specimens for detecting pathogenic species of pulmonary infections by obtaining alveolar surface cells, soluble material, microorganisms and parasites and may contain intact fungal cells through fiberoptic bronchoscopy (Springer et al., 2018). As a comprehensive and direct detection method, mNGS is difficult to become a first-line clinical detection method in a short period of time due to economic cost and other problems. It is still a very efficient pathogen screening method in the diagnosis of special patient populations such as immunodeficiency, and emerging infectious diseases (Chiu and Miller, 2019). It is the unbiased sequencing of all nucleic acids in a sample, and has unique advantages and attractions in the identification, typing, drug-resistant mutation detection and novel pathogen identification of pathogenic microorganisms.

Metagenomic next-generation sequencing (mNGS) has been applied to diagnose infection syndromes caused by multiple pathogens at multiple sites, including respiratory infections (Langelier et al., 2018; Shi et al., 2020; Bal et al., 2022), central nervous system infections (Zhang et al., 2021), and bloodstream infections (Goggin et al., 2020), due to its high sensitivity and specificity. And studies have also shown that mNGS is superior to traditional methods in detecting bacteria, fungi, mycoplasmas and viruses (Li et al., 2018; Fang et al., 2020; Huang et al., 2021). However, comparative studies using mNGS methods to detect pathogenic infection in BALF in haematological patients with respiratory symptoms undergoing allo-HSCT and chemotherapy are limited. Therefore, we conducted a retrospective study to compare and analyze mNGS detection of pathogenic species of infection in transplantation and chemotherapy patients to provide a reference for patient diagnosis and empirical treatment.



2 Methods


2.1 General information

The research protocol was approved by the Ethics Committee of the Affiliated Cancer Hospital of Zhengzhou University and the Third People’s Hospital of Zhengzhou. All patients provided informed consent for their inclusion in this study. For children, their parents and guardians provided informed consent. And the study was conducted in accordance with the Declaration of Helsinki. Hematologic patients with significant respiratory symptoms, poor empirical anti-infective treatment and difficult to obtain sputum samples who received mNGS of BALF were included in the analysis, and other specimens was excluded. We retrospectively analyzed the clinical characteristics of 84 patients with respiratory symptoms who received allo-HSCT and/or chemotherapy at the Affiliated Cancer Hospital of Zhengzhou University and the Third People’s Hospital of Zhengzhou from April 2020 to April 2022. The clinical characteristics were investigated and recorded. After the related contraindications excluded, bronchoscopy is performed by a specialized skilled physician, and the bronchoalveolar lavage fluid (BALF) is collected aseptically and processed promptly for testing. The mNGS method was used to detect all pathogens in the BALF. Routine Glucan (G) experiments, Galactomannan (GM) experiments, bacterial cultures were performed, G experiment is mainly for the detection of fungal cell wall component (1,3)-β-D-glucan, which is suitable for the early diagnosis of all deep fungal infections except Cryptococcus and tuberculosis, but cannot determine the species of fungus(There is no fungal infection below 70 pg/ml, 70-95 pg/ml is the observation period, continuous testing is given, and deep fungal infection is suspected if it is greater than 95pg/ml); GM experiment is for the detection of galactomannan, which is mainly suitable for the early diagnosis of invasive Aspergillus infections(Less than 0.65 ug/L is negative, greater than 0.85 ug/L is positive). And quantitative Polymerase Chain Reaction (qPCR) was used to detect the cytomegalovirus (CMV, HHV-5) and Epstein-Barr virus (EBV, HHV-4). At the same time, imaging tests such as chest computed tomography (CT) and other means were used to assist the diagnosis.



2.2 Methods and process of mNGS


2.2.1 Sample processing and sequencing

BALF samples were collected based on the standard clinical procedure. A total of 2 mL bronchoalveolar lavage fluid (BALF) was immediately inactived at 65°C for 30 minutes after collection. Next, 0.8mL BALF was placed in a 1.5-mL microcentrifuge tube with 2 g 0.5-mm glass beads. Tubes were agitated vigorously at 3000 rpm for 15 minutes on a vortex mixer attached to a horizontal platform. All samples were then centrifuged at 12000 rpm for 1 minute, and 0.6 mL sample was separated into a new 2.0-mL microcentrifuge tube followed by DNA or RNA extraction. TIANamp Micro DNA Kit (DP316, TIANGEN Biotech, Beijing, China) and QIAamp Viral RNA Mini Kit RNA extraction kit (QIAGEN, Hilden, Germany) were used for DNA or RNA extraction according to the manufacturers’ recommendation, respectively.

DNA libraries were constructed through DNA fragmentation, end-repair, adaptor ligation, and PCR amplification using One Shot Max DNA Library Prep Kit (PDM601, Nanjing Practice Medicine Dignostics Co., Ltd, Nanjing, China) and NGS library construction kit (2012B, Genskey, Tianjin) according to the protocol. For RNA libraries construction, 10-1000 ng of RNA was mixed with ribosomal RNA (rRNA) deletion probes for rRNA deletion. Fragmentation, the synthesis of the first and second strands, end-repair, adaptor ligation were performed using an RNA library construction kit (PDR803, Nanjing Practice Medicine Dignostics Co., Ltd, Nanjing, China). The constructed library was qualified by Agilent 2100 Bioanalyzeer system (Agilent Technologies, Santa Clara, CA, USA) and Qubit 4.0 (Thermo Fisher Scientific Inc, USA). The qualified double-strand DNA library was transformed into a single-stranded circular DNA library through DNA-denaturation and circularization. DNA nanoballs (DNBs) were generated from single-stranded circular DNA by rolling circle amplification (RCA). The DNBs were qualified using Qubit 4.0. Qualified DNBs were loaded into the flow cell and sequenced (50 bp, single-end) on the MGISEQ-200 platform.



2.2.2 Criteria for the mNGS results and bioinformatic analysis

For all pathogens originally detected, the obvious sequence alignment abnormalities (for the detected species, genome coverage<1% and depth>2) and background polluted bacteria were first filtered out (Jain et al., 2015; Shi et al., 2020). We used these two metrics primarily to filter out false-positive bacteria resulting from data analysis, as species with low genomic coverage but higher depth are largely due to reads multi-alignment. High-quality sequencing data were generated by removing low-quality and short (length < 35 bp) reads using fastq software (Chen et al., 2018), followed by computational subtraction of human host sequences mapped to the human reference genome (hg38) using STAR alignment (Dobin et al., 2013). After the removal of low complexity and duplicated reads using PRINSEQ algorithms (Schmieder and Edwards, 2011), the remained data were classified by simultaneously aligning to in-house microbial genome databases, consisting of viruses, bacteria, fungi, and parasites, which were mainly downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/) using Kraken2 software (Wood et al., 2019). The sequencing data list was analyzed in terms of species-specific read number (SSRN), reads per million (RPM) and genome coverage (%).

In our study, we set negative control samples in each batch of sequencing. Pathogen screening is performed based on this NC. The nucleic acids of negative control were derived from pure HL60 cell lines. We use a background database to remove background noise in analysis. In addition, we set a negative control sample (NC) in each batch of sequencing. Pathogen screening criteria are as follows:

	Intracellular Bacteria, such as Mycobacterium tuberculosis complex, Brucella, Legionella pneumophila and Nocardia, the results were considered positive if a species had a species-specific read number ≥1. Because the intracellular bacteria not a colonize microbial, and low possibility for contamination. At the same time, the nucleic acids of intracellular bacteria are difficult to extract.

	For extracellular bacteria, viruses and parasites, a microorganism was always excluded as a routine if it was detected in BALF samples as the same as that in the negative control. However, the results of BALF samples were considered to be positive if the RPM (reads per million reads) for a microorganism were ≥ tenfold than that in the NC.

	For fungi, the results of BALF samples were considered to be positive if the RPM (reads per million reads) for fungi were ≥ fivefold than that in the NC.





2.2.3 Statistical analyses

Categorical variables were expressed as percentages. Comparative analysis of count data was conducted by Pearson’s test or Fisher’s exact test. Data analysis was performed with IBM SPSS Statistics 25.0 and Graphpad Prism 8.0.1 P < 0.05 was considered statistically significant.





3 Results


3.1 Characteristics of the patients

Among the 84 patients, 41 patients received allo-HSCT and 43 patients received chemotherapy. Male and female patients were 22 and 19, 27 and 16, in the transplantation and chemotherapy groups, respectively. The transplantation group included 26 cases of acute myeloid leukemia (AML), 10 cases of acute lymphoblastic leukemia (ALL), 2 cases of aplastic anemia (AA), 3 cases of chronic myelomonocytic leukemia (CMML), and the chemotherapy group included 14 cases of AML, 7 cases of ALL, 10 cases of non-Hodgkin lymphomas (NHL), 9 cases of multiple myeloma (MM), 2 cases of AA, 1 case of chronic lymphocytic leukemia (CLL) (Table 1). The median age was 28 (3-60) and 54 (6-89) years in the transplantation and chemotherapy groups, respectively. The patients in the transplant group were significantly younger than those in the chemotherapy group, and the difference was statistically significant (P=0.0006) (Figure 1).


Table 1 | Characteristics and prognosis of patients (N=84).






Figure 1 | The age distribution of patients in the transplantation and chemotherapy groups. The patients in the transplant group were significantly younger than those in the chemotherapy group (P=0.0006).





3.2 Results of BALF detection in the transplantation and chemotherapy group

In the transplantation and chemotherapy groups, 41 and 43 tests were performed by conventional methods, respectively, and 48 (3 tests in 2 patients and 2 tests in 3 patients) and 45 (2 tests in 1 patient) tests were performed by mNGS, respectively. In the transplantation group, 8 cases (19.5%) and 47 cases (97.9%) were positive for BALF by conventional method detection and mNGS detection, respectively, and 6 cases (14.0%) and 41 cases (91.1%) in chemotherapy group, respectively. The detection rate of mNGS in both groups was significantly higher than that of conventional detection methods (all P<0.05). About the analysis of mNGS detection results, the genome coverage is the percentage of target bases that have been sequenced for a one time. Depth refers to the average sequencing depth of the coverage area can be defined theoretically as LN/G, where L is the read length, N is the number of reads and G is the coverage area length. We used these two metrics primarily to filter out false-positive bacteria resulting from data analysis. Additionally, in our past analysis, a database of colonizing microorganisms in different parts of healthy people was established, including common colonizing microorganisms and relative abundance ranges. If a microorganism is a colonized microorganism, we will consider its relative abundance in patient samples. If the relative abundance is higher than negative control and beyond the normal range in database, we consider that it may be a pathogen. Of course, we also need to consider the patient’s clinical features and medication situations.

Among the patients with positive mNGS test in the transplantation group, there were 8 (16.7%) single pathogen infections, 39 (81.3%) mixed pathogen infections, including 14 (35.9%) mixed bacterial-viral infections, 6 (15.4%) mixed fungal-viral infections, 13 (33.3%) mixed viral-viral infections, 1 (2.6%) mixed bacterial-fungal infection, 1 (2.6%) mixed viral-mycoplasma infection, and 4 (10.2%) mixed bacterial-fungal-viral infections. Among the patients with positive mNGS test in the chemotherapy group, there were 12 (26.7%) single pathogen infections, 29 (64.4%) mixed pathogen infections, including 13 (44.8%) mixed bacterial-viral infections, 5 (17.3%) mixed fungal-viral infections, 2 (6.9%) mixed viral-viral infections, 1 (3.4%) mixed bacterial-fungal infection, 1(3.4%) mixed viral-ureaplasma infection, 1 (3.4%) mixed bacterial-mycoplasma infection and 6 (20.8%) mixed bacterial-fungal-viral infections. (Table 1 and Figures 2A-C).




Figure 2 | Detection of infectious pathogens by mNGS in transplantation group and chemotherapy group. The flow chart for inclusion of analyzed patients (A) and the most common type of infection in patients in the transplantation (B) and chemotherapy (C) groups was the mixed infection of bacteria-virus. And the mixed infection of virus-virus in the transplantation group was significantly higher than that in the chemotherapy group (27.1% vs 4.4%, P=0.003).



The most common type of infection in patients in the transplantation and chemotherapy groups was the mixed infection of bacteria-virus. Most patients in the transplantation group had mixed infections based on multiple viruses, with 42 cases of viral infections in the transplantation group and 30 cases of viral infections in the chemotherapy group, which were significantly higher in the transplantation group than in the chemotherapy group (χ2 = 5.766, P=0.016). and the mixed infection of virus-virus in the transplantation group was significantly higher than that in the chemotherapy group (27.1% vs 4.4%, P=0.003), but the bacterial infection (χ2 = 0.543, P=0.461) and fungal infection (χ2 = 2.438, P=0.118) had no significant difference between the two groups. In addition, the proportion of single pathogen infection in the chemotherapy group was higher than that in the transplantation group, but there was no statistical difference (26.8% vs 16.6%, P=0.241).

A total of 56 major pathogen species were detected in both groups, of which human betaherpesvirus 5 (HHV-5), torque teno virus, human betaherpesvirus 7 (HHV-7), human polyomavirus, pseudomonas aeruginosa and human betaherpesvirus 6B (HHV-6B) were the six most common pathogen species in transplantation group, and HHV-7, torque teno virus, HHV-5, streptococcus pneumoniae, aspergillus fumigatus and HHV-4 were the six most common pathogen species in chemotherapy group (Figure 3). There was no significant difference in the number of reads detected by mNGS for HHV-5, torque teno virus and HHV-7 among the common infectious pathogens in the two groups (Figure 4). Pseudomonas aeruginosa and Streptococcus pneumoniae were the most common bacterial infections in the transplantation and chemotherapy groups, respectively. Aspergillus was the most common fungal infection in both groups. (Supplementary table)




Figure 3 | 56 major pathogen species were detected in the transplantation and chemotherapy groups. Human betaherpesvirus 5 (HHV-5), torque teno virus and HHV-7 are the most common species of infection in the transplantation and chemotherapy groups.






Figure 4 | The number of reads detected by mNGS for torque teno virus, HHV-5 and HHV-7 in the transplantation and chemotherapy groups. There was no significant difference in the number of reads detected by mNGS for torque teno virus (A), HHV-5 (B) and HHV-7 (C) among the common infectious pathogens in the two groups.





3.3 Results of BALF Detection in the early and late stages of transplantation

In the transplantation group, the median time between BALF detection and transplantation was 215 (20-1853) days. The detection results within 215 days showed 21 cases of virus infection, 11 cases of bacteria and 5 cases of fungi. There were 20 cases of virus infection,13 cases of bacteria and 6 cases of fungi in the detection results greater than 215 days. There was no obvious difference in the types of pathogens infected in the early and late stages of transplantation. Additionally, there was no significant difference in the number of reads detected by mNGS for torque teno virus and HHV-7 except HHV-5 among the common pathogens between the early and late stages of transplantation (Figures 5, 6).




Figure 5 | The major pathogen species were detected in the early and late stages of transplantation. HHV-5, torque teno virus and HHV-7 are the most common species of infection in the early and late stages of transplantation.






Figure 6 | The number of reads detected by mNGS for torque teno virus, HHV-5 and HHV-7 in the early and late stages of transplantation. There was no significant difference in the number of reads detected by mNGS for torque teno virus (A), HHV-7 (C) except HHV-5 (B) and among the common infectious pathogens between the early and late stages of transplantation.





3.4 Treatment and prognosis

Corresponding anti-infection and symptomatic and supportive treatment are given according to the patient’s pathogen test results, drug susceptibility and drug resistance type. Among 40 infected patients in the transplantation group, 30 had improved respiratory symptoms after treatment and 10 had no significant improvement, and among 39 patients in the chemotherapy group, 37 had significant improvement in symptoms after treatment and 2 had no significant improvement. As of April 2022, a total of 13 patients died in the transplantation group,3 patients died due to organ failure caused by GVHD, 10 patients died mainly from severe pneumonia and respiratory failure. 12 patients died in the chemotherapy group, 2 cases died of severe pneumonia, 10 patients died mainly due to advanced age combined with progression of the primary disease. The proportion of death due to pulmonary infection was significantly higher in the transplantation group than in the chemotherapy group (76.9% vs 16.7%, χ2 = 9.077, P=0.003) (Table 1).




4 Discussion

In this study, we compared bronchoalveolar lavage fluid mNGS sequencing results in hematologic patients receiving allo-HSCT and chemotherapy combined with respiratory symptoms. In general, the positive detection rate in the transplantation and chemotherapy group were 97.9% (47/48) and 91.1% (41/45), respectively. And the mNGS also outperforms traditional methods in pathogen species detection. mNGS can detect a variety range of uncommon viruses, bacteria and fungi, such as human bocavirus, ralstonia mannitolilytica, tropheryma whipplei, aspergillus welwitschiae.

Because mNGS is culture-independent, ex vivo pathogen viability has no effect on assay results, making it easier to assess slow-growing, difficult-to-cultivate pathogens, and pathogens that are lethal due to antibiotic exposure. This is also the advantage of mNGS over whole genome sequencing (WGS) (Wang et al., 2020; Diao et al., 2022). Despite the appeal of culture-independent mNGS, many issues remain to be addressed. In particular, how to distinguish pathogenic microorganisms from colonizing microorganisms when mNGS is used for the diagnosis of pneumonia. This requires us to pay strict attention to the handling of specimens, and minimize the impact of contamination by removing human nucleic acidsand avoiding external sources of contamination during the operation (Marotz et al., 2018; Charalampous et al., 2019; Weyrich et al., 2019). In addition, many bioinformatics methods are also available for contamination removal. The most common decontamination methods for bioinformatics involve filtering sequences below a relative abundance threshold, but there is a risk of true low-frequency sequences being discarded and a large number of contaminating sequences interfering with downstream analyses (Weyrich et al., 2019). Another simple method is to subtract the number of sequences that appear in the negative control (Wilson et al., 2018). In general, quantitative or semi-quantitative statistical analysis is used to differentiate between true pathogens and colonizers in respiratory mNGS assays. mNGS detection of pulmonary infectious pathogens typically employs metrics such as relative abundance at the genus level, normalized to sequences per million, sequences aligned to target microorganisms, and genome coverage in non-overlapping regions (Larsson et al., 2018; Li et al., 2018; Huang et al., 2020). Langelier et al. distinguish pathogens and background microorganisms by z-score in bioinformatics analysis (Langelier et al., 2018). Additionally, a study developed a rule-based model and a logistic regression model to distinguish pathogenic and colonizing microorganisms, both models achieved accuracies of 95.5% (Langelier et al., 2018).Although some of them we cannot confirm whether they are colonizing or pathogenic bacteria, they still need to be treated promptly in conjunction with clinical symptoms, immune function and underlying diseases. Early and specific diagnosis of pathogens and early initiation of specific antifungal therapy are directly associated with improved clinical outcomes (Drgona et al., 2014).

Mixed pathogen infection is a common type of infection in immunocompromised patients (Di Pasquale et al., 2019; Wang et al., 2019). Conventional detection methods are difficult to detect multiple pathogens simultaneously (Jain et al., 2015). As a highly sensitive analytical method, mNGS can overcome the limitations of traditional detection methods and provide more valuable reference results for the detection of various pathogens (Chiu and Miller, 2019; Gu et al., 2019; Wang et al., 2019). In this study, the results of mNGS detection in both groups of patients showed that virus-based mixed infections were the most common. The detection rate of viruses and mixed virus-virus infections were significantly higher in the transplantation group than in the chemotherapy group, which may be related to the more pronounced immunosuppression and longer duration of immunodeficiency in transplantation patients (Sahin et al., 2016; Green, 2017). There was no significant difference in the proportion of bacterial and fungal infections between the two groups. There were also no significant differences in the types of pathogenic bacteria that infected patients during the different transplantation periods. This suggests that we should not only take preventive measures against viral infection as soon as possible for transplant patients, but also empirically give combined anti-infective therapy when patients have respiratory symptoms to reduce adverse outcomes caused by pulmonary infection (Bondeelle and Bergeron, 2019).

In terms of empirical anti-infection treatment of patients, HHV5 (CMV) was the most common virus infection in the transplantation group, while HHV7 was the most common in the chemotherapy group. Among the bacterial infections, Pseudomonas aeruginosa and Streptococcus pneumoniae were most common in the transplantation and chemotherapy groups, respectively, which may be related to the pretreatment regimen medication and long application of immunosuppressive agents in patients in the transplantation group, and it is prone to the infection of Gram-negative bacilli (Zhou and Moore, 2021). In contrast, the chemotherapy group was dominated by common Gram-positive cocci. Similar findings have also shown that pseudomonas aeruginosa is more prevalent after allo-HSCT and in immunocompromised patients, but is not an independent risk factor for it (Di Pasquale et al., 2019; Zhou and Moore, 2021). Among the fungal infections, Aspergillus infections were more common in both groups, and Mucor and Candida were less common. Previous studies have also shown that Aspergillus are the most common fungus responsible for pulmonary infections in human (Maschmeyer and Donnelly, 2016). This suggests that for patients with hematologic diseases, the presence of respiratory tract infections can be used as a basis for empirical anti-infective therapy when the pathogenic organism is not identified. Firstly, for transplantation patients, the use of immunosuppressive drugs should be reduced under the control of graft-versus-host disease (GVHD). Secondly, patients with viral infection should be given antiviral combined immunoglobulin therapy in a timely manner. Finally, stem cell support therapy, such as donor lymphocyte infusion (DLI) (Kishi et al., 2000), Epstein-Barr virus specific cytotoxic T lymphocyte (EBV-CTL) (Kuzushima et al., 1996), cytomegalovirus (CMV)-specific cytotoxic T lymphocyte (CMV-CTL) (Wang et al., 2022) are given when conditions permit. In addition, measures to prevent viral infection, such as the application of rituximab, can also be given in the early stage of transplantation (Stocker et al., 2020; Walti et al., 2021). Although HHV7 is the more common viral infection in the chemotherapy group, and primary HHV7 infections are mostly associated with acute rash and roseola in children, HHV-7 is 75% homologous to CMV, and immunosuppressive therapy in chemotherapy patients creates favorable conditions for reactivation of HHV-7, which may increase the risk of CMV infectious disease, an opportunistic infectious agent, and CMV reactivation is a life-threatening infectious complication that is associated with an increased risk of overall patient death (Osman et al., 1996; Hill et al., 2019; Einsele et al., 2020). Therefore, it is also important to give appropriate antiviral treatment in a timely manner. For the treatment of bacterial infections, two flora-sensitive antibiotics were selected for treatment, and no relevant contraindications were given to multiple antibiotic combinations when necessary to avoid drug-resistant bacteria. As for the treatment of fungal infections, since Aspergillus infections are the most common and immunocompromised patients are an important cause of morbidity and mortality of invasive fungal diseases, it is more important to treat them actively and early (Robenshtok et al., 2007; Drgona et al., 2014), and anti-infective treatment should be based on liposomal amphotericin B (LAMB) and voriconazole and other azole drugs (Herbrecht et al., 2002; Cornely et al., 2007). At the same time, reducing the dosage of hormones is also a crucial condition for improving the prognosis of invasive aspergillosis (Walsh et al., 2008).

By the end of follow-up, the patients who died in the transplantation group were mainly suffering from pulmonary infections, which may be related to the fact that the patients were on higher doses of immunosuppressants and the anti-infective treatment was not effective. In contrast, patients in the chemotherapy group had relatively low dosages of immunosuppressants and better anti-infective treatment, and the patients who died were mainly due to advanced age and relapse of the primary disease. In this regard, we should take different treatment measures for patients with chemotherapy and transplantation co-infection. Transplantation patients should focus on enhancing the patient’s immunity while anti-infection treatment, while chemotherapy patients should focus more on the treatment of the primary disease while the infection is under control. Of course, since this study is a single-center retrospective study, it does not yet have the exact value and significance of guiding treatment, and a large-scale multicenter prospective study is needed for more detailed treatment protocols to determine the guiding value of mNGS detection of bronchoalveolar lavage fluid in the treatment of patients with hematologic diseases.

In conclusion, although mNGS is highly sensitive and indiscriminate in the detection of pathogenic bacteria, it can also produce false positive results. Therefore, it is necessary for clinicians to cooperate closely with the testers to combine the test results with clinical symptoms to make a more accurate assessment of the patient’s condition and to take comprehensive, rational and effective therapeutic measures. While taking into account the timely and accurate treatment of the primary disease and avoiding the excessive application of antibiotics, reducing the death caused by severe pneumonia, and making full use of the advantages of mNGS to provide good guidance for the application of clinical antibiotics, thus improving the prognosis of patients with hematological disease combined with respiratory symptoms.
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Objectives

The metagenomic next-generation sequencing (mNGS) test is useful for rapid and accurate detection and identification of pathogenic microorganisms. The aim of the present study was to investigate the factors associated with in-hospital mortality in pneumocystis pneumonia (PCP) patients with mNGS-assisted diagnosis.



Methods

Our study enrolled 154 patients with mNGS-positive PCP from August 2018 to February 2022 at the First Affiliated Hospital of Zhengzhou University respectively. Patients were divided into the survivor group (n=98) and the death group (n=56) according to whether in-hospital death occurred. Baseline characteristics, patients’ pre-hospital symptoms and patients’ CT imaging performance during hospitalization were carefully compared between the two groups. Risk factors for the occurrence of in-hospital death were sought by selecting indicators that were significantly different between the two groups for modelling and performing multiple logistic regression analysis.



Results

Compared with the in-hospital death patients, the survivors were younger and had higher levels of albumin (ALB) (age: 50.29 ± 14.63 years vs 59.39 ± 12.27 years, p<0.001; ALB: 32.24 ± 5.62 g/L vs 29.34 ± 5.42g/L, p=0.002; respectively), while the levels of lactate dehydrogenase (LDH) and C-reactive protein CRP were lower (LDH: 574.67 ± 421.24 U/L vs 960.80 ± 714.94 U/L, p=0.001; CRP: 54.97 ± 55.92 mg/L vs80.45 ± 73.26 mg/L, p=0.018; respectively). Multiple logistic regression analysis revealed that age, the baseline LDH and CRP levels were all positively associated with high in-hospital mortality [age: OR(95%CI): 1.115 (1.062-1.172), p<0.001; LDH: OR(95%CI): 1.002 (1.001-1.003), p<0.001; CRP: OR(95%CI): 1.008 (1.000-1.017), p=0.045; respectively] while the platelet counts was negatively associated with it [OR(95%CI): 0.986 (0.979-0.992), p<0.001].



Conclusions

Old age, high baseline levels of LDH and CRP and low platelet counts were risk factors of the in-hospital mortality in mNGS positive PCP patients.





Keywords: metagenomic next-generation sequencing, pneumocystis pneumonia, in-hospital mortality, risk factor, lactate dehydrogenase (LDH)



Introduction

Pneumocystis carinii pneumonia (PCP) is a life-threatening opportunistic lung infection caused by the human-specific opportunistic fungus Pneumocystis carinii (Sokulska et al., 2015), commonly seen in immunocompromised individuals with a combination of human immunodeficiency virus (HIV) infection (CD4+ cell count <200 cells/mm3), tumors, organ transplants, autoimmune diseases and other causes (Yale and Limper, 1996; Thomas and Limper, 2004). The main symptoms of patients with PCP are fever, cough and dyspnea, and in severe cases respiratory failure may occur (Sepkowitz, 2002; Enomoto et al., 2010). Cell-mediated immunodeficiency and the use of glucocorticoids are among the strongest risk factors for the development of PCP (Sepkowitz et al., 1992; Yale and Limper, 1996). In recent years, the morbidity and mortality of non-HIV associated PCP has increased significantly with the increasing number of patients with oncology, organ transplantation and autoimmune diseases, as well as improvements in bronchoscopy and microbiological testing techniques (Sepkowitz, 2002). In addition, study has reported a significantly higher mortality rate in patients with HIV negative PCP than that in patients with HIV positive PCP (27% vs 4%) (Roux et al., 2014). Parameters such as old age, low CD4+ cell count, and high levels of lactate dehydrogenase (LDH) have been reported to be associated with poor prognosis in HIV-positive PCP patients (Antinori et al., 1993; Fernandez et al., 1995; Dworkin et al., 2001). It has also been suggested that low hemoglobin (HGB) levels, the presence of medical comorbidities and Kaposi’s sarcoma of the lung are predictors of death in patients with HIV-associated PCP (Walzer et al., 2008; Fei et al., 2009). In contrast, initial LDH levels, mixed infection and elevation of neutrophil/lymphocyte rate (NLR) were the useful predictors of in-hospital mortality in non-HIV-infected PCP patients (Schmidt et al., 2018; Duan et al., 2022).

The morbidity and mortality rate of PCP were still high, but the clinical manifestations of PCP patients were atypical, the culture of Pneumocystis was difficult that makes the microbiologically diagnose in immunocompromised patients difficult (Limper et al., 1989; Fishman, 2020). Metagenomics next-generation sequencing (mNGS) is a widely used molecular technology for clinical nucleic acid sequencing that allows unbiased detection of pathogens in a single test and is considered a promising technique for microbial identification in infectious diseases (Goldberg et al., 2015; Chiu and Miller, 2019; Han et al., 2020). Recently, several studies have demonstrated its advantages in detecting a wide range of pathogens in different clinical specimens (Zhang et al., 2020; Wu et al., 2020; Yue et al., 2021). In recent years, studies have also been conducted in immunocompromised patients with non-HIV-infected PCP, such as renal transplantation and hematological malignancies, and it is believed that mNGS has definite value in the early diagnosis of non-HIV-infected PCP (Chen et al., 2020; Liu et al., 2020; Duan et al., 2022).

Therefore, our present study enrolled 154 patients with positive alveolar lavage fluid (BALF) samples for Pneumocystis jirovecii tested by mNGS, irrespective of co-infection with HIV, to analyze factors that may affect short-term prognosis.



Methods


Study population

Our present study enrolled 154 patients with mNGS-positive PCP from August 2018 to February 2022 at the First Affiliated Hospital of Zhengzhou University. Patients were divided into the survivor group (n=98) and the death group (n=56) according to whether in-hospital death occurred.

Diagnosis of PCP must met the following criteria (Duan et al., 2022): (1) Clinical symptoms (cough, fever, or shortness of breath) and laboratory parameters [1,3-beta-D-glucan (BDG) test (G-test) and LDH] relevant to PCP; (2) Imaging findings compatible with PCP (ground glass opacity, present bilateral interstitial and alveolar infiltrates in perihilar areas); (3) Identifying the genetic sequences of Pneumocystis jirovecii by mNGS of BAL specimens. The exclusion criteria were: (1) Age < 18 years old; (2) Incomplete medical record (Figure 1). The endpoint of the study was in-hospital death.




Figure 1 | The flow chart.





Data collection

For patients enrolled, the following parameters were recorded carefully: age, sex, previous history, comorbidities [hypertension, type 2 diabetes, coronary artery disease (CAD), and chronic obstructive pulmonary diseases (COPD)], primary disease, use of invasive ventilator, stay time of intensive care unit (ICU), the reads of mNGS, and baseline laboratory examinations. In addition, the patients’ pre-hospital symptoms and patients’ CT imaging performance during hospitalization were carefully recorded. The clinical data of the patients were obtained through the electronic medical record system.

All patients had bronchoscopy performed, and about 5ml BALF was used to extracted DNA by TIANamp Micro DNA Kit following the manufacturer’s instructions. DNA libraries were constructed by DNA fragmentation, end-repair, adapter ligation, and PCR amplification, followed by sequencing. Agilent 2100 bioanalyzer (Agilent, USA) and ABI StepOnePlus Realtime PCR System were used for quality control of DNA library, the qualified libraries were sequenced on NextSeq 550Dx platform (illumina,USA) using 75bp sequencing read length. Positive control and negative control were included in all assays. The lower limit of detection of the assay was estimated to be <50 copies/ml (as per the instruction of the manufacturer). DNA integrity of the samples was confirmed by the presence of internal control DNA.



Statistical analysis

All collected data were statistically analyzed using SPSS 21.0 (Armonk, NY: IBM Corp.). Variables of two groups were compared using the Wilcoxon rank-sum test for continuous variables and the chi-square test for binary and categorical variables as appropriate. Multiple Logistic regression analyses were performed. P<0.05 indicates that the difference is statistically significant.




Results


Baseline characteristics of PCP patients

As shown in Table 1, PCP patients tend to have autoimmune diseases and hematological malignancies as their primary cause and are often treated with glucocorticoids and immunosuppressive drugs prior to admission to hospital. Compared with the in-hospital death patients, the survivors were younger and had higher levels of ALB and platelet, while the levels of LDH and CPR were lower [age: 50.29 ± 14.63 years vs 59.39 ± 12.27 years, p<0.001; ALB: 32.24 ± 5.62 g/L vs29.34 ± 5.42g/L, p=0.002; platelet: 213.92± 96.00 vs 154.93 ± 78.55, p<0.001; LDH: 574.67 ± 421.24 U/L vs 960.80 ± 714.94 U/L, p=0.001; C-reactive protein (CRP): 54.97 ± 55.92 mg/L vs80.45± 73.26 mg/L, p=0.018; respectively, Table 1].


Table 1 | Baseline characteristics of PCP patients.



Moreover, the percentage of neutrophils between two groups showed significant difference (79.45 ± 16.94 vs85.11 ± 14.68, p=0.039, Table 1), in spite of the counts of white blood cell, neutrophils, lymphocytes and the levels of hemoglobin (all p>0.05, Table 1).

However, the mNGS reads of Pneumocystis jirovecii (p=0.754, Figure 2), the levels of PCT, G test and CD4+ T lymphocytes had shown no significantly differences between the survivors and non-survivors (all p>0.05, Table 1).




Figure 2 | The heatmap of the reads number.





Comparison of symptoms and CT films performances

Although there were no significant differences in the clinical symptoms and CT imaging features between the two groups of PCP patients (all p>0.05, Tables 2, 3), we could still find that the most common clinical symptoms in PCP patients were fever, chest tightness, cough/sputum and fatigue, and the most common imaging features were ground glass images, pulmonary air sacs, hydrothorax, and consolidations.


Table 2 | Comparison of symptoms between the two groups of patients.




Table 3 | Comparison of CT films of the two groups of patients.





Co-pathogens characteristics

The percentage of co-infections in PCP patients has shown no significant difference between the survivors and death patients (39.8% vs. 50%, p=0.240, Table 1). The possible pathogenic microorganisms detected in the BALF samples of the two groups of patients by mNGS technology were listed in the Supplementary Table S1. The most common co-pathogens in the survivors and death patients were cytomegalovirus (CMV) (20/20.4% vs. 11/19.6%, p=0.909) and Epstein-Barr virus (EBV) (13/13.3% vs. 13/23.2%, p=0.123). Haemophilus was the co-infected pathogen that differed between the two groups, and more was detected in the death group (3/3.1% vs. 10/17.9%, p=0.004, Supplementary Table S1). In addition, Moraxella (2/2.1%) and Nocardia (2/2.1%) detected in the survival group were not detected in the death group, while Pseudomonas aeruginosa (2/3.6%) and Staphylococcus aureus (1/1.8%) detected in the death group were not detected in the survival group. Other co-pathogens were Streptococcus, Aspergillus, Saccharomycete, Herpes simplex virus 1 (HSV1), Acinetobacter baumannii, Klebsiella Pneumoniae and Enterococcus (Supplementary Table S1).



Predictors of in-hospital mortality

Based on comparing the indicators of the two groups (survivors and non-survivors), we selected age, use of chemotherapy, platelet counts, percentage of neutrophils, levels of albumin, levels of LDH and levels of CRP as variables. Multiple logistic regression analysis revealed that age, the baseline LDH and CRP levels were all positively associated with high in-hospital mortality [age: OR(95%CI): 1.115 (1.062-1.172), p<0.001; LDH: OR(95%CI): 1.002 (1.001-1.003), p<0.001; CRP: OR(95%CI): 1.008 (1.000-1.017), p=0.045; respectively, Table 4] while the platelet counts was negatively associated with it [OR(95%CI): 0.986 (0.979-0.992), p<0.001].


Table 4 | Multivariate Logistic regression analysis of predictors of outcomes.






Discussion

In the present study, we analyzed PCP patients who tested positive for Pneumocystis jirovecii by mNGS and found that old age, low platelet, high LDH and CRP levels were independent predictors of in-hospital mortality in PCP patients.

Pneumocystis jirovecii cannot be routinely cultured and the positive rate for Pneumocystis jirovecii by GMS staining and direct microscopy is low, with a positive rate of 7.8% for GMS staining in our present study. mNGS has clear advantages in detecting opportunistic pathogens and mixed infections (Duan et al., 2022). Several recent studies using mNGS for diagnosis of Pneumocystis jirovecii have found that mNGS, an emerging microbiological test, has excellent sensitivity, even up to 100% (Pan et al., 2019; Wilson et al., 2019; Xie et al., 2019; Liu et al., 2020; Jiang et al., 2021). mNGS testing plays an important role in the diagnosis of PCP and may even affect the survival rate of patients with PCP (Duan et al., 2022). Therefore, we included patients with PCP who tested positive for Pneumocystis jirovecii by mNGS and further analyzed the possible factors influencing in-hospital mortality based on the early assistance of mNGS in the diagnosis of PCP.

One of the advantages of mNGS testing is the efficient detection of co-infections. It was found by other studies that several different types of pathogens could be found by mNGS such as human β-herpesvirus 5 and human γ-pesvirus 4 (Wang et al., 2022). In the present study, it also showed that the co-infections such as virus, fungus, gram-negative bacilli and gram-positive cocci were detected in the PCP patients. The proportion of Haemophilus in dead patients was higher, and Pseudomonas aeruginosa and Staphylococcus aureus were detected only in dead patients, which may be associated with poor prognosis. However, the percentage of co-infection has shown no significant difference between the two groups in our present study.

Patients with non-HIV-infected PCP are often immunocompromised, and in this study were predominantly patients with autoimmune diseases and hematological malignancies. Compared to HIV-infected PCP patients, non-HIV-infected patients have more complex primary illnesses, more comorbidities, require more ICU admissions, have shorter survival times and have higher mortality rates (Bitar et al., 2014; Kofteridis et al., 2014; Roux et al., 2014; Bienvenu et al., 2016). The initial levels of serum LDH at hospital admission have showed diagnostic evaluation in PCP. Boldt MJ et al. had claimed that in the differential diagnosis of PCP, LDH was better than the radiographic severity (Boldt and Bai, 1997). Sun J et al. had considered that LDH level, plasma IL-6/IL-10 ratio and IL-8 level predict the severity and the risk of death in PCP patients (Sun et al., 2016). A study that included a mixed population of HIV-positive and non-HIV-positive patients found that initial serum LDH levels at hospital admission not only contributed to diagnostic assessment but may be an independent predictor of survival. This has the potential to help clinicians identify early the most severe patients at high risk of an unfavorable outcome (Schmidt et al., 2018). Serum LDH has a strong relationship in the development of disease and the prognosis of PCP patients, which is very consistent with our findings. In addition, similar to LDH, this study found significantly higher levels of CRP in patients with PCP who died in-hospital than in survivors. Elevated levels of LDH and CRP in patients with PCP may be indicative of poor response to treatment and poor prognosis.

Previous studies demonstrated that younger PCP patients had a significant survival benefit (Boldt and Bai, 1997). Similarly, our findings found that survivors were younger and, in further analysis, age was found to be a risk factor for the short-term prognosis of PCP patients. In a recent study, the authors found that PCP patients in the death group had a persistent decrease in platelet count along with an increase in inflammatory markers (Sun et al., 2016). Our study did not observation dynamically at changes in platelet counts, but we found that baseline platelet levels were lower in PCP patients who died in-hospital, and that this difference was directly related to the prognosis of PCP patients. However, no statistically significant changes were observed in other inflammatory indicators included in our present study, such as PCT, erythrocyte sedimentation rate (ESR), CD4+ T lymphocyte, white blood cell, neutrophil, etc. Meanwhile, a study enrolled PCP patients with inflammatory bowel disease and found that hypoproteinemia could affects prognosis of the patients (Yoshida et al., 2019). Our study found a significant difference in albumin levels between the surviving and dying groups, but hypoalbuminemia was not a prognostic influence in this study. All these differences may be related to the small number of patients included.

Our study has several limitations. Firstly, the mNGS technique is highly sensitive in the diagnosis of pulmonary infections, although the diagnosis of PCP is a combination of clinical symptoms, test indicators and imaging manifestations, which still does not exclude the possibility of including patients with Pneumocystis jirovecii colonization. Secondly, this study counted in detail the medication used by patients prior to hospitalization, and the treatment regimen for patients after admission was adjusted in accordance with relevant guidelines and changes in their condition, and no statistics were kept on the medication used after admission. Thirdly, this study is a single-center, small sample size retrospective study and the conclusions drawn are of some reference value. Finally, This case-control study could not provide strong evidence for causal inference of in-hospital mortality in PCP patients, and further cohort study were needed.



Conclusion

In conclusion, PCP is a fatal disease that occurred in immunocompromised patients with difference primary diseases. mNGS is a sensitive and useful diagnostic tool for identifying Pneumocystis jirovecii in PCP patients’ BALF samples. Advanced age, low platelet, high LDH and CRP levels were independent predictors of in-hospital mortality in PCP patients.
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At present, metagenomic next-generation sequencing (mNGS) based on Illumina platform has been widely reported for pathogen detection. There are few studies on the diagnosis of major pathogens and treatment regulation using mNGS based on Illumina versus Nanopore. We aim to evaluate the clinical value of metagenomic next-generation sequencing (mNGS) by Illumina and Nanopore for the detection of pathogens in bronchoalveolar lavage fluid (BALF) in suspected community-acquired pneumonia (CAP) patients. BALF samples collected from 66 suspected CAP patients within 48 hours of hospitalization were divided into two parts, one for conventional culture and the other for mNGS by two platforms (Illumina and Nanopore). The clinical value based on infection diagnosis, diagnostic performance for main pathogens and treatment guidance were assessed. More types of species were detected by Nanopore than Illumina, especially in viruses, fungus and mycobacterium. Illumina and Nanopore showed similar detectability in bacterium except for mycobacterium tuberculosis complex/nontuberculosis mycobacteria. Pathogenic infection was established or excluded in 53 of 66 patients. There was little difference in the coincidence rate between Illumina and Nanopore with the clinical diagnosis, but both were superior to the culture (57.81%, 59.38%, 25%, respectively). Compared with Illumina, the diagnostic area under the curve of Nanopore was higher in fungi, but lower in bacteria and Chlamydia psittaci. There was no statistically significant difference between Illumina and Nanopore in guiding drug treatment (56.1% vs. 50%, p=0.43), but both were superior to the culture (56.1% vs. 28.8%, p=0.01; 50% vs. 28.8%, p=0.01). Single inflammatory indicators could not be used to determine whether the patients with culture-negative BALF were established or excluded from infection. The species detected at 1 h and 4 h by Nanopore were consistent to some extent, and its turn-around time (TAT) was significantly shorter than Illumina (p<0.01). Illumina and Nanopore both have its own advantages in pathogenic diagnosis and play similar roles in infection diagnosis and guiding clinical treatment. Nanopore has a relatively short TAT, which may be promising in rapid etiological diagnosis of acute and critically ill patients.




Keywords: metagenomic next-generation sequencing, bronchoalveolar lavage fluid, community-acquired pneumonia, Illumina, nanopore, diagnostic value, pathogenic identification



Introduction

Lung infection is one of the major causes of death worldwide (Magill et al., 2014). In terms of mortality, pneumonia caused 3.2 million deaths worldwide, surpassing all other infectious diseases including tuberculosis, human immunodeficiency virus (HIV) and malaria and ranking the fourth among the top 10 causes of death globally in 2019 (WHO, 2020). Lung infection is also one of the most serious public health problems in China. A study including 16,585 patients with community-acquired pneumonia (CAP) in China showed that the number of patients aged 5 years and below (37.3%) and over 65 years (28.7%) were significantly higher than that of patients aged 26-45 years (9.2%) (Liu et al., 2013). However, due to pathogenic diversity (bacteria, fungus, viruses, atypical pathogens and parasites) in pneumonia and infectious complexity (Renaud and Campbell, 2011; Ruppé et al., 2016; De La Cruz and Silveira, 2017), accurate and timely diagnosis of pathogens is difficult but vital for proper treatment of pulmonary infection and for improving the prognosis, especially for multi-drug treatment of patients with infectious disease.

Currently, conventional methods for diagnosing the cause of infection include microbial culture, serology, and polymerase chain reaction (PCR)-based nucleic acid tests (Loeffelholz and Chonmaitree, 2010; Labelle et al., 2010). However, the diagnostic efficiency of these methods is affected by a long time, limited detection range, low positive rates, and small flux (Huffnagle et al., 2017). For example, the long turn-around time (TAT) of microbial culture cannot detect viruses and parasites, and the sensitivity of antigen/antibody detection may be limited (Loeffelholz and Chonmaitree, 2010). Although traditional PCR-based nucleic acid tests are highly sensitive and specific, they detect a limited range of microorganisms and may not include the pathogen causing the infection. Recently, metagenomic next-generation sequencing (mNGS) based on Illumina has become one of the potential technologies for etiological diagnosis, and has been widely used in clinical detection of infectious pathogens, especially rare or emerging pathogens (Hilton et al., 2016; Salzberg et al., 2016; Somasekar et al., 2017; Lu et al., 2020). mNGS was found more sensitive and specific than microbial cultures, especially for the detection of Mycobacterium tuberculosis (MTB), viruses, anaerobic bacterium, and fungus (Forbes et al., 2017; Miao et al., 2018; Zhang et al., 2019), and its performance was less affected by prior antibiotic exposure (Zhou et al., 2019).

With the development of sequencing technologies, Nanopore sequencing (MinION sequencer by Oxford Nanopore Technologies), converts the current signal difference generated when nucleic acid molecules pass through nanopores into the bond sequence of chemical signals, realizing the direct reading and sequencing of nucleic acid molecules, and getting rid of the amplification process of PCR. The bias and introduced errors caused by PCR amplification are avoided. Meanwhile, Nanopore sequencing has a longer read length, up to 2Mb, which greatly improves the accuracy of the comparison of near pathogenic microorganisms. In addition, the characteristics of real-time analysis further improve the overall test cycle. Nanopore and Illumina are both reported in the detection of main pathogens, with a consistency of more than 60%. Illumina gave feedback within 3 days, while Nanopore gave feedback within 1 day. The overall sequencing process of Nanopore was optimized, with the detection cycle of 6 h (Gu et al., 2021), which met the clinical demand for rapid detection of pathogens in acute and critically ill patients to a greater extent. However, there are few studies on the diagnosis of major pathogens and treatment regulation using mNGS based on Illumina versus Nanopore.

In this study, we applied an optimized detection scheme for clinical respiratory pathogens based on Nanopore sequencing to identify the pathogens in suspected CAP, and compared the pathogenic detectability of Nanopore sequencing with Illumina and traditional culture methods. Additionally, infection diagnosis, diagnostic performance for main pathogens and treatment guidance were also assessed.



Materials and methods


Study population and design

A prospective analysis of suspected CAP patients was performed at Department of Respiratory and Critical Care Medicine in Nanjing First Hospital from October 2021 to April 2022. The diagnostic criteria of CAP were in accordance with Chinese guidelines for CAP in adults (Cao et al., 2018). The samples of bronchoalveolar lavage fluid (BALF) collected within 48 h of hospitalization were divided into two parts, one for conventional culture and the other for mNGS by two platforms (Illumina and Nanopore). The inclusion criteria were as follows: (i) sufficient BALF collected for laboratory testing within 48 h of admission; (ii) informed consent from the patients themselves or surrogates to the study; (iii) complete clinicopathological and follow-up information. Patients who refused to sign informed consent were excluded from this study. Ethical approval was achieved from the hospital’s ethical committee (NO. KF20220516-05), and informed consent was obtained from each patient before bronchoscopy.



Evaluation on infection diagnosis, diagnostic performance for main pathogens and treatment guidance

The infection diagnosed was classified into 5 types: established, excluded, suspected, unknown causes, and other non-infectious factors. To evaluate methodological efficiency of infection diagnosis, we compared the results of different methods to check whether they covered the infection diagnosis or were identical. The pathogens were mainly classified into bacterial, MTB/non-tuberculous mycobacteria (NTM), fungal, viral, atypical, and mixed types, which were determined by the chief physician in conjunction with other tests. With the clinical etiological diagnosis as the golden standard, the diagnostic performance for major pathogens by the Illumina, Nanopore and culture methods were compared. Regarding the treatment, continuous experiential medication, targeted drug therapy, reversed drugs and hospital transfer were categorized. To evaluate the potential for treatment guidance, we retrospectively analyzed whether the treatment should be adjusted based on the detection results of the three methods.



DNA extraction

First, transfer 1-2 mL of BALF sample to a clean centrifuge tube of 2 mL and centrifuge at 14,000 g for 5 min. Second, carefully aspirate the supernatant, and keep 200 µL of the supernatant and pellet in a centrifuge tube for later use. Third, add 10 µL of the prepared lysozyme (20 mg/mL) and incubate at 37°C for 15 min, then put in a MP Lysing Matri E tube and add 200 µL of GB lysis solution. Next, shake the MP tube on a wall breaker (FastPrep-24™ 5G) at 6 m/s for 120 s, and centrifuge at 14,000 g at low temperature for 5 min. After centrifugation, take all the supernatant and add it to a new EP tube of 2mL. Finally, use a micro-sample genomic DNA extraction kit (DP316, Tiangen) to extract the nucleic acid.



Library preparation and sequencing

NEBNext Ultra II DNA Library Prep Kit (New England Biolabs Inc.) was used to construct Illumina sequencing libraries and Nextseq 550 DX (75 bp single-end reads; Illumina) was used for sequencing. About 20 million reads were generated for each sample. The Rapid Barcoding Kit SQK-RPB004 (DNA concentration <20 ng/mL; Oxford Nanopore) and SQK-RBK004 (DNA concentration >20 ng/mL; Oxford Nanopore) were used to construct Nanopore sequencing libraries according to the manufacturer’s instructions, and GridION X5 (Oxford Nanopore) was used for sequencing. About 0.8 G of data were generated for each sample.



Bioinformatics analyses

High-quality sequencing data were generated by removing low-quality reads, including adapter contamination, duplicated reads and short reads (Illumina: length < 50 bp; Nanopore: length <500 bp). An alignment tool (Burrows-Wheeler Alignment) was used to map to a human reference genome (GRCh38) to exclude human sequence data. The remaining sequencing data were aligned to NCBI nt database by SNAP. The mapped data were processed for advanced data analysis with in-house scripts, including taxonomy annotation, genome coverage/depth calculation and abundance calculation. Details were described in our previous work (Guo et al., 2021).



Statistical analysis

SPSS 22.0 statistical software was used for data analysis, and Graphpad Prism 8 and R were used for plotting. Non-normally distributed data were expressed as the median [first quartile (Q1), third quartile (Q3)], and non-parametric Mann-Whitney U test was used for comparison between groups. The counting data were expressed as the number of cases (percentage) [n (%)], and the data between groups were compared by chi-square test or Fisher’s exact test. We used clinical etiological diagnosis as the reference standard to evaluate the diagnostic efficacy of three methods. 2 × 2 contingency tables and receiver operating characteristic (ROC) curves were used to evaluate the diagnostic efficacy. A two-tailed value of p<0.05 represented significant differences.




Results


Demographic characteristics of study population

Between October 2021 and April 2022, a total of 66 patients with suspected CAP were enrolled in this study, including 42 males and 24 females. The median age of patients was 68 (58, 72) years. Among 66 cases, 2 died due to tumor progression, 7 were transferred to a designated hospital for treatment due to mycobacterium detection, 1 with unknown pathogens was transferred to other hospital for treatment, and the symptoms of the remaining patients were all improved.



Genus distribution and consistency of microorganisms detected by Illumina, Nanopore and culture

All species that may be pathogens detected by Nanopore and Illumina are listed in Figure 1. As it shown, the types of species detected by Nanopore were more than those by Illumina, especially in the detection of viruses (6 versus 3), fungus (9 versus 7) and mycobacteria (8 versus 3). The pathogens in 4 cases of bacterial infection detected by traditional culture method were Pseudomonas Aeruginosa, Haemophilus Influenzae, Klebsiella pneumoniae and Klebsiella aerogenes, which were also confirmed by Nanopore and Illumina. In another 4 patients, however, MTB was identified by Nanopore and Illumina, but not by culture. More types of NTM were identified by Nanopore compared with Illumina. Candida Albicans was the most commonly detected fungal species, which was identified in 10 cases by Nanopore and Illumina. The most frequently detected viruses were EBV, CMV and Human alphaherpesvirus 1, while only three types of viruses including EBV, Human Alphaherpesvirus 1 and Torque Teno virus were detected by Illumina.




Figure 1 | Genus distribution of bacterium, fungus, viruses and chlamydiae detected by Illumina, Nanopore and culture. EBV, Epstein-Barr virus; CMV, Human cytomegalovirus; MTB, Mycobacterium tuberculosis; NTM, Non-tuberculous mycobacteria.



As shown in Figure 2, Illumina and Nanopore showed similar detectability in bacterium except for MTBC/NTM. The results of Klebsiella aerogenes detected by the three methods were consistent. In this study, as a possible pathogen, Streptococcus pseudopneumoniae was only detected by Nanopore, while Streptococcus milleri was only detected by Illumina. Mycobacterium avium and Mycobacterium intracellular were both detected by Nanopore and Illumina in NTM. However, Nanopore also detected other types of NTM. Candida albicans and Candida glabrata were both consistently detected by Illumina and Nanopore. Illumina only detected 1 case of Aspergillus flavus and Cryptococcus neoformans. Candida parapsilosis, Scedosporium apiospermum, Aspergillus glaucus and Aspergillus nidulans were only detected by Nanopore. In terms of viral detection, EBV and Human Alphaherpesvirus 1 were both partly detected by Illumina and Nanopore, and the rest were only detected by Nanopore. Besides, 1 case of Torque teno virus was detected only by Illumina. Three cases of Chlamydia psittaci were uniformly detected by Nanopore and Illumina, while 2 cases were detected only by Illumina.




Figure 2 | The consistency of pathogens detected by Illumina, Nanopore and culture.





Distribution of infection diagnosis

Distribution of infection diagnosis is described in Figure 3A. Among the 66 patients with suspected CAP, 40 cases were confirmed to be infected with pathogens, 13 were excluded for infection, 5 were identified with infection of unknown causes, 6 had suspected infection, and 2 were diagnosed as infection caused by other non-infectious factors. Among 40 cases of definitely diagnosed infection, several specific pathogens were found, such as MTB, NTM, Pneumocystis jiroveci, Aspergillus and Chlamydia psittaci (Figure 3B).




Figure 3 | Distribution of infection diagnosis in suspected CAP patients. (A), Diagnostic distribution and etiological classification of infection established in patients with suspected CAP. (B), Specific pathogens detected in bronchial alveolar lavage fluid from patients with established infection.



The consistency of Illumina, Nanopore and culture methods with clinical diagnosis is shown in Figure 4. In 6 cases, none of the diagnostic results through the three methods were accepted by the clinician. In 10 cases, none of the diagnostic results by the three methods were consistent with the clinical diagnosis (Figure 4A). The coincidence rates between the three methods (Illumina, Nanopore and culture) and clinical etiological diagnosis were 56.1%, 57.6% and 24.2%, respectively (Figure 4B).




Figure 4 | The clinical diagnosis based on Illumina, Nanopore and culture. (A), A Venn diagram of diagnosis based on the three methods. None accepted, none results of the three methods were accepted by clinicians. None confirmed, none results of the three methods were consistent with clinical diagnosis. (B), Comparison of the coincidence rate between the three methods with the clinical etiological diagnosis.





Diagnostic performance of the three methods for main pathogens

Of the patients with confirmed pathogenic infections (n=40), the pathogens infected were classified into bacterial (without TB/NTM, n=15), tuberculous (n=5), non-tuberculous (n=2), fungal (n=8), viral (n=1), Chlamydia (n=5), and mixed (n=4, 2 were infected with bacterium and fungus, and 2 were infected with bacterium and viruses) types (Figure 5A). Among 15 patients diagnosed with bacterial infection, the major pathogens were cultured positive in 3 cases (20%), and were detected in 7 (46.7%) and 6 cases (40%) respectively by Illumina and Nanopore. With the clinical etiological diagnosis as the reference standard, contingency tables for the Illumina and Nanopore in detecting different classes of pathogenic microorganisms were shown in Figure 5B. In terms of diagnostic value, the diagnostic area under ROC curve of the Nanopore was higher than that of Illumina in fungus (0.81 versus 0.73), but lower than that of Illumina in bacteria and chlamydia psittaci (0.60 versus 0.73, 0.8 versus 1.0, respectively) (Figure 5C).




Figure 5 | Comparison of diagnostic performance of Illumina and Nanopore for the main pathogens in BALF of patients with suspected CAP. (A), Confirmation/exclusion of pathogenic infection in 53 patients using Illumina, Nanopore and culture. *: The results were consistent with the clinical etiological diagnosis. (B), Contingency tables for the Illumina and Nanopore in detecting different classes of pathogenic microorganisms. Clinical etiological diagnosis was used as a reference method. (C). ROC curves stratified by classes of microbes.





The guidance value of the three methods for treatment

Distribution of antibiotic therapy and pathogens for targeted drug use are shown in Figure 6A. Eight patients were transferred to other hospitals for further treatment, among whom 5 were diagnosed with tuberculosis infection, 2 with NTM infection, and 1 with unknown infection. Twenty-seven patients were treated with experiential therapy, including those with previously administered antibiotics related to the diagnosed pathogens and those without definite pathogens detected. Besides, antibiotics used in 9 patients were degraded based on pathogenic testing results. In 22 patients receiving targeted drug modification, bacterial infection was diagnosed in 4 patients, fungal infection in 8 patients, chlamydia psittaci infection in 4 patients and mixed infection in 4 patients, and the remaining 2 were for primary disease. With respect to the guidance value of the three methods for treatment, it was observed no statistically significant difference between Illumina and Nanopore (56.1% vs. 50%, p=0.43), but both were superior to the culture (56.1% vs. 28.8%, p=0.01; 50% vs. 28.8%, p=0.01) (Figure 6B).




Figure 6 | Evaluation of the clinical utility of the three methods. (A), Distribution of antibiotic therapy and pathogens for targeted drug use. Continuous empirical medication, including unnecessary drug use for a specific pathogen and empiric treatment for an undefined pathogen. Transfer, Infectious pathogens detected should be treated at designated hospitals. Other, Drug modification according to other primary diseases. (B), Comparison of different methods to guide the treatment.





Levels of inflammatory indicators in culture-negative BALF

The levels of inflammatory indicators in different types of pathogenic infection were compared in Figure 7A. The C-reactive protein (CRP) level of patients infected with Chlamydia psittaci was higher than those without. The procalcitonin (PCT) and interleukin (IL) 6 levels of patients with fungal and Chlamydia psittaci infection were higher than those without. Furthermore, we evaluated the efficacy of these inflammatory markers in diagnosing infection. As shown in Figures 7B, C, CRP, PCT or IL-6 alone could not be used to determine whether the patients with culture-negative BALF had infection.




Figure 7 | Diagnostic value of inflammatory indicators in culture-negative BALF of suspected CAP patients. (A), Comparison of inflammatory markers in different types of pathogenic infection. (B, C), ROC curves for inflammatory indicators. NLR, Neutrophil to lymphocyte count ratio.





Evaluation on the timeliness of Nanopore technology

The genus distribution of Nanopore technology was observed respectively at an hour and four hours in Figure 8. It could be found that the species detected at an hour and four hours through Nanopore were consistent to some extent, and the TAT was significantly shorter than that by Illumina (14 h (11, 15) vs. 20 h (19, 21), p<0.01).




Figure 8 | Comparison of genus distribution at an hour and 4 hours using Nanopore technology. “*” represents targeted sequencing detection results.






Discussion

In terms of pathogenic detectability, we deduced that Nanopore and Illumina both had its own advantages in the identification of the main pathogens in BALF of CAP patients, including Illumina in the diagnosis of bacterium and Chlamydia psittaci and Nanopore in the detection of fungus. In the diagnosis of infection and guidance of antibiotic treatment, however, there was no significant difference between the two platforms, and both were superior to the culture method. Notably, Nanopore had a relatively short TAT, which may be promising in rapid etiological diagnosis of acute and critically ill patients.

In a large-scale prospective study, the pathogens in 63 out of 161 patients with bacterial infection of the lower respiratory tract were identified using rapid metagenomics with the sensitivity of 96.6% and specificity of 88.0%, indicating rapid metagenomic sequencing improved pathogenic detection in lower respiratory infection. Empirical antimicrobial therapy could be de-escalated if rapid metagenomic sequencing was hypothetically applied to clinical management (Mu et al., 2021). In our study, 80.3% of infection was established or excluded by Illumina and Nanopore, which was promising for clinical diagnosis. In terms of diagnostic performance for the major pathogens, Nanopore was superior to Illumina in fungus, but inferior to Illumina in bacteria and Chlamydia psittaci. Notably, among the 13 patients ultimately excluded from infection, 4 and 9 positive cases were detected by Illumina and Nanopore, respectively. In addition, there were still some results not accepted clinically or inconsistent with the final diagnosis. Therefore, the interpretation of clinical reports remains a challenge for metagenomic application. Inflammatory indicators provide an important basis for judging infection at present. We retrospectively analyzed common laboratory indicators of 40 confirmed infections and 13 excluded infections in this study. Due to the small amount of data, statistical analysis was not conducted. When evaluating the diagnostic value of a single inflammatory indicator in the positive and negative groups, the overall area under the ROC curve was modest and had no statistical significance. Therefore, we conclude that the diagnostic value of a single inflammatory indicator in patients with suspected CAP was limited. On the other hand, metagenomic sequencing-based pathogenic diagnostic methods have potential clinical application value. Therefore, it is necessary to promote the clinical application of metagenomic sequencing platform to further improve the efficiency of clinical diagnosis and treatment of pulmonary infection patients.

In this study, more types of species were detected by Nanopore than Illumina, especially in viruses, fungus and mycobacterium. Illumina and Nanopore were similar in the detection of bacterium, and both detected a type of Chlamydia. Nanopore applied the dehosting process in the sample pre-processing process, while Illumina did not carry out the dehosting process and directly carried out nucleic acid extraction. Moreover, the Nanopore platform applied the targeted enrichment method to improve the detection rate of DNA and RNA viruses. This may be a reason for the impact of microbial detection on the two different platforms. In accordance with previous reports (Liu et al., 2022), Candida Albicans was the most detected fungi whether by Illumina or Nanopore. The most frequently detected viruses included EBV, CMV and Human alphaherpesvirus 1, which were considered no pathogenic significance when detected in BALF in most studies. However, they might be pathogenic when the patient’s immune function was low. The number of patients with EBV detected by Nanopore were particularly high, which might be associated with the high carrying rate of the population. Although the value of some viruses detected by Nanopore is limited for CAP, it is still worthy of further study for the individual health management.

Some scholars compared the diagnostic efficiency of Illumina and Nanopore in various samples based on the known pathogens detected by the gold standard method as the reference standard, and found that the relative advantages of Illumina in bacteria and the relative advantages of Nanopore in fungus (Gu et al., 2021). In addition, we compared the detection efficiency of atypical pathogens such as Chlamydia psittaci on this basis, and found that Illumina detected all pathogens in BALF of 5 patients with chlamydia psittaci infection, while Nanopore detected three of them. The possible reason is that Nanopore includes metagenomics sequencing and targeted gene testing, while chlamydia psitsiti is not within the scope of targeted gene testing. Among the 40 patients diagnosed with CAP, 5 were clinically diagnosed with chlamydia psittaci infection, which was similar to that reported by others (Wang et al., 2021). With the popularization and application of metagenomics, the positive rate of chlamydia psittaci is also increasing, which needs to be paid attention to clinically. In addition, there were 5 cases of pneumocystis jiroveci infection, among which 4 cases were detected by Illumina, and all were detected by Nanopore, with a sensitivity and specificity of 75%, 100% by Illumina, 100% and 100% by Nanopore, respectively. Sun (Sun et al., 2022) reported the metagenomic diagnostic value of BALF infected with pneumocystis jiroveci in non-HIV immunosuppressed patients, and the results were not significantly different from this study.

Yang et al. (2022) believed that mNGS was helpful for the treatment of severe hospital-acquired pneumonia. Zinter et al. (2019) used mNGS to detect the pathogens in 41 lower respiratory tract samples of immunocompromised children, and found that mNGS could increase the sensitivity of clinical detection for missed pulmonary pathogens. In this study, the coincidence rates of infection diagnosis between Illumina and Nanopore with etiological diagnosis were 56.1% and 57.6%, respectively, which were much higher than the culture method (25%). Inevitably, in combination with laboratory tests, 5 were identified with infection of unknown causes, 6 were probable infection, and 2 were infected due to other non-infectious factors like lung damage and cancer. Empiric antibiotic therapy is still the main treatment for this population. Furthermore, TAT detected by Illumina and Nanopore was much shorter than that by the culture. Illumina reports the results within 24 h; Nanopore performs pre-analysis at 50 min and feedbacks the results at 6 h (Gu et al., 2021). In this study, the significant advantage of Nanopore was that it could obtain a pre-report within an hour to guide the clinical treatment timely.

Currently, there are guidelines for empiric treatment options for patients with multiple types of lung infection, which greatly improve the probability of initial treatment success. The patients were reported to benefit from the timely detection of pathogens by mNGS and most of them had better prognosis (Liu et al., 2022). In this study, 22 cases were adjusted for targeted drugs based on Illumina and Nanopore, among whom 4 showed culture-positive. It can be estimated that the rate of antibiotic use based on mNGS platforms was increased to 27.3%. Additionally, the patients with fungal, atypical pathogenic infection accounted for 54.5% of the patients adjusted for targeted drugs, but these pathogens were difficult to be detected by traditional methods. Liu et al. reported mNGS as an auxiliary method for the diagnosis of mucormycosis (Liu et al., 2021). Our results showed that Illumina-based and Nanopore-based mNGS was similar in guiding antibiotic therapy, superior to the culture method.

This study is a real-world application evaluation. We performed etiological examination of BALF in suspected CAP patients based on metagenomic sequencing technologies of the two platforms, and evaluated the clinical value of infection diagnosis, pathogen compliance and treatment guidance. Of course, due to the small population included in this study, there may be some selection bias in the results. Since only 3 cases were (Including two mixed infection) diagnosed as viral infection in this study, the diagnostic value of the three methods for viral infection was not evaluated. Due to the small sample size of inflammatory indicators in culture-negative BALF, no further statistical analysis was conducted. In addition, we did not further analyze the genes associated with drug resistance, which definitely aid the diagnosis and consideration of antibiotics. We will further conduct large-sample, multi-center, multi-dimensional, prospective clinical studies in the near future to more clearly evaluate the clinical value of the two platforms for infection diagnosis, treatment and prognosis.



Conclusions

Our results suggest that Illumina and Nanopore both have its own advantages for the detection of pathogens in BALF of suspected CAP patients, and play similar roles in infection diagnosis and guiding clinical treatment. Additionally, Nanopore presents a relatively short TAT, which may be promising in rapid etiological diagnosis of acute and critically ill patients.
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Odontogenic brain and pulmonary abscesses are extremely rare infectious diseases. It is mainly caused by the upward or downward transmission of local infection or blood-borne spread. In recent years, with the wide application of some novel testing methods in clinical practice, the diagnosis of unexplained infections such as odontogenic abscesses in different organs has gradually become clear. We report a case of a 21-year-old male who was healthy and had not received any oral treatment before onset. He started with acute gastroenteritis-related symptoms, then developed meningitis-related symptoms seven days later with septic shock. No obvious abscess lesions were found on head computed tomography (CT) at admission, and the etiology was not clear by routine examination, which was very easy to misdiagnose as a serious infection caused by intestinal pathogens. But odontogenic pathogens were found both in his blood and cerebrospinal fluid through metagenomic next-generation sequencing (mNGS) analysis. Subsequently, rechecked imaging examination displayed multiple brain and pulmonary abscesses. Finally, it was diagnosed as an odontogenic brain and pulmonary abscess. After an extremely lengthy anti-infection course (13 weeks of intravenous antibiotics plus 2 weeks of oral antibiotics) and surgery, the patient was improved and discharged from the hospital. From this case, we could see that the development of new diagnostic technologies such as mNGS plays an important role in the early and confirmed diagnosis of diseases previously difficult to diagnose such as odontogenic polymicrobial infections and ultimately helps to improve the prognosis of these patients.
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Introduction

Brain abscess is a focal infection that originates from locally inflamed areas of the brain parenchyma and develops into a collection of pus surrounded by a well-vascularized capsule (Shruthi et al., 2019). Brain abscesses usually occur in susceptible people, such as patients with immune deficiency, congenital heart disease, or blood-brain barrier injury (Tonon et al., 2006). The incidence of brain abscess of all intracranial masses is around 1% -8% and the 30-day, 90-day, and 1-year mortality rates gradually increased to 7– 11, 13, and 19–20% (Helweg-Larsen et al., 2012; Bodilsen et al., 2020; Gupta et al., 2022). The origin of brain abscesses is usually determined by the presence of acute infectious lesions or definite abscess formation. Imaging findings, such as computed tomography (CT) and magnetic resonance imaging (MRI), usually take a critical role in the clinical examination and diagnosis of brain abscess (Sato et al., 2016). However, in many cases, imaging diagnosis fails to identify pathogenic bacteria, so the treatment of the disease cannot be satisfied. The existing diagnostic technology for abscess bacteria is relatively lacking. We have listed several representative studies in Table 1. The ideal treatment strategy should be surgical resection of the abscess and a greater degree of drainage, combined with antibiotics throughout the course of adjuvant therapy  (Antunes et al., 2011). Although few cases of odontogenic brain abscess have been reported, hematogenous dissemination is considered to be the most important pathophysiological mechanism of odontogenic brain abscess (Shibata et al., 2021). Odontogenic brain abscess is one of the brain abscesses that is caused by pathogenic bacteria in the oral cavity entering the brain tissue through blood transmission or upward transmission and is usually seen in a patient with chronic periodontal disease who receive oral therapy (Greenstein et al., 2015). The transmission routes of oral infection to the central nervous system include blood transmission, lymphatic infection, and foreign body infection (Clifton and Kalamchi, 2012). Since oral microbiomes are mostly anaerobic and polymicrobial—making them difficult to culture and identify in routine clinical practice—there are some difficulties in identifying the etiology and taking directed therapy when brain abscess occurs. We report a case of odontogenic brain and pulmonary abscess who was in good health without any medical history of periodontal disease or oral operation.


Table 1 | Summary of literature related to brain abscess.





Case presentation

A 20-year-old male patient who was a Zambian student studying in China was transferred from the local hospital to our hospital with the chief complaint of “fever with fatigue for 10 days and unconsciousness for 3 days”. He suffered a high fever (up to 40.8°C) after eating out with his friend 10 days before admission, accompanied by chills, general fatigue, and several cases of vomiting and diarrhea. His friend also had the same symptoms and self-relieved without being diagnosed and treated. But his condition deteriorated, he became unconscious and incontinent, and was sent to the local hospital by his classmates. The routine blood test showed a leucocyte count of 5680 cells/mm3 with 90.6% neutrophils, platelet counts of 12000 cells/mm3, a C-reactive protein (CRP) concentration of 257.3 mg/L, and a high procalcitonin (PCT) level (>100ng/ml). Suspecting “infectious fever”, blood culture was taken first, and cefoperazone sulbactam was administered intravenously in doses of 2g. He was then transferred to Zhejiang Provincial People’s Hospital, Hangzhou, China on 14 October, 2019, for further treatment.

His vital signs on admission to our hospital were as follows: temperature, 40.8°C; respiratory rate, 35 breaths/min; pulse, 157 beats/min; blood pressure, 85/42 mmHg. He was intubated because of low oxygen saturation with high flow mask oxygen inhalation. Physical examination showed the patient was in a coma with a Glasgow coma scale (GCS) score of 5 and had a rigid neck. We reexamined his blood and confirmed that the inflammatory markers were significantly increased. Blood tests also found impaired liver and kidney function with an increased level of serum alanine aminotransferase(73 U/L), total bilirubin(206.6 μmol/L), and creatinine(279.2 μmol/L). The results of mNGS in blood and CSF revealed several oral microbiomes, yet we did not find the primary lesion in the patient’s oral cavity. However, we still considered his pulmonary and brain abscesses as odontogenic. There are two reasons for this. First of all, the patient had received anti-infective treatment for a period of time, so the primary oral infection might have been cured. Secondly, studies indicated that there was no definable origin for intracerebral or intraspinal infection in up to 25 % of cases, and they noted that an odontogenic focus should always be considered in the evaluation and treatment of “cryptic” central nervous system infections (Ewald et al., 2006; Akashi et al., 2017). In addition, computed tomography(CT) of the head, chest, and abdomen was taken and revealed a possibly minor subdural effusion in the right fronto-parieto-temporal region, bilateral pulmonary inflammation, and no obvious abnormality in the abdomen (Figure 1A). After excluding communicable diseases such as malaria and dengue fever, he was admitted to the intensive care unit(ICU).




Figure 1 | The dynamic imaging examination in the pre-operative period. Head computed tomography(CT) scan at admission (A), head CT on the 7th day of hospitalization (B), the patient’s dental status on magnetic resonance imaging (MRI) (C), head CT on the 18th day of hospitalization (D), head MRI on the 21th day of hospitalization (E), lung CT on the 18th day of hospitalization  (F).



After admission, the patient was treated with mechanical ventilation and continuous renal replacement therapy(CRRT). His blood platelet count increased to 50,000 cells/mm3 after an emergency platelet infusion of 17U, then the lumbar puncture was dispensed immediately. The cerebrospinal fluid(CSF) was yellow and turbid with a pressure of up to 400mmHg, positive Pandy’s test, low glucose level (1.53 mmol/L), highly elevated leukocytes (1585.8 cells/μL) and protein (>300 mg/dL). According to the results of CSF, intracranial infection was basically clear while the etiology was unknown. Since the patient started with gastrointestinal symptoms, gut-derived intracranial infection was first considered, and intravenous administration of linezolid 1.2g/day combined with meropenem 6.0 g/day was started. On the 3rd day of hospitalization, a blood culture from the local hospital revealed gemella morbillorum, but the cultures of blood, CSF, stool, and other parts that were taken in our hospital were all negative. Therefore, on the 4th day of hospitalization, we performed lumbar puncture again and sent blood and CSF specimens for metagenomic next-generation sequencing (mNGS) in addition to routine culture. The results of blood and CSF culture were still negative, but the results of mNGS in blood and CSF were positive, and a series of oral microbiomes were found (Table 2). At the same time, a patchy low-density focus of the right frontal lobe and a minor arc-shaped low-density lesion of the right fronto-parieto-temporal region were seen on rechecked head CT (Figure 1B). From the above results, odontogenic intracranial infection was suspected. In terms of treatment, we stopped linezolid and retained meropenem as the targeted antibiotic. After 7 days of treatment, the patient’s condition improved significantly. He became conscious, was weaned from CRRT, and was extubated successfully. However, after inquiring about the medical history, the patient denied having dental caries, periodontitis, or other dental diseases, had no history of oral treatment before the onset, and there was no obvious abnormality in a routine oral examination. CT and MRI showed that the patient’s dental status was basically normal (Figure 1C). On the 18th day after admission, the patient had blurred vision. The rechecked head CT showed the original suspicious lesion in the right frontal and fronto-parieto-temporal lobe had become abscess-like, with the right lateral ventricle being pressed and the midline structure was shifted to the left (Figure 1D). So, the head magnetic resonance imaging (MRI) was taken and confirmed the formation of multiple brain abscesses (Figure 1E). In addition, simultaneous lung CT also revealed the formation of multiple pulmonary abscesses (Figure 1F). Combined with the results of mNGS, odontogenic pulmonary and brain abscesses were further confirmed.


Table 2 | The Results of mNGS in Blood and CSF.



For brain abscess, neurosurgery was performed to drain the right subdural abscess, about 40ml of yellow-green pus gushed out and a pus sample was collected during the operation. However, only a culture of the pus was performed, while mNGS was not. Unfortunately, no positive results were obtained from the culture. We speculate that this may be due to the inaccuracy and specificity of routine tests. After the operation, we rechecked his head MRI every 7-10 days. The MRI on the 5th-day post-operation showed the brain abscess was significantly smaller (Figure 2A), but worsened in the MRI on the 14th day post-operation (Figure 2B). By then, the patient was treated in the intensive care unit for 36 days. Considering the overall stability of the patient’s condition, he was transferred to the infection ward to continue the treatment, meropenem, ceftriaxone, ornidazole, and linezolid was given intravenously successively, and his temperature returned to normal after 9 weeks of anti-infective treatment (Figure 3). In accordance with temperature, C-reactive protein (CRP) and procalcitonin (PCT) during hospitalization dropped continuously (Figure 4). Unlike the temperature, the follow-up head MRI showed no significant changes of the brain abscesses (Figures 2C–F), thus his anti-infective treatment lasted for 92 days’ hospitalization. In addition, the patient had recurrent headaches and seizures during hospitalization, which were improved after the treatment of mannitol and sodium valproate. As the patient strongly requested to be discharged and his general condition was good enough, he was discharged with linezolid tablets for 2 weeks on January 13, 2020. After a follow-up on WeChat 1 year later, he had returned to Zambia and did not present at any hospital for a medical check-up; linezolid was taken orally for 2 weeks and then ceased by the patient, as he deemed he had fully recovered.




Figure 2 | The follow-up head magnetic resonance imaging (MRI) image of post-operation. Head MRI on the 5th day after operation (A), Head MRI on the 14th day after operation (B), Head MRI on the 23rd day after operation (C), Head MRI on the 30th day after operation (D), Head MRI at the time of discharge (E, F).






Figure 3 | Body temperature and anti-infective treatment during hospitalization, meropenem 2.0 g q8h (day 1–55), linezolid 600mg q12h (day 2–5, day 36–92), tigecyclin 100mg q12h (day 10–15), ornidazole (day 13–54), ceftriaxone(day 56–92).






Figure 4 | Change in C-reactive protein (CRP) and procalcitonin(PCT) during hospitalization.





Literature review

The incidence rate of brain abscesses including odontogenic brain abscesses in developed countries is estimated to be 0.3-0.9 per 100,000 people. Brain abscess usually occurs in patients with related susceptibility factors, such as a history of immunosuppressive therapy, craniocerebral surgery or trauma, and congenital heart disease (Corson et al., 2001). For odontogenic brain abscess, it is more common in children or immunosuppressive people, most patients always have acute or chronic oral diseases, poor oral hygiene, or a history of oral therapy (Mameli et al., 2019). It seldom occurs in adults with normal immune status and oral hygiene who also have not received any oral therapy before the onset like in our case. In addition, as our patient started with gastrointestinal symptoms, it was easily misdiagnosed as being caused by intestinal pathogens if there were no pathogenic results. The update from the mNGS results finally helped us to confirm the diagnosis of odontogenic brain and pulmonary abscess. We would be more inclined to consider that the onset of acute gastroenteritis and subsequent multiple brain and pulmonary abscesses were not different stages of the same disease. More than likely, acute gastroenteritis put the patient in a state of low immunity, which created conditions for the invasion of oral microbiome.

The nature of brain abscesses is often polymicrobial, which means conventional culture methods are easily hampered. One recent study confirmed the polymicrobial nature of brain abscesses because NGS helped identify two or more bacterial taxa in 31/51 brain abscesses (Stebner et al., 2021). Another study showed bacterial infections were monomicrobial in 20 cases and polymicrobial in 15 of 41 cases of spontaneous brain abscess, while the microorganisms of the polymicrobial cases were restricted to the oral microbiome. The oral microbiome is mostly anaerobic and polymicrobial, which may not be detected by conventional culture methods, either untargeted therapy or directed therapy toward a single detected bacterium could be problematic (Andersen et al., 2022). However, mNGS is not a targeted diagnostic method, but a technology based on the principle of metagenomics. It obtains the species information of suspected pathogenic microorganisms through extracting the nucleic acid from the samples, using conventional library construction process and the second-generation high-throughput sequencing platform for nucleic acid sequencing, then analyzing with the special microbial database. Theoretically, mNGS can identify almost all microorganisms simultaneously as long as the reads are long enough with multiple hits in the microbial genome, and the reference database is large enough (Miller et al., 2019). Moreover, as the technology improves, the time required for sequencing has been greatly reduced, which provides patients with a more accurate treatment strategy (Li et al., 2021). So mNGS can overcome the limitations of conventional culture methods with higher sensitivity and faster speed in pathogen identification and is less affected by antibiotics. mNGS has been successfully applied to the detection of the pathogen in CSF, and its application is becoming more and more common. A large prospective multicenter study of 213 patients has demonstrated that mNGS was more effective and rapid for identifying pathogens causing infectious central nervous system diseases than conventional microbiological testing (Xing et al., 2020). A systematic review showed there was increasing evidence of a role for NGS in the work-up of undiagnosed encephalitis by identifying 25 articles reporting 44 case reports of patients with suspected encephalitis for whom NGS was used as a diagnostic tool (Brown et al., 2018). Furthermore, other studies also confirmed NGS methods not only expanded the spectrum of pathogens detected, but also increased sensitivity without losing specificity in the etiology identification of brain abscesses (Stebner et al., 2021). Additionally, it had been proved that 40-60% of oral microbiomes were as-yet-uncultivated, the culture of the oral microbiome was often prone to errors and sometimes did not result in any bacterial growth (Siqueira and Rocas, 2013; Bottger et al., 2021a). Studies also confirmed the advantages of NGS in detecting oral microbiome, with a higher number of bacteria and a significantly higher proportion of anaerobes (Bottger et al., 2021b).

Secondly, pulmonary cavitation attributable to infection by oral microbiome has been well described before (Guo et al., 2019). But up to the present, few cases of odontogenic brain and pulmonary abscess have been reported. Hughes et al. reported a case of a suspiciously odontogenic orbital abscess, cavitatory pulmonary disease, and meningitis because the oral microbiome was cultured from the orbital abscess. Like in our case, they did not get positive culture results from a respiratory tract specimen. The recovery of the patient’s cavitatory pulmonary lesions and aseptic meningitis after intravenous antibiotics strongly supports an infectious etiology (Hughes et al., 2017). In addition, the route and mechanism of oral microbiome invading the brain and lung is unknown and needs to be clarified. Studies have shown that the formation of brain abscesses can be transmitted by blood and from adjacent infected sites, and blood transfer is the main mode of transmission (Muzumdar et al., 2011; Moazzam et al., 2015). As we know, periodontium provides a good living environment for microorganisms due to its special anatomical characteristics. So oral operation and improper oral care (even daily brushing) may cause local infection and become the source of bacteremia. Repeated bacteremia begins to invade the whole body when the body’s immunity is impaired, thus the brain and lung are inevitably infringed (Lockhart et al., 2008).

Finally, when it comes to the treatment, the recommended duration of intravenous antibacterial treatment for patients with bacterial brain abscesses is 6-8 weeks (Brouwer and van de Beek, 2017). A retrospective review of adult patients with pyogenic brain abscesses showed the median duration of antibiotic treatment was 62 days (Helweg-Larsen et al., 2012). Generally, the course of antibiotics usually depends on the evaluation of clinical efficacy including the temperature, patient’s neurological symptoms, and imaging changes of abscess (Brouwer et al., 2014). The case we reported above not only underwent abscess drainage but also had a super long period of anti-infective treatment which lasted nearly 13 weeks intravenously plus 2 weeks orally due to dynamic MRI reexamination showed that the absorption of brain abscesses was very slow, and neurological symptoms recured while the general condition was improved quickly. It also took a long time for his temperature to return to normal. The patient’s brain abscess was not fully absorbed at discharge, but he stopped taking medicine after discharge on no authority but his own. Fortunately, it seems he indeed fully recovered as was his own judgment without any medical reexamination. The treatment process of this patient may suggest that the length of antibiotic treatment for brain abscess should refer to clinical manifestations rather than the imaging regression state of brain abscess.



Discussion

This paper reports a case of brain abscesses caused by oral bacteria and the treatment effect is satisfactory. The patient had a high fever and was not treated properly at the beginning. After his condition deteriorated, he was admitted to a local hospital for treatment, but the source of the infection was not clear, and he was treated empirically with cefoperazone sulbactam. He was transferred to our hospital with poor treatment. After admission to our department, the patient’s symptoms were not relieved. Tracheal intubation and CRRT support were urgently performed for a patient with persistent high fever and even multiple organ damage. All conventional testing methods were tried but no specific source of bacteria was identified. We empirically diagnosed enterogenous intracranial infection because of the prominent gastrointestinal symptoms. The intravenous administration of linezolid 1.2g/day combined with meropenem 6.0 g/day was started. mNGS testing later revealed that the bacteria were of oral origin, but no definite oral lesions were found, and imaging also revealed intracranial lesions, so linezolid was discontinued. After that, the patient’s symptoms improved significantly, the function of each organ gradually recovered, and the tracheal intubation and CRRT were removed. Unfortunately, the patient’s condition changed, and radiographic evidence revealed the formation of an abscess in the brain. We consulted the neurosurgery department for puncture and drainage. Meropenem, ceftriaxone, ornidazole, and linezolid were given intravenously successively. A series of treatments after the diagnosis was confirmed, the symptoms of the patient improved, the indicators tended to be normal, and the patient was discharged.

The incidence of odontogenic brain and pulmonary abscesses is very low for healthy adults without oral operation or oral diseases. The formation of odontogenic brain abscesses can be transmitted by blood through odontogenic bacteremia or from adjacent infected sites, while pulmonary abscesses may be caused by aspiration or blood transmission. Due to the aggregation of the oral microbiome, polymicrobial brain abscess is a challenge for the clinical microbiology laboratory. Since polymicrobial infections may not be detected by conventional culture methods, targeted treatment might be a big problem at this point, new detection technologies such as mNGS may greatly contribute to the diagnosis and effective antibiotic treatment of the disease, and ultimately improve the prognosis of these patients. To summarize, when clinicians encounter such a patient whose initial symptoms and signs are not related to the nervous system and lack high-risk factors, it poses a challenge to form a correct diagnosis and treatment. At this time, new emerging pathogen detection technologies such as mNGS may provide great help besides routine culture.
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Leptospirosis is a zoonotic infection caused by the pathogenic Leptospira. Leptospirosis is transmitted mainly through contact with contaminated rivers, lakes, or animals carrying Leptospira. Human leptospirosis has a wide range of non-specific clinical manifestations ranging from fever, hypotension, and myalgia to multi-organ dysfunction, which severely hampers the timely clinical diagnosis and treatment of leptospirosis. Therefore, there is an urgent clinical need for an efficient strategy/method that can be used for the accurate diagnosis of leptospirosis, especially in critically ill patients. Here, we report a case of a 75-year-old male patient with clinical presentation of fever, cough, and diarrhea. Initial laboratory tests and a computed tomography (CT) scan of the chest suggested only tuberculosis. The patient was finally diagnosed with pulmonary tuberculosis (PTB) combined with leptospirosis by sputum Xpert MTB RIF, epidemiological investigations, and delayed serological testing. Furthermore, through metagenomic next-generation sequencing (mNGS) of clinical samples of cerebrospinal fluid (CSF), urine, plasma and sputum, the causative pathogens were identified as Mycobacterium tuberculosis complex and Leptospira spp. With specific treatment for both leptospirosis and tuberculosis, and associated supportive care (e.g., hemodialysis), the patient showed a good prognosis. This case report suggests that mNGS can generate a useful complement to conventional pathogenic diagnostic methods through more detailed etiological screening (i.e., at the level of species or species complex).
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Introduction

Leptospirosis is an acute bacterial septic zoonosis caused by Leptospira infection (El-Tras et al., 2018). Leptospirosis usually occurs in tropical and subtropical regions, and has been reported sporadically in some epidemic areas of China, mainly in the warm and rainy provinces located in southern and central regions (Zhang et al., 2020). Human infection with pathogenic Leptospires presents with asymptomatic, or widespread non-specific symptoms, i.e., from the first stage of sepsis (manifested by fever, chills, vomiting, diarrhea, etc.) to the second stage of severe multisystem damage (e.g., renal and liver failures) (Haake and Levett, 2015; De Brito et al., 2018) with potential life-threatening symptoms in severe cases. Due to the wide range of non-specific presentations described above, leptospirosis is often misdiagnosed, especially when comorbidities with overlapping presentations are encountered (Budihal, 2014; Nhan et al., 2016; Suppiah et al., 2017; Lau et al., 2018). Metagenomic next-generation sequencing (mNGS) can theoretically sequence/detect any nucleic acids from biological samples, including pathogenic microorganisms and is therefore considered to be a very important complementary diagnostic method for pathogenic microorganisms (Gu et al., 2019). Here, through conventional pathogenic testing methods and mNGS co-diagnosis, we report a case of leptospirosis presenting as acute renal failure with tuberculosis. To our knowledge, this would be the first clinical case report of leptospirosis complicated by tuberculosis detected by mNGS.



Case presentation


Clinical presentations

A 75-year-old male patient from Yongjia county (Zhejiang province, China) visited our hospital [i.e., Wenzhou Central Hospital (WCH)/The Second Affiliated Hospital of Shanghai University] on 16 November 2021 (defined as day 0) with the manifestation of fever accompanied by expectoration for 6 days and diarrhea for 5 days.

The patient had visited a local clinic and received oral medication (the detail was unknown) 6 days ago due to fever and paroxysmal cough with yellow sticky phlegm. The patient had a maximum body temperature of 39.0°C and felt no chills then (i.e., 6 days ago). One day later, the patient started to have an episode of watery diarrhea with a stool frequency of four to five times per day, which is accompanied by pains in bilateral thighs and shanks. He then visited the Second Affiliated Hospital of Wenzhou Medical University on the same day (i.e., 5 days ago), where he was administered with piperacillin sodium and tazobactam sodium [4.5 g, intravenous (I.V.) infusion every 8 h (quaque octa hora, q8h)], levofloxacin [0.5 g, I.V. infusion one a day (quaque die, qd)], and fluid infusion.

A chest CT on day 0 showed binary pulmonary infection, which was in suspicion of pulmonary tuberculosis (PTB) (Figure 1A). Given the pulmonary infection and acute renal failure, the patient was admitted to our hospital the next day and subsequently transferred to the infectious intensive care unit (ICU) of our hospital for further diagnosis and treatment.




Figure 1 | Chest CT of the patient. (A) The chest CT prior to admission showing high-density patchy and streak-like shadows in the lung, with unclear margin. (B) The chest CT of day 4 showing enhanced patchy and nodular high-density shadows in the lung, associated with diffused ground-glass opacities. (C) The chest CT of day 6 showing the relief of the patchy high-density shadow. (D) The chest CT of day 13 showing the absorption of the patchy high-density shadow.





Physical examination

On admission, the patient had an ear temperature of 37.2°C, a pulse rate of 83 beats per minute, a blood pressure of 100/54 mmHg, and a respiratory rate of 18 breaths per minute. At that time, he was conscious and mentally normal. Physical examination showed that both of his pupils were round and equal in size (3 mm in diameter). There was no jaundice, scleral icterus, spider angioma, or palmer erythema observed. The patient’s neck was supple, trachea was at the midline of the neck, and the patient had no jugular vein engorgement. Abnormal breathing sounds was auscultated in bilateral lungs of the patient, and occasional moist rale in the right lower lobe. In addition, the patient had normal heart rhythm and no pathological murmurs of valves on auscultation. His belly was soft, and there was no (rebound) tenderness as revealed by palpation. The liver and spleen were not palpable. There was no leg edema. The bilateral pathological reflexes were negative.



Laboratory examination

The result of initial laboratory examination (day 1) was as follows: white blood cell count (WBC), 11.43 × 109 cells/L; neutrophils % (neut. %), 0.924%; hemoglobin (HB), 88 g/L; platelets (PLT), 86 × 109 cells/L; C-reactive protein (CRP), 165.53 mg/L; total protein, 52.8 g/L; albumin, 26.6 g/L; bilirubin, 22.1 μmol/L; and creatinine, 464 μmol/L (Table 1).


Table 1 | Laboratory results.





Diagnostic procedure and treatment

Anti-infectious treatment was empirically administered with sulperazone (2.0 g, I.V. infusion, q8h) and moxifloxacin (0.4 g, I.V. infusion, qd) on day 1, combined with supportive care for relieving cough, reducing sputum, and regulating intestinal flora and fluid infusion. The patient still manifested with persistent fever, chest distress, and tachypnea. Oxygen was then supplied at a rate of 6 L/min using an oxygen mask to maintain an oxygen saturation of 95%. The patient had less urine and progressively elevated creatinine. He was then given methylprednisolone [40 mg, I.V. infusion bis in die (bid)] on day 2 to enhance the anti-inflammatory effect and reduce pulmonary exudation. Continuous renal replacement therapy (CRRT) was simultaneously applied. On day 3, the patient produced blood-tinged sputum. Xpert MTB RIF using sputum identified the presence of rifampicin-sensitive Mycobacterium tuberculosis complex (MTBC) (data not shown). In association with the chest CT result (Figure 1A), the diagnosis of PTB was confirmed. The therapeutic strategy was then altered to rifampicin [0.45 g, by mouth (per os, P.O.) every morning (quaque mane, qm)], isoniazid tablets (0.3 g, P.O., qm), ethambutol tablet [0.75 g, P.O., ter in week (tiw)], and pyrazinamide tablets (1.5 g, P.O., tiw). After CRRT, the level of serum creatinine decreased during day 2 and day 3. However, the patient became restless and delirious at the night of day 3. Since he was unable to communicate with, tolerate being in bed, or cooperate to the treatment, CRRT was forced to be terminated and sedation was applied.

On day 4, lumbar puncture was conducted with a CSF opening pressure of 50 mmH2O. CSF examination was as follows: WBC, 2 × 106 cells/L; protein, 0.30 g/L; chloride, 127 mmol/L; and glucose, 5.2 mmol/L. There was neither Cryptococcus neoformans nor MTBC (via Xpert MTB RIF) detected. The samples of CSF, urine, and plasma prepared on day 4 were subjected to mNGS, by which the DNA sequences of L. interrogans (without MTBC) were detected with read numbers of 4, 9, and 2, respectively (reported on day 6; Table 2, Supplementary Figures 1A–C). This was in accordance with the positive screening for Leptospira in blood samples of the patient that were collected on day 3 and detected using the Serion ELISA classic Leptospira immunoglobulin G (IgG) kit by the Wenzhou Center for Disease Control and Prevention (reported on day 4 after samples being sent for mNGS). Therefore, the diagnosis of leptospirosis was verified. In combination with the heightened inflammation in bilateral lungs shown by the chest CT screen on day 4 (Figure 1B) as well as mental changes of the patient developed during the administration of sulperazone and moxifloxacin, the Jarisch–Herxheimer reaction (JHR) and leptospirosis-induced encephalopathy were of high suspicion. Accordingly, the dosage of methylprednisolone was increased to 80 mg from 40 mg, I.V., bid; sulperazone and moxifloxacin were replaced with penicillin (800,000 IU, I.V., q8h; the initial dose was 400,000 IU) from day 4. On day 6, the patient’s consciousness improved, so the sedation was gradually terminated (see Table 1 for detailed laboratory tests). The chest CT of day 6 showed decreased infection foci and less amount of pleural effusion in the lung, in comparison to that of day 4 (Figures 1B, C). To further confirm the result of Xpert MTB RIF and CT, the sputum of the patient was also prepared for mNGS on day 6, from which the DNA sequences corresponding to MTBC (without L. interrogans) were detected with a read number of 4 (reported on day 8; Table 2, Supplementary Figure 1D). The mNGS result of sputum was consistent with the Xpert MTB RIF result of day 3. On day 13, patchy shadows with high density were roughly absorbed as revealed by chest CT (Figure 1D); thus, the patient was transferred to the general ward of the infectious disease department for subsequent treatment. The detailed clinical course of the patient during hospitalization is shown in Figure 2.


Table 2 | Pathogens detected by mNGS.






Figure 2 | Clinical course of the patient during hospitalization. The schematic shows the timeline from the onset of symptoms (11 November 2021) to transferring to the general ward (29 November). Major events, including diagnostics, manifestations, and medication during the course, are indicated. Sample collection for diagnostics is indicated in yellow, and the dates of corresponding reports available are shown in blue. Diagnostic examinations used for pathogen identification are highlighted by purple arrows. CSF, cerebrospinal fluid; Pl, plasma; U, urine; Pip.-Taz., Piperacillin sodium and tazobactam sodium for injection; Lev., Levofloxacin hydrochloride injection; Sul., sulperazone; Mox., moxifloxacin hydrochloride and sodium chloride injection; Met., methylprednisolone; Rif., rifampicin; Iso., isoniazid; Eth., ethambutol; Pyr., pyrazinamide; Pen., penicillin.





Metagenomic NGS

After sequential operations, including the sample preparation of microbial cell wall disruption via bead beating (for CSF and urine, not for plasma), DNA extraction and library construction (PCR-free) using an NGS Automatic Library Preparation System (Hangzhou Matridx Biotechnology Co., Ltd., Zhejiang, China) (Luan et al., 2021), NGS on an Illumina NextSeq 550Dx (single end, 50 bp), and the data processing of removing short reads (<35 bp), low-quality and low-complexity reads, and high-quality sequencing data were generated. The generated data were then separately aligned to a human-specific database constructed from Homo sapiens sequences in NCBI nucleotide (nt) databases (for eliminating human sequences) using bowtie2 v2.3.5.1 (Langmead and Salzberg, 2012), and a manual-curated microbial genome database for taxonomy classification using kraken2 (confidence = 0.5) (Wood et al., 2019) and bowtie2 v2.3.5.1 (Langmead and Salzberg, 2012). The microbial genome database contained 11,704 viral genome sequences, 11,162 bacterial genome sequences, 229 parasite genomes, and 1,324 fungal genomes relevant to human infectivity. Moreover, the reads classified to L. interrogans or MTBC were subsequently aligned to a relevant microbial genome (i.e., L. interrogans or MTBC) using BLASTN v2.10.1+ (Zhang et al., 2000) for further validation (Supplementary Figure 1D).




Discussion

Leptospirosis is a zoonotic disease caused by pathogenic bacteria of the genus Leptospira. Animals infected with Leptospira, such as rats, pigs, and cattle, can excrete the bacillus in their urine and contaminate water and soil over a long period of time (Schneider et al., 2013; Haake and Levett, 2015). Humans are infected with Leptospira primarily through direct or indirect contact with animals carrying Leptospira or contaminated rivers or lakes. In China, at least 80% of Leptospira infections occur in rice-growing areas, particularly in the Yangtze, Pearl, and Lancang River basins. Approximately 85% of leptospirosis cases occur between July and December each year, with a peak in September (Zhang et al., 2012), which also coincides with the rice sowing or harvesting period.

The patient reported in this case was from a humid and river-rich rice-growing area (part of the Yangtze River basin) in southern China (i.e., Yongjia county, Zhejiang Province, China) and had an onset and admission in November, information that is consistent with the region/seasonal pattern of leptospirosis prevalence (Zhang et al., 2012). In terms of exposure history, the patient had a history of water exposure 13 days prior to admission (3 November) in the Yongjia Mountains, which are located in the leptospirosis epidemic area. Considering the epidemiological features and the non-specific manifestations of fever, cough, diarrhea, and myalgia, the patient was clinically suspected to be infected with Leptospira. Subsequently, the results of anti-Leptospira IgG antibody testing in the patient’s blood samples and mNGS testing of the patient’s CSF, urine, and plasma verified the clinical suspicion of leptospirosis infection as described above. Leptospirosis affects the lungs mainly in the lower lung region (Tsang and File, 2008; Viswanathan and Iqbal, 2015), and focal shadows associated with infection were also present in the upper lobe of the patient’s lung, which, in combination with the mNGS results, confirmed that in addition to leptospirosis, the patient also had PTB, and the patient’s acute respiratory distress symptoms were also partially caused by PTB. Subsequently, the antibiotic treatment strategy was changed to address both leptospirosis and PTB, and the patient’s clinical symptoms were promptly relieved.

Cases of leptospirosis with other infectious comorbidities, such as dengue (Wijesinghe et al., 2015; Paul, 2022), malaria (Wilairatana et al., 2021), chikungunya (Nhan et al., 2016; Cardona-Ospina et al., 2018), and scrub typhus (Watt et al., 2003; Borkakoty et al., 2016; Vikram et al., 2020), have been increasingly described in tropical and subtropical regions, especially in the overlapping endemic regions. Co-occurrences of leptospirosis and tuberculosis in humans, however, are less frequently reported (Viswanathan and Iqbal, 2015). Our case was diagnosed with leptospirosis via genus-specific IgG-ELISA and PTB via Xpert MTB RIF, and further complemented with mNGS, which detected the species-level etiology of leptospirosis (i.e., L. interrogans), besides detecting MTBC and excluding other potential etiologies. The species-level clarification of leptospirosis enables the retrospective epidemic investigation of the genus Leptospira, which contains multiple pathogenic species (Lane and Dore, 2016). To our knowledge, under the circumstance of mNGS, this is the first reported case of leptospirosis complicated with tuberculosis.

During empirical chemotherapy against infection, JHR was induced in our case. JHR commonly occurred in patients with spirochetal infections when they accept treatments with antibiotics (Tsuha et al., 2016; Butler, 2017; Guerrier et al., 2017). The cause of JHR might be related with abundant toxins suddenly released from spirochetes that are being inactivated by antibiotics, especially potent anti-spirochetal antibiotics. JHR is basically characterized by fever and exacerbation of skin rashes; in rare cases, acute respiratory distress, alterations in consciousness, and severe renal failure may occur (Butler, 2017). In a retrospective study carried out in China, 16 out of 1,125 patients suffering from syphilis developed JHR after being treated with penicillin (Li et al., 2012). Another study of 262 patients from New Caledonia and Futuna with confirmed leptospirosis indicated that an average of 21% of patients receiving amoxicillin treatment developed JHR (Guerrier et al., 2017). Variations in occurrences of JHR is possibly related to patients’ sensitivity towards antibiotics, toxins, and/or therapeutic criteria for different spirochetal species. The patient in our case was initially treated with sulperazone and moxifloxacin after admission, then he manifested dysphoria, delirium, and heightened inflammation in bilateral lungs but without meningeal irritation.

It is also obvious that pathogenic microorganisms involved in coinfections may induce similar clinical manifestations including fever, cough, headache, and myalgia, especially during early infection stages (Bark et al., 2011; Md-Lasim et al., 2021). In fact, the overlapping spectrum of manifestations might not only be difficult for clinicians to distinguish between leptospirosis and its comorbidities, but might also be hard to differentiate from general infectious diseases, such as influenza and pneumonia. For example, chest radiographs of leptospirosis-invaded lungs usually display consolidations, a ground glass appearance, a crazy-paving pattern, or inflammatory foci in bilateral lungs, which is also frequently observed in lungs of other respiratory tract infection patients (Marchiori et al., 2008; De Wever et al., 2011). Thus, misdiagnoses and underdiagnoses frequently occur. Independent of manifestation-based diagnoses, mNGS identifies microorganisms solely based on their sequence information, which provides it with great opportunities to unveil rare or even newly emergent pathogenic microorganisms as well as those involving coinfections or diseases with synonymous clinical symptoms, especially in comparison with conventional diagnostics (Wang et al., 2019; Chen et al., 2021; Zhao et al., 2021). For example, a novel pathogenic strain of pseudorabies virus (hSD-1/2019) was for the first time identified from the CSF samples of four acute encephalitis patients with the application of mNGS (Liu et al., 2021). In a prospective study conducted by Xing et al. (2021), mNGS had been further confirmed as a powerful tool for accurate and quick diagnosis of cerebral aspergillosis, a rare and life-threatening infection that often presents with variable and non-specific symptoms, with a specificity of more than 85%, while results from cranial magnetic resonance imaging and diagnostic markers [e.g., (1→3)-β-D-glucan and GM] either were non-specific or had low sensitivities. Moreover, apart from the leptospirosis–tuberculosis coinfection introduced in this paper, mNGS had also been reported for diagnoses of the initial occurrence and the follow-up relapse of leishmaniasis in an HIV-coinfected case, in which the patient on admission presented with nonsynonymous symptoms of fatigue and splenomegaly, and cured after a parasite-resistant therapy (Song et al., 2021).

Once penetrating/infecting host via mucous membranes or compromised skin, Leptospira could disseminate systematically through the hematogenic route (De Brito et al., 2018). Since it preferentially colonizes at the proximal tubules of hosts’ kidneys, Leptospira might be shed out from the urinary tract (De Brito et al., 2018). MTBC, on the other hand, predominantly infects humans via inhaling MTBC-containing aerosol droplets. Because of its respiratory-prone pathogenic characteristics, MTBC mainly affects lungs (i.e., PTB, roughly more than 80%), while in less frequent circumstances, it could also affects other organs (i.e., extrapulmonary tuberculosis, 15%–20%) (Baykan et al., 2022). Here, in our case, MTBC was only detected in sputum in both Xpert MTB RIF and mNGS, whereas L. interrogans was detected in CSF, urine, and plasma, but not in sputum (Table 2). The mutually exclusive detection of different pathogens from different kinds of clinical samples, as exemplified in Table 2, highlighted that more than one kind of samples might be essential for a comprehensive diagnosis if patients do not have good prognosis due to more than one pathogen with different pathogenic characteristics. Furthermore, the detection of L. interrogans in CSF, urine, and plasma (Table 2) suggested the systematic infection of L. interrogans in our patient.

The pathogenic mechanism of leptospirosis remains to be fully clarified. It is known that the toxin-mediated injury of blood capillaries and the highly activated immune responses of the host are mainly involved in the development of leptospirosis (Wagenaar et al., 2009). Lysins and lipopolysaccharide of Leptospira stimulate monocytes and macrophages, which then express more responsive inflammatory cytokines (e.g., TNF-α, IL-6, and IL-10) (Dorigatti et al., 2005). Leptospirosis-induced kidney damages include interstitial nephritis, necrosis of renal tubular epithelial cells, and rupture of partial tubular basement membranes (Yang, 2007; Yamaguchi et al., 2018). Therefore, in addition to the treatment against Leptospira and the approach to stabilize hemodynamics, the usage of glucocorticoid may also be beneficial for prognosis (Muthuppalaniappan et al., 2018). Continuous hemodialysis can be one of the essential strategies for eliminating endotoxins, inflammatory mediators, and metabolic wastes, as well as regulating internal environment, managing blood volume, and nutrition support.

In conclusion, (1) the outbreak of leptospirosis has significant regional and seasonal preferences, and clinicians should pay close attention to patients’ epidemiological history and be alert to the possibility of leptospirosis; (2) China is a high-burden country for TB; therefore, once cases that could not be explained by a single pathogen/disease are encountered, comorbidity should be taken into consideration to reduce the possibility of misdiagnosis and missed diagnosis; (3) mNGS, as a novel detection method, could assist the diagnosis of leptospirosis timely; and (4) continuous hemodialysis is beneficial to the prognosis of patients suffering from leptospirosis with renal failure complicated with tuberculosis, in addition to treatment for both leptospirosis and tuberculosis.
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We hypothesized that targeted NGS sequencing might have an advantage over Sanger sequencing, especially in polymicrobial infections. The study included 55 specimens from 51 patients. We compared targeted NGS to Sanger sequencing in clinical samples submitted for Sanger sequencing. The overall concordance rate was 58% (32/55) for NGS vs. Sanger. NGS identified 9 polymicrobial and 2 monomicrobial infections among 19 Sanger-negative samples and 8 polymicrobial infections in 11 samples where a 16S gene was identified by gel electrophoresis, but could not be mapped to an identified pathogen by Sanger. We estimated that NGS could have contributed to patient management in 6/18 evaluated patients and thus has an advantage over Sanger sequencing in certain polymicrobial infections.
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Introduction

Most clinical infections are not microbiologically confirmed. The problem is especially pertinent in deep seated invasive infections, where microbiological diagnosis is critical and the specimen is precious, such as osteomyelitis, deep organ abscesses, brain empyema or others. For these cases, there has been a growing interest and implementation of broad-range polymerase chain reaction (PCR) based Sanger sequencing of the 16S ribosomal RNA (rRNA) bacterial gene (panbacterial PCR), directly from clinical specimens (Rampini et al., 2011). Sanger sequencing significantly improved the diagnostic yield in clinical culture isolates as well as mono-microbial infections (Shachor-Meyouhas et al., 2013; Khoury et al., 2019). However, when more than one species are present in the specimen, Sanger sequencing template reads are superimposed and are generally uninterpretable (Salipante et al., 2013). Results from such specimens are reported as negative or as a mixture of bacteria, without further identification.

As in other fields of medicine, next generation sequencing (NGS) technologies have expanded diagnostic capabilities in clinical microbiology laboratories. Recent studies have highlighted the ability of 16S rRNA NGS to accurately reach speciation and quantify bacterial abundances in complex polymicrobial infections (Salipante et al., 2013; Abayasekara et al., 2017; Culbreath et al., 2019).

We hypothesized that for difficult-to-diagnose infections, especially when polymicrobial, targeted NGS of the 16S rRNA gene has better diagnostic performance than panbacterial Sanger sequencing.



Materials and methods

We used residual nucleic acids from clinical specimens that were submitted to our reference molecular laboratory at RHCC for panbacterial, panfungal or mycobacterial PCR (Sanger sequencing). Samples were collected between 2020-2021 at Rambam Health Care Campus (RHCC) or other hospitals. DNA stored at -20oC was retrieved and tested by NGS retrospectively. Clinical information was available only for samples sent from within RHCC.

Broad-range 16S rRNA gene Sanger sequencing was performed using in-house protocols at the molecular bacteriology laboratory (Shachor-Meyouhas et al., 2013).

NGS library preparation and analyses were performed blinded to clinical information, culture or Sanger sequencing results. DNA extraction of bacterial DNA from each specimen was carried out using the QIAAmp® DNA Mini kit (QiagenGroup) according to manufacturer’s instructions. Each batch of specimens were extracted with negative controls (extraction control). PCR amplification of the hypervariable region V4 of the 16s rRNA gene was conducted using PCRBIO HS Taq Mix Red according to the Earth Microbiome Project primer pairs (Apprill et al., 2015; Parada et al., 2016), and in selected cases, the addition of V1-2 segments (F27-R338) of the same gene to better identify certain bacteria and improve speciation (such as for Staphylococcus and Enterobacterales) (Walker et al., 2015). PCR products were run on a 1.5% agarose gel. Final library products were purified using Qiaquick PCR Purification Kit (Qiagen Groups) according to manufacturer’s instructions and quantified using Qubit™ dsDNA HS and BR Assay Kits (Invitrogen).

We sequenced the amplified V1-2 or V4 regions of 16s rRNA gene with Ion S5™ System (Thermo Fisher Scientific). Data were analyzed using the Ion Reporter bioinformatics Software pipeline (Thermo Fisher Scientific), using a threshold of 1000 mapped reads for designating significant pathogens. BAM files uploaded to the Ion Reporter were mapped to the Silva 138 SSU database. Typical contaminants found in negative controls, such as Acinetobacter lwofii, Acinetobacter schendleri, or Xanthomonadaceae which are water tolerant bacteria, were subtracted from overall reads obtained on the clinical samples.

Concordance between Sanger sequencing and NGS results was evaluated. For the RHCC samples, we estimated the potential clinical added value of NGS, had it been available in real time. Two physicians (infectious diseases and clinical microbiologist) evaluated each case and assigned the potential contribution of NGS to patient management independently (diagnosis and treatment). Disagreements were resolved by consensus.

The study was approved by the local ethics committee with a waiver of informed consent. NGS results were not conveyed to clinicians.



Results

The study included 55 specimens from 51 patients; 22 specimens from RHCC and all others from other hospitals. Of the 55 specimens evaluated, 25 specimens were Sanger positive with one organism reported. Of those, 24 were concordant by NGS (24/25) that identified the exact Sanger pathogen alone (N=12) or with additional pathogen/s (N=12). The only discordant result was a Propionibacterium spp identified by Sanger, that was missed by NGS. Sanger was negative in 19 samples, of which 8 were negative by NGS, 9 polymicrobial and 2 monomicrobial by NGS. In 11 samples, broad-range 16S gene was identified by gel electrophoresis, but could not be mapped to an identified pathogen within available databases when sequenced by Sanger technology (possible polymicrobial infection); among these, 3/11 were negative on NGS and all others were positive with polymicrobial identification (Figure 1 and Table 1).




Figure 1 | Concordance between Sanger sequencing and NGS in a scheme. Sanger negative are those samples that did not give any signal on PCR gels. "Sanger unidentified" are those samples that presented a band in agarose gels, but on Sanger sequencing it was not possible to define a unique organism against public databases.




Table 1 | Comparison between Sanger and NGS results.



Among the 22 RHCC specimens for which clinical information was available (18 patients), eight could have benefited from NGS for diagnosis (Figure 2 and Table 2): 4 polymicrobial (NGS-26, 30, 32, 34), 3 monomicrobial findings (NGS-23, 27, 54) and 1 genus identification of E.coli/Salmonella spp. in specimen NGS-44. We estimated that 6/18 patients would have benefited from antibiotic adjustment following NGS results and they all belong to the discordant group (Figure 2 and Table 2), while the other 12 patients would have been treated properly without any change in empiric treatment.




Figure 2 | Effect of NGS findings on patient management. In 8/22 samples the result obtained with NGS contributed to diagnosis (also congruent when there were repeated samples from the same patient). In 6/18 patients, treatment could have been changed to a more appropriate one had NGS results been available at the time of diagnosis.




Table 2 | Potential added value of NGS over Sanger for patient management.



In this study we describe the comparison between broad range Sanger panbacterial sequencing and targeted deep sequencing (NGS) on clinical samples submitted for panbacterial PCR. Overall, the concordance rate was 58% (32/55) for NGS vs. Sanger. Concordance was more frequent in Sanger-positive samples 24/25 (96%) than for Sanger-negative 8/19 (42%). Among five discordant Sanger-negative results with clinical information (Table 2), the positive NGS result would have been considered clinically-significant and might have improved diagnosis and/or management. In addition, NGS was able to identify possible pathogens in 8/11 Sanger-positive but pathogen-unidentified specimens. These results in a diagnostic advantage to targeted NGS. Moreover, polymicrobial communities identified by NGS may point to particular infection processes that may contribute to patients’ evaluation and optimal management. This is consistent with previous studies that validated the use of NGS for pathogen detection (Culbreath et al., 2019) and compared NGS to culture-based diagnosis (Abayasekara et al., 2017).



Discussion

The targeted NGS in-house assay was performed on the Ion torrent S5 instrument, used for microbiome purposes, with a predefined threshold of > 1000 mapped reads. The presence of certain pathogens, however, should always be considered as a potential cause of infection, even if the number of reads is below predefined cutoffs, in polymicrobial or monomicrobial results. Such is the case in specimens NGS-44 (699 mapped reads) where Salmonella identified by NGS was considered clinically -significant, and NGS-49 (889 reads) where Proteus mirabilis magna among other intestinal pathogens might have been clinically-significant. Conversely, the presence of common commensals should be interpreted carefully. The clinician and the clinical microbiologist must work together to attribute clinical significance to the NGS results.

NGS technology allows for the parallel coverage of all taxa present in a clinical specimen, resulting in the identification of complex microbial communities. The polymicrobial findings in our study likely represented polymicrobial infections. However, alternative explanations should be considered, such as the possibility of commensal microbiota present in non-sterile or sterile body sites, a non-sterile specimen collection technique, or contamination during laboratory workflows. To overcome the latter, species found in negative controls were considered contaminants in our study and their sequences were subtracted from results. During specimen collection and transportation, polymicrobial communities may change in composition. Sanger identifies the best amplified organism which is not necessarily representative of the dominant or pathogenic one

One central limitation of this study is that only bacterial organisms were targeted (V4 and V1-2 regions of 16S rRNA gene). In addition, samples were selected randomly for this analysis, but not consecutively. The study was non-interventional – NGS results were not used in clinical practice, thus its true effect on patient management remain unknown. One advantage of this study is that NGS was performed blinded to other microbiological and clinical information.

In conclusion, in this validation study we demonstrated superior pathogen identification with targeted 16s NGS compared to Sanger sequencing in clinical samples. We propose to consider NGS upfront in cases where polymicrobial infections are suspected. Further developments of NGS should include the addition of other important targets such as viral targets or Internal Transcribed Space (ITS) for fungi, as well as antimicrobial resistance genes. To better characterize the accuracy of results, comparison with shotgun metagenomics is necessary.
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Objective

Reports on negative results of metagenomic next-generation sequencing (mNGS) are scarce. We aimed to explore the diagnostic value of negative results in bronchoalveolar lavage fluid (BALF) mNGS and how to deal with the negative results in patients with severe respiratory disease.



Methods

A retrospective analysis was performed on patients suspected severe community-acquired pneumonia who were admitted to the respiratory intensive care unit of the First Affiliated Hospital of Zhengzhou University from January 2020 to December 2021. According to the final diagnosis as the reference standard, the negative results of mNGS were divided into a true negative group and a false negative group. For enrolled patients, we recorded their demographic data, imaging results, laboratory results, therapeutic processes, and prognoses.



Results

A total of 21 patients were enrolled in this study, including 16 true negative patients and 5 false negative patients. In the true negative group, interstitial lung diseases were the most and neoplastic diseases were following. In addition to mNGS, 9 patients underwent pathological examination, 7 patients were finally diagnosed by medical history, autoantibodies, and point-of-care (POC) ultrasound. 14 patients eventually discontinued antibiotics, 2 patients underwent antibiotic de-escalation, the average interval time of treatment adjustment was 3.56 ± 2.00 days. In the false negative group, the leading missed pathogen was fungi, followed by tuberculosis bacilli. In contrast to 2 patients underwent pathological examination, 3 patients were confirmed by routine microbiological tests.



Conclusions

Negative results of BALF mNGS can help to rule out infection, but missed diagnoses may also exist. It should be re-evaluated with other clinical informations. Pathological examination or repeated mNGS may be viable options when the diagnosis cannot be confirmed.
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Introduction

Respiratory failure is a common cause of admission to the ICU, and pulmonary infection is the most common reason for respiratory failure. Rapid identification of pathogens is the key to successful treatment of respiratory failure. Compared with conventional microbial detection, metagenomic next-generation sequencing (mNGS) identifies all the nucleic acids of microorganisms contained in the sample, exhibiting the advantages of time consuming and high detection rate (Gu et al., 2019). In addition, studies have found that the application of antibiotics has less impact on mNGS than traditional culture (Miao et al., 2018). The feasibility and effectiveness of bronchoalveolar lavage fluid (BALF) mNGS have been demonstrated, and one multicentre prospective study showed that 40% of patients underwent treatment adjustment based on their mNGS test results (Zhou et al., 2021). Negative results of BALF mNGS are the situations that we will encounter in clinical practice. This study retrospectively investigated the clinical information of patients with negative results of BALF mNGS, aimed to explore the clinical significance of negative results and how to further handle the situation when facing negative results.



Materials and methods


Study design

A retrospective analysis was performed on patients suspected of severe community-acquired pneumonia who were admitted to the respiratory intensive care unit (RICU) of the First Affiliated Hospital of Zhengzhou University from January 2020 to December 2021. Inclusion criteria: 1. At least 18 years old. 2. The initial diagnosis on admission was suspected of severe community-acquired pneumonia (CAP), which meets the diagnostic criteria of severe CAP (Respiratory Society of Chinese Medical Association, 2016). 3. Antibiotics were used empirically after admission. 4. Fiberoptic bronchoscopy was performed within 48 hours after admission, and BALF was collected for mNGS with negative results.

Exclusion criteria: 1. Infection of sites other than the lung occurred during ICU hospitalization. 2. BALF was not simultaneously underwent routine microbiological tests. 3. BALF specimens failed to pass mNGS quality control or unqualified BALF samples, eligibility criteria of BALF: under the low-power microscope, squamous epithelial cells constitute <1% of all cells (excluding red blood cells), the proportion of columnar epithelial cells <5% and red blood cells<10% (except trauma and bleeding). 4. clinical data was incomplete.

For each patient who met the criteria, we recorded their demographic data, comorbidities, imaging results, laboratory results, therapeutic processes, and prognoses. The patients were divided into a true negative group and a false negative group according to the final diagnosis as the reference standard.



The definition of negative results of BALF mNGS

Negative results of BALF mNGS are defined as follows: results of BALF mNGS don’t provide significant etiological informations for antibiotic application or only provided some pathogens identified as background microorganisms.



mNGS of BALF

The lesion sites which were the most rapid progression or the most severe determined by chest imaging were selected for lavage. Emerging or gradually progressive lesions are selected in the localized lesions. The middle lobe of the right lung or lingual segment of left lung are selected in the diffuse lesions. Bronchoalveolar lavage was performed 3-5 times and the volume of bronchoalveolar lavage was 60-120ml. The collected BALF samples were divided into two parts and sent to laboratory within 2 hours for mNGS and conventional microbial detection. The mNGS process included specimen preprocessing, nucleic acid extraction, library construction, sequencing, and information analysis. RNA extraction and sequencing procedures were applied if an RNA viral infection was suspected. All sequences had been uploaded into EMBL ena database with accession ID is PRJEB55113.



Statistical analysis

SPSS 26.0 software was applied for statistical analysis. The quantitative data were expressed as the mean ± standard deviation or the median and quartile spacing for data with normal distribution and non-normal distribution, respectively. Independent sample T tests were used to compare the inter group differences for normally distributed data, while Mann–Whitney U tests were used for non-normally distributed data. The counting data were expressed as frequencies and percentages, and the Fisher’s exact probability method was used to compare independent samples. P<0.05 was considered statistically significant, and all tests were two-tailed tests.




Results


Patient characteristics

During the study period, a total of 21 patients were eventually included in the final analysis, with 16 in the true-negative group and 5 in the false-negative group. In the former group, the mean age was 58.69 ± 14.09 years; 43.75% patients (7/16) were male; and 68.75% patients (11/16) had comorbidities, including diabetes, hypertension, chronic obstructive pulmonary disease, oesophageal cancer, etc. In the latter group, the mean age was 53.20 ± 14.08 years; 40.00% patients (2/5) were male; and 80.00% patients (4/5) had comorbidities, containing diabetes, rheumatoid arthritis, chronic obstructive pulmonary disease, and leukaemia. There were no significant differences in inflammation biomarkers, chest imaging, and oxygenation index between the true-negative group and the false-negative group. Further details are shown in Table 1.


Table 1 | Clinical characteristics of enrolled patients.





The true negative group

Final diagnoses of the true negative group are shown in Figure 1, there were 9 cases of interstitial lung disease, including 3 connective tissue disease-related interstitial lung disease (CTD-ILD, P9, P10, P14), 3 cryptogenic organizing pneumonia (COP, P4, P6, P8), 1 pulmonary alveolar proteinosis (PAP, P3), 1 amiodarone-associated interstitial pneumonia(P15), and 1 checkpoint inhibitor pneumonitis (CIP, P5). 3 patients had concurrent neoplastic disease, including 2 with lung adenocarcinoma (P2, P11) and 1 with mucosa-associated lymphoid tissue lymphoma(P13). Others included 1 pulmonary embolism(P1), 1 diffuse alveolar hemorrhage(P7), 1 pulmonary edema caused by mitral valve prolapse(P16), and 1 systemic lupus erythematosus(P12).




Figure 1 | Final diagnoses in the true negative group. ILD, interstitial lung disease; CTD-ILD, connective tissue disease-related interstitial lung disease; COP, cryptogenic organizing pneumonia; PAP, pulmonary alveolar proteinosis; CIP, checkpoint inhibitor pneumonitis.



In addition to mNGS, main diagnostic bases of the true negative group are shown in Figure 2. A total of 9 patients underwent pathological examination, with 5 patients underwent CT-guided percutaneous lung biopsy (P8, P11, P12, P13, P14) and 3 patients underwent transbronchial lung cryobiopsy (TBLC, P2, P4, P6). Among these 3 patients, 1 patient underwent TBLC during the second tracheoscopy(P4). Autoantibody tests provided diagnostic clues in 3 patients (P7, P9, P10), except common autoantibodies, P9 and P10 made the diagnosis by screening for myositis autoantibodies. Furthermore, the diagnosis was clarified by medical history for 2 patients (P5, P15) and point-of-care (POC) ultrasound for the other 2 patients (P1, P16). Chest CT images of two representational cases are shown in Figure 3.




Figure 2 | Main diagnostic bases except BALF mNGS in the true negative group. POC ultrasound, point-of-care ultrasound; TBLB, transbronchil lung biopsy; TBLC, transbronchial lung cryobiopsy.






Figure 3 | Chest CT of two representational cases. (A, B) A 71-year-old female patient was admitted to the RICU with a chief complaint of fever with cough, sputum and chest tightness for ten days. Chest CT showed bilateral multiple-tubercle shadow and consolidations after admission. The result of BALF mNGS was negative in the initial assessment. Then CT-guided percutaneous lung biopsy was performed. Pathology of percutaneous lung biopsy revealed chronic inflammation of lung tissue with interstitial fibrosis, showing organized pneumonia changes. The final diagnosis was cryptogenic organizing pneumonia. (C, D) A 43-year-old male patient was admitted to the RICU with a chief complaint of shortness of breath for three weeks and fever for 2 days. Chest CT showed diffuse patchy shadow with local interstitial changes over bilateral lung fields. The result of BALF mNGS was negative in the initial assessment. The results of myositis autoantibodies showed that anti-PM-Scl75 antibody(+++), anti-PM-Scl100 antibody(++) and anti-Ku antibody(+++). The final diagnosis was idiopathic inflammatory myopathy related interstitial lung disease.



The adjustments of treatments in the true negative group are shown in Figure 4. The defined daily doses (DDDs) per day were introduced to reflect the daily antibiotic use for each patient. In the true negative case group, antibiotics were eventually discontinued in 87.5% patients (14/16) and were downgraded in 12.5% patients (2/16). We defined GAP as the interval time between when the mNGS results were confirmed and the time when the antibiotic treatment regimen was adjusted. The GAP of the true negative group are shown in Figure 5. It indicated that the mean GAP was 3.56 ± 2.00 days, GAP of 1 day in 12.5% patients (2/16), GAP of greater than 3 days in 37.5% patients (6/16) and the remaining patients had a GAP of between 1 day and 3 days.




Figure 4 | The adjustment of treatments in the true negative group. The defined daily doses (DDDs) per day were introduced to reflect daily antibiotic use for each patient.






Figure 5 | The adjustment time in the true negative group. We defined GAP as the interval time between when the mNGS results were received and the time when the antibiotic treatment regimen was adjusted. Less than 1 day is counted as 1 day.





The false negative group

Final diagnoses and diagnostic bases of the false negative group are shown in Table 2. In the false negative group, the missed pathogens included RNA viruses in 1 patient and Rhizopus microsporus, Aspergillus, Cryptococcus, Mycobacterium tuberculosis in another patient. 2 patients underwent a pathological examination by percutaneous lung biopsy, with 1 patient had mNGS from lung tissue. 3 patients were confirmed by routine microbiological tests.


Table 2 | Final diagnoses and diagnostic bases in the false negative group.






Discussion

The mortality of lung infection is the highest among the infectious disease in the world, which is caused by treatment failure due to drug resistance to pathogenic microorganisms and the limitations of traditional etiological tests in identifying infectious pathogens. Delays in diagnosis may hinder precision treatment and further lead to more resistant pathogens, increase medical costs and poor prognosis. However, mNGS does not rely on traditional microbial isolation and culture, using high-throughput sequencing as a tool, with the characteristics of high efficiency, unbiased and extensive coverage, providing more comprehensive and objective information. Most mNGS platforms can obtain pathogenic results within 24h, which greatly shortens the detection time of pathogens, and can help clinicians to evaluate the condition and guide clinical decisions more timely. Therefore, it has been more and more favored by clinicians in recent years. Negative results are the situation that we may encounter in the clinical practice. This study retrospectively investigated the clinical information of patients with negative results of BALF mNGS, aimed to explore the clinical significance of negative results and how to further handle the situation when facing negative results.

In this study, patients admitted with an initial diagnosis of severe CAP and timely submitted for BALF mNGS were included and grouped according to the final diagnosis results, including 16 patients in the true-negative group and 5 patients in the false-negative group. Based on these negative results, 14 patients eventually discontinued antibiotics, 2 patients underwent antibiotic de-escalation, while 5 patients had a missed diagnosis. In the true-negative group, the number of cases finally diagnosed with interstitial lung disease ranked first, accounting for 56.25%, of which the number of CTD-ILD and COP cases accounted for 18.75% respectively. The number of neoplastic diseases ranked second, accounting for 18.75%, and the pathological type was dominated by lung adenocarcinoma. In the false-negative group, the leading missed pathogen was fungi, accounting for 60%, including 1 case of rhizopus (P18), 1 case of aspergillus (P19), 1 case of cryptococcus (P20), followed by tuberculosis bacilli (P21).

False negative results may occur when the pathogenic load in the sample is too low to be detected or the sequence number is below the reported threshold. Chen et al. summarized the factors that may account for false negative results of mNGS include the following: (a) inadequate sequencing depth; (b) prior antibiotic usage; (c) high host genome background and low microbial biomass of the true pathogens; (d) strict filtering strategy for mNGS results (Chen et al., 2020). P17 did not have RNA detection procedures performed. Missed diagnoses in P19, P20 and P21 were due to the difficulty in breaking the cell wall of fungus and tuberculosis bacilli. Rhizopus was not detected from the BALF mNGS of P18, the reason maybe that Rhizopus is difficult to remove from lesions by lavage and usually requires tissue samples to diagnose (Tsyrkunou et al., 2014).

This study shows that negative results can help to rule out infection, but missed diagnoses may also exist. This conclusion is in agreement with previous studies. One study involving 32 critically ill patients showed that 2 BALF mNGS-negative patients were eventually diagnosed with dermatomyositis and organizing pneumonia (Li et al., 2019). Another multicentre prospective study found that antibiotic degradation was performed in 19 patients based on negative BALF mNGS results, while tuberculosis was missed in 5 subjects (Zhou et al., 2021).

What can we do when confront with the negative results of BALF mNGS? As we know, mNGS can provide results within 24 hours, which is faster than conventional microbial tests and pathological examination, and even some blood testings. In addition, Table 1 shows that there are no significant differences in inflammation biomarkers, chest imaging, and oxygenation index between the true-negative group and the false-negative group. Therefore, the clinical information for analysis is limited at the time of obtaining negative results of BALF mNGS. This may explain the situation of Figure 5 that only 12.5% of patients were clearly diagnosed within 1 day and 62.5% of patients were clearly diagnosed within 3 days in the true negative group. In our study, the diagnostic evidence was divided into pathological and nonpathological, except for mNGS. These nonpathological evidence included patient’s medical history, autoantibody, point-of-care ultrasound and routine microbiological tests.

In this study, P5 and P15 were diagnosed with CIP and amiodarone-related interstitial pneumonia, respectively, by reviewing their previous treatment process, indicating that medical history often contains a wealth of information, which may be the breakthrough point of disease diagnosis. At present, the medical history of some patients is too simple to reflect the continuous process of the disease. The clinical features of autoimmune diseases are complex and variable, and the same clinical manifestations and imaging changes as those of pulmonary infectious diseases may occur when the lung is affected. Autoantibody testing is an important tool for diagnosis and differential diagnosis (Rose, 2008). P9 and P10 were tested for autoantibodies after their negative results of BALF mNGS. However, P7 was screened for autoantibodies earlier, so the adjustment time of treatment was earlier than P9 and P10. POC ultrasound is considered as the fifth physical examination to assess patient’s condition in real time (Narula et al., 2018). In our study, the possibility of pulmonary embolism was considered in P1 through POC ultrasound and was confirmed by CT pulmonary arteriography, and P16 was observed to have posterior mitral valve prolapse into the left atrium. Although the patients’ treatments were quickly adjusted, it was possible that mNGS would not have been necessary if these patients were evaluated with POC ultrasound in advance.

As previously described, routine microbiological tests can help to reduce the missed diagnosis of mNGS. Wang et al. found that 2 cases missed by mNGS included one with pulmonary cryptococcosis and one with pulmonary aspergillosis among 21 cases of fungal pneumonia (Wang et al., 2020). In the former, the capsular polysaccharide antigen detection was positive. In the latter, both the culture and galactomannan (GM) test results were positive. The reasons are considered to be related to the low efficiency of nucleic acid extraction due to the difficulty and insolubility of the fungal cell wall, clinicians should consider the results of traditional methods when selecting mNGS. In the infection of mycobacterium tuberculosis, mNGS is difficult to detect because the intracellular growth characteristics of tuberculosis, less nucleic acid is released outside the cell. Zhou et al. showed that in the identification of active cases, the sensitivity of mNGS was 44%, higher than that of traditional detection methods (29%), and the diagnostic rate can reach 60% under the combination of mNGS and Xpert (Zhou et al., 2019). mNGS is a complementary, but not a substitute test for conventional microbial methods. Peng et al. deemed that when conventional microbial tests were comprehensive enough, there was no statistically significant difference in the diagnostic ability of mNGS, as compared to the conventional microbial tests, the combination of mNGS and conventional microbial tests may be a better diagnostic strategy (Peng et al., 2021).

Pathological examination is considered as the gold standard for diagnosis. Previous studies have shown that lung biopsy can be considered if the initial noninvasive examination does not provide clear clues and the risk of empirical treatment is too high or empirical treatment fails (Palakshappa & Meyer, 2015). The methods of lung biopsy include surgical lung biopsy, percutaneous lung biopsy, bronchoscopy, etc. TBLC is a new method with the advantages of less trauma, large specimens, high quality and fewer complications (Babiak et al., 2009). A variety of lung biopsy methods were observed in this study, 7 patients adopted CT-guided percutaneous lung biopsy, 3 patients underwent TBLC and 1 patient employed TBLB. The opportunity of lung biopsy was also different. Considering that pathological examination often takes a long time, it may be helpful to perform BALF mNGS and pathological examination at the same time during the operation of endoscopy examination for early diagnosis.

Opinions are contradictory on whether mNGS should be repeated if the initial result is negative. An expert consensus mentioned that if the possibility of infection cannot be ruled out, resampling and repeated testing were recommended if necessary (Editorial Board of Chinese Journal of Infectious Diseases, 2020). However, Filkins et al. believed that repeated mNGS was not advised for negative initial test results because repeated testing did not increase the positive possibility (Filkins et al., 2020). In this study, Rhizopus was not detected from the BALF mNGS of P18, whereas both mNGS and the histopathological examination were positive in the lung tissue, suggesting that lung tissue may be helpful in the diagnosis of the diseases when patients requiring mNGS retesting. A study of 2018 found that mNGS can be used for pathogen detection in lung tissue and may have potential advantages in speed and sensitivity compared with traditional culture (Li et al., 2018). On the other hand, Yang et al. discovered that no difference was observed in the sensitivity and specificity of the diagnosis of pulmonary fungal infection between lung biopsy and BALF (Yang et al., 2021).

In the face of negative results of BALF mNGS, first of all, we should combine medical history, autoantibody, point-of-care ultrasound for differential diagnosis. The interval time may be shortened from the mNGS results were obtained to the antibiotic treatments were adjusted if the clinical informations mentioned above could be carefully reviewed prior to mNGS. Attention should be focused on the results of routine microbiological tests if pulmonary infection cannot be excluded based on mNGS. Pathological examination or repeated mNGS may be helpful when the diagnosis remains elusive.

We acknowledge that this study has some limitations. First, this was a single-centre retrospective observational study with a small sample size. Second, the study was not a randomized controlled study. Third, the results of BALF mNGS came from different laboratories, and sequencing differences may affect the results.



Conclusion

Negative results of BALF mNGS can help to rule out infection, but missed diagnoses may also exist. It is a wise decision to combine mNGS with other clinical informations including medical history, autoantibody, point-of-care ultrasound, routine microbiological tests. Pathological examination or repeated mNGS may be viable options when the diagnosis cannot be confirmed.
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Objectives

The aim of this study was to evaluate the diagnostic value of bronchoalveolar lavage fluid (BALF) metagenomic next-generation sequencing (mNGS) versus conventional microbiological tests (CMTs) for pediatric pneumonia.



Methods

This retrospective observational study enrolled 103 children who were diagnosed with pneumonia and hospitalized at Hubei Maternity and Child Health Care Hospital between 15 October 2020 and 15 February 2022. The pneumonia diagnosis was based on clinical manifestations, lung imaging, and microbiological tests. Pathogens in the lower respiratory tract were detected using CMTs and BALF mNGS (of DNA and RNA). The diagnostic performance of BALF mNGS was compared with that of CMTs.



Results

In 96 patients, pathogens were identified by microbiological tests. The overall pathogen detection rate of mNGS was significantly higher than that of CMTs (91.3% vs. 59.2%, p = 0.000). The diagnostic performance of mNGS varied for different pathogens; however, its sensitivity and accuracy for diagnosing bacterial and viral infections were both higher than those of CMTs (p = 0.000). For the diagnosis of fungi, the sensitivity of mNGS (87.5%) was higher than that of CMTs (25%); however, its specificity and accuracy were lower than those of CMTs (p < 0.01). For the diagnosis of Mycoplasma pneumoniae, the specificity (98.8%) and accuracy (88.3%) of mNGS were high; however, its sensitivity (42.1%) was significantly lower than that of CMTs (100%) (p = 0.001). In 96 patients with definite pathogens, 52 cases (50.5%) were infected with a single pathogen, while 44 cases (42.7%) had polymicrobial infections. Virus–bacteria and virus–virus co-infections were the most common. Staphylococcus aureus, Haemophilus influenzae, rhinovirus, cytomegalovirus, parainfluenza virus, and fungi were more likely to be associated with polymicrobial infections.



Conclusions

BALF mNGS improved the detection rate of pediatric pneumonia, especially in mixed infections. The diagnostic performance of BALF mNGS varies according to pathogen type. mNGS can be used to supplement CMTs. A combination of mNGS and CMTs may be the best diagnostic strategy.





Keywords: metagenomic next-generation sequencing (mNGS), conventional microbiological tests (CMTs), bronchoalveolar lavage fluid (BALF), pediatric, pneumonia



Introduction

The World Health Organization reports that pneumonia is the leading cause worldwide of mortality among children younger than 5 years old (GBD 2015 LRICollaborators, 2017). In clinical practice, identifying pathogens in infectious diseases is a difficult problem. Conventional microbiological tests (CMTs) are limited in their scope for pathogen detection; they are time-consuming, have low detection rates, and usually detect only single pathogens. Although polymerase chain reaction (PCR) tests and serological detection have expanded the detection range of CMTs and increased detection rates, clinicians must first identify the type of pathogen. It is important to diagnose pathogens quickly and accurately in order to shorten the hospital stay and reduce complications and mortality.

Metagenomic next-generation sequencing (mNGS) is an unbiased detection technology that can detect multiple pathogens across a wide range. It is relatively time-saving, with a turnaround time of 24–48 h. mNGS has been shown in recent years to be advantageous and viable for the identification of respiratory tract infection pathogens (Leo et al., 2017). However, sequencing DNA and RNA at the same time using mNGS has rarely been reported. In the present study, we compared the diagnostic value of CMTs and mNGS (DNA and RNA) for detecting pneumonia pathogens in children.



Methods


Study design and patient selection

This retrospective observational study enrolled children who were diagnosed with pneumonia and hospitalized at the Maternity and Child Health Care Hospital of Hubei Province between 15 October 2020 and 15 February 2022. The inclusion criteria were as follows: (1) the child presented with typical clinical signs of pulmonary infection, such as fever, cough, sputum, and dyspnea; and (2) the diagnosis of pulmonary infection was supported by radiological evidence (e.g., chest computed tomography scan). We excluded patients who were not tested using bronchoalveolar lavage fluid (BALF) mNGS (DNA and RNA). A total of 103 children were enrolled in this study. The recruitment process is illustrated in Figure 1. Patient age, sex, symptoms, laboratory findings, lung imaging, bronchoscopic findings, and medical history were recorded. All included patients underwent bronchoscopy to obtain BALF samples for use in CMTs and mNGS. Bronchoscopies were performed by experienced bronchoscopy physicians according to standard safety protocols. No serious adverse events were associated with the bronchoscopy procedures. This study was approved by the Institutional Ethics Committee of the Maternal and Child Health Hospital of Hubei Province [2022] IEC (018).




Figure 1 | Flow diagram of patient inclusion and exclusion.





Conventional microbiological tests

Routine samples were collected, including BALF, sputum, and blood. CMTs were performed within 2 days of admission, including sputum and BALF culture and smear (acid-fast staining for Mycobacterium tuberculosis; India ink staining for Cryptococcus), nasopharyngeal (NP) swab multiplex PCR (13 respiratory pathogens), BALF PCR (for Mycoplasma pneumoniae), serum antibody test (for M. pneumoniae), antigen test (for influenza virus A/B, 1,3-β-D-glucan antigen), and serum and BALF galactomannan test (Aspergillus spp.). The detection methods are specified in Supplementary Tables 1 and 2.



Clinical comprehensive analysis was regarded as the reference standard

Based on the clinical diagnosis, two experienced clinicians analyzed all patients’ CMT and mNGS results, along with their medical records. First, each clinician determined whether the patient had pneumonia, based on the Chinese guidelines for the diagnosis of pneumonia in children (National Health Commission of the People’s Republic of China, State Administration of Traditional Chinese Medicine, 2019), according to clinical symptoms, pulmonary imaging, and clinical laboratory examination results. Second, etiology was determined by a comprehensive analysis of the patient’s clinical manifestations, laboratory findings, lung imaging, microbiological examination, and treatment response. If there was disagreement between clinicians, another senior clinician was consulted and a consensus was reached.



Nucleic acid extraction, library preparation, and sequencing

Bronchoscopy was performed according to standard procedures using a flexible fiberoptic bronchoscope. A special collector was used to collect 3–5 ml of BALF, which was stored at 4°C. The BALF was sent for mNGS analysis (DNA and RNA). DNA was extracted using a QIAamp® UCP Pathogen DNA Kit (Qiagen), following the manufacturer’s instructions. Human DNA was removed using benzonase (Qiagen) and Tween20 (Sigma). Total RNA was extracted using a QIAamp® Viral RNA Kit (Qiagen). Ribosomal RNA was removed using a Ribo-Zero rRNA Removal Kit (Illumina). Complementary DNA (cDNA) was generated using reverse transcriptase and deoxynucleoside triphosphates (Thermo Fisher Scientific). Libraries were constructed for DNA and cDNA samples using the Nextera XT DNA Library Prep Kit (Illumina). Library quality was assessed using the Qubit dsDNA HS Assay Kit, followed by a high-sensitivity DNA Kit (Agilent) on an Agilent 2100 bioanalyzer. Library pools were then loaded onto an Illumina NextSeq CN500 sequencer for 75 cycles of single-end sequencing, generating approximately 20 million reads per library. For negative controls, we prepared peripheral blood mononuclear cell samples (105 cells/ml) from healthy donors, in parallel with each batch, using the same protocol. Sterile deionized water was extracted alongside the specimens to serve as a non-template control.



Bioinformatic analyses

Trimmomatic was used to remove low-quality reads, adapter contamination, duplicate reads, and reads shorter than 50 bp. Low-complexity reads were removed using K-complexity, with default parameters. Human sequence data were identified and excluded by mapping to a human reference genome (hg38) using Burrows–Wheeler Aligner software. We designed a set of criteria, similar to the criteria of the National Center for Biotechnology Information (NCBI), for selecting representative assemblies of microorganisms (bacteria, viruses, fungi, protozoa, and other multicellular eukaryotic pathogens) from the NCBI Nucleotide and Genome databases (National Center for Biotechnology Information). These were selected according to three references: (1) Johns Hopkins ABX Guide1; (2) Manual of Clinical Microbiology (Manual of clinical microbiology); and (3) case reports and research articles published in current peer-reviewed journals (Fiorini et al., 2017). The final database consisted of approximately 13,000 genomes. Microbial reads were aligned to the database using SNAP v1.0 beta 18 (Zaharia et al., 2021). Virus-positive detection results (DNA or RNA viruses) were defined by coverage of three or more non-overlapping regions in the genome. A positive detection was reported for a given species or genus when RMP was ≥5 or when RPM-r was ≥5. RPM-r was defined as RPM corresponding to a given species or genus in the clinical sample divided by RPM in the negative control (Miller et al., 2019). To minimize cross-species misalignments among closely related microorganisms, we discounted the RPM of a species or genus that appeared in non-template controls and shared a genus or family designation; a penalty of 5% was used for species (Zaharia et al., 2021).



Statistical analysis

SPSS 19 (IBM Corporation) was used to perform all analyses. Clinical composite diagnosis and determination of microbiological etiology were regarded as reference standards. At the pathogen level, sensitivity, specificity, positive predictive value, negative predictive value, and accuracy were calculated using standard formulas for proportions. Wilson’s method was used to determine 95% confidence intervals for these proportions. McNemar’s test was used to compare diagnostic performance between CMTs and mNGS. All tests were two-tailed. A p-value of <0.05 was considered statistically significant.

Note that some children with multiple microbial infections had multiple class labels for this study (bacteria, viruses, fungi, and atypical pathogens). We report sensitivity, specificity, accuracy, and positive predictive value as performance measurements to permit direct comparisons between mNGS and CMTs.




Results


Patient characteristics

Among 594 eligible patients, 489 were excluded because they did not receive mNGS. Thus, we enrolled 103 (68 male and 35 female) patients. Their mean age was 4.5 years. Their clinical characteristics are shown in Table 1. The main clinical symptoms were as follows: fever, cough/sputum, wheezing, dyspnea, and hemoptysis. There were 22 cases (21.4%) admitted to an intensive care unit, 39 cases (38%) had recurrent respiratory infections, 54 cases (52.4%) had atelectasis/consolidation, 12 cases (11.7%) had pleural effusion, 4 cases (3.9%) had emphysema/mediastinum, and 6 cases (5.8%) had bronchiectasis. Bronchoscopy revealed 42 cases (40.8%) with poor ventilation, 8 cases (7.8%) with sputum embolus, 5 cases (4.9%) with bronchial mucosal necrosis, and 6 cases (5.8%) with bronchiectasis. All patients received empirical antibiotic therapy prior to admission.


Table 1 | Clinical characteristics of 103 patients.





Comparison of pathogen detection between CMTs and mNGS

The patients’ microbiological results are provided in Supplementary Table 3. Among them, 59.2% (61/103) cases tested positive using CMTs, and 91.3% (94/103) tested positive using mNGS (p = 0.000). In clinical comprehensive analysis, 93.2% (96/103) of patients had identified etiology. Figure 2 shows the distribution of pathogens that met the definition of infection. Respiratory syncytial virus (26 cases), cytomegalovirus (25 cases), and parainfluenza virus (20 cases) were the top three viral infections. Haemophilus influenzae (12 cases), Streptococcus pneumoniae (6 cases), and Pseudomonas aeruginosa (6 cases) were the top three bacterial infections. M. pneumoniae (23 cases) was the most frequently detected atypical pathogen. Fungi were also identified, including Aspergillus spp., Pneumocystis jirovecii, and Candida albicans.




Figure 2 | Distribution of pathogens identified by CMT versus mNGS.



As shown in Table 2, there were 52 cases (50.5%) with monomicrobial infection and 44 cases (45.8%) with polymicrobial infection (30 cases were two-microbial infections, 13 cases were three-microbial infections, and 1 case was a four-microbial infection). There were seven cases with unidentified etiology (one patient was positive for Circovirus in blood mNGS but was not clinically considered to be infected, three cases were clinically considered to be viral pneumonia, and three cases were clinically considered to be bacterial pneumonia). Among 52 patients with monomicrobial infection, 27 cases (51.9%, 27/52) were detected using CMTs, while 48 cases (92.3%, 48/52) were detected using mNGS. Among 44 polymicrobial infections, 6 cases (13.6%, 6/44) were detected using CMTS, while 29 cases (65.9%, 29/44) were detected using mNGS. For single and mixed-microbial infections, the detection rate of mNGS was higher than that of CMTs (p = 0.000). The most common mixed infections were bacterial and viral. Staphylococcus aureus, H. influenzae, rhinovirus, cytomegalovirus, parainfluenza virus, and fungi were more likely to be associated with polymicrobial infections.


Table 2 | Pneumonia pathogens in 96 patients.





Comparison of diagnostic performance between CMTs and mNGS

The diagnostic performance of CMTs and mNGS varied significantly among the different types of pathogens (Table 3). For bacterial detection, the diagnostic sensitivity (88.6% [78.0%–99.1%] vs. 25.7% [11.2%–40.1%], p < 0.001) and accuracy (87.4% [81.0%–93.8%] vs. 70.9% [62.1%–79.6%], p < 0.001) of mNGS were significantly higher than those of CMTs (95% confidence intervals shown). The positive predictive value (PPV) of mNGS was 77.5% (64.6%–90.4%) and the negative predictive value [NPV] was 93.7% (87.6%–99.7%). However, mNGS did not differ significantly from CMTs in the diagnosis of common bacterial infections, such as S. pneumoniae (p = 0.625), S. aureus (p = 0.219), and H. influenzae (p = 0.146). For virus detection, the sensitivity (100% [100%–100%]) and accuracy (86.4% [79.8%–93.2%]) of mNGS were slightly higher than those of CMTs (48.4% [36.2%–60.7%] and 68.0% [58.9%-77.0%], respectively). The PPV of mNGS was lower than that of CMTs (82.1% [73.5%–90.6%] vs. 100% [100%–100%]). The PPV of mNGS varied greatly for the different viruses. Apart from influenza virus (p = 0.125), the diagnostic performance of mNGS was significantly different from that of the CMTs (p < 0.01). For fungi detection, the diagnostic sensitivity of mNGS was higher than that of CMTS (87.5% [64.6%–100%] vs. 25.0% [0%–55%], p < 0.01) but the specificity (83.2% [75.6%–90.7%] vs. 97.9% [95.0%–100%]), accuracy (83.5% [76.3%–90.7%] vs. 92.2% [87.1%–97.4%]), and PPV (30.4% [11.6%–49.2%] vs. 50.0% [10.0%–99.0%]) were lower than those of CMTs. The detection sensitivity of mNGS for P. jirovecii was 100% (100%–100%), which could be verified by CMTs, such as hexamethyltetramine silver staining, implying a sensitivity of 0%. However, the PPV of mNGS for P. jirovecii was relatively low (33.3% [6.7%–60%]). For Aspergillus spp., the diagnostic performances of mNGS and CMTs were not significantly different (p = 0.219). The specificity and accuracy of both methods were higher than 96.1%; however, mNGS had higher sensitivity than CMTs (75% [32.6%–100%] vs. 50.0% [10%–99%]). There were no significant differences in the detection of atypical pathogens between mNGS and CMTs (p = 0.077). However, for M. pneumoniae, the sensitivity of mNGS was lower than that of CMTs (42.1% [20.0%–64.3%] vs. 100% [100%–100%], p = 0.001).


Table 3 | Comparison of diagnostic performance of mNGS and CMTs.






Discussion

Pneumonia is one of the most common causes of hospitalization for infection in children, and one of the most important causes of their morbidity and mortality (Liu et al., 2015). With extensive use of antibiotics, continuous expansion of the pathogen spectrum, and increasing numbers of hard-to-diagnose infections, it is increasingly difficult to identify the etiology of pneumonia. Relevant literature shows that comprehensive conventional methods do not find pathogens in up to 60% cases (Schlaberg et al., 2017). For patients with severe pneumonia, a long clinical course, the empirical use of antibiotics, and low immunity, CMTs are far from meeting the clinical need for etiology diagnosis; this may lead to the failure of therapy and the overuse of antibiotics. The bronchoalveolar lavage technique can be used to obtain cells and solutions from the lower respiratory tract. It is performed more easily and safely as the technique matures. In clinical practice, for patients with severe illness or suspected mixed infection, clinicians may examine several pathogens at the same time. However, they must verify these pathogens based on their own experience. By contrast, mNGS can detect all possible pathogens for clinicians’ judgment, which can save patients’ time and money. In recent years, BALF mNGS has become a breakthrough application for the diagnosis and treatment of infectious lung diseases.

mNGS has potential advantages in terms of speed and sensitivity for detecting lung diseases (Langelier et al., 2018; Li et al., 2018; Miao et al., 2018). Our study showed that, compared with CMTs, mNGS had a significant advantage in its detection rate of pathogens (91% vs. 59%, p = 0.000), even though all patients had used antibiotics. These results are consistent with the conclusions of Miao et al. (2018). mNGS was also superior to CMTs in diagnosing monomicrobial infections (92% vs. 52%, p = 0.000) and polymicrobial infections (66% vs. 14%, p = 0.000). Bacteria and viruses are pathogens commonly found in clinical settings. Our results showed that S. aureus, H. influenzae, rhinovirus, cytomegalovirus, parainfluenza virus, and fungi are more likely to be associated with polymicrobial infections, which suggests the advantages of mNGS in the diagnosis of mixed infections (Fang et al., 2020). Because mNGS can detect almost all microbes in BALF, the technique strongly support improvements in clinical intervention. Many studies (Wang et al., 2019a; Chen et al., 2021) have confirmed the superiority of mNGS in the diagnosis of pulmonary mixed infections and the identification of etiology.

A retrospective cohort study (Quah et al., 2018) found that the proportion of respiratory viruses in the pathogen spectrum of severe pneumonia has increased. In our study, 67 cases (70%) had viral infections, of which 28 cases were single infections and 39 were co-infections. Common viruses with high detection rates were respiratory syncytial virus, cytomegalovirus, rhinovirus, influenza virus, parainfluenza virus, and bocavirus. The sensitivity and accuracy of mNGS were higher than those of CMTs for the diagnosis of viral infections (Table 3). Owing to the difficulty of viral culture and the high rate of false positives in nucleic acid detection, it can be difficult to determine the etiology of the viruses identified (Ren et al., 2018). The relative abundance and read ratios of mNGS samples, relative to the negative control, may provide some clues for the determination of viral infections. However, in clinical practice, DNA testing alone may miss some RNA viruses, resulting in a decreased detection rate (Zhang et al., 2020). Messenger RNA of DNA viruses, detected in mNGS RNA testing, may provide clues regarding active transcription (Graf et al., 2016). Thus, performing both mNGS DNA and RNA testing is valuable in diagnosing the etiology of pneumonia. The unbiased nature of mNGS is useful for the detection of new and variant viruses (Chen et al., 2020), evolutionary tracing (Lu et al., 2020), and strain identification (Qian et al., 2021), as well as for guiding epidemiological investigations, public health research, and epidemic prevention and control during infectious disease outbreaks (Deurenberg et al., 2017). mNGS played a key role in the rapid identification of pathogens in the outbreak of the novel coronavirus pneumonia in late 2019 (Chen et al., 2020; Ren et al., 2020).

Our study revealed that the diagnostic performance of mNGS varied for different pathogens (Table 3). For detecting bacterial infections, the overall sensitivity (88.6% vs. 25.7%), accuracy (87.4% vs. 70.9%), PPV, and NPV of mNGS were higher than those of CMTs. However, there was no significant difference between mNGS and CMTs for the diagnosis of S. pneumoniae, S. aureus, and H. influenzae (p > 0.05). This differs slightly from previous studies (Xie et al., 2019) and may be related to the fact that these bacteria are clinically common in pediatric pneumonia, where empiric therapy is effective. mNGS has the advantage of being able to detect more pathogens. The sensitivity and accuracy of mNGS were higher than those of CMTs for the diagnosis of viral infection (p < 0.01); however, the PPV varied among different viruses. In particular, our study revealed that the parallel detection of DNA and RNA can determine the activity of DNA viruses and detect RNA viruses.

For fungal infections, the overall sensitivity of mNGS was higher than that of CMTs; however, the specificity and accuracy were lower than those of CMTs. The total NPV of mNGS was 98.7% (96.3%–100%). Positive results for P. jirovecii, such as staining microscopic examination and PCR, are important diagnostic criteria; however, the detection rates are low. P. jirovecii was detected in 12 patients using mNGS. In comprehensive clinical analysis, only four cases were considered to be pneumocystis pneumonia. These cases were all infants, in whom the course of disease was >2 weeks and the effect of conventional treatment was not good. This may be related to the fact that fungal infection was secondary to low immunity after infection. The remaining eight patients recovered without antifungal therapy; P. jirovecii was probably colonized in the lower respiratory tract. Unfortunately, our study was not further validated using Gomori methenamine silver staining, which may have influenced the comparison of the two testing methods. Recent studies (Wang et al., 2019b; Lin et al., 2022) have shown that mNGS has good diagnostic performance in the detection of pneumocystis. The identification of Aspergillus spp. by mNGS remains a challenge because of the difficulty of extracting DNA from its thick polysaccharide cell walls (Bittinger et al., 2014). Three cases of severe pneumonia with Aspergillus spp. etiology were reported by He et al. (2019). mNGS results indicated Aspergillus spp., and the patients were adjusted for antifungal treatment; their conditions improved. Thus, the accuracy of mNGS for the detection of Aspergillus spp. is suggested. In contrast with these results, our study did not show an advantage of mNGS for the diagnosis of Aspergillus infections. However, the small number of cases of fungal pneumonia in this study likely introduced biases in the calculation of diagnostic performance.

Although the specificity and accuracy of mNGS were high for M. pneumoniae diagnosis, the sensitivity was significantly lower than that of CMTs. In our study, mNGS did not show an advantage for the diagnosis of M. pneumoniae infections. The diagnosis of M. pneumoniae was confirmed by serology in the early stage of the disease (before admission to our hospital); the detection rate may have decreased after treatment. For the detection of M. pneumoniae, it has been reported that combined detection methods can improve the specificity and sensitivity of diagnosis and reduce false-negative and false-positive rates. M. pneumoniae cannot be reliably diagnosed using only a single test (Loens and Ieven, 2016; Tang et al., 2021).

Overall, mNGS can improve the detection rate of pathogens and mixed infections in pediatric pneumonia. The diagnostic utility of mNGS differs for different pathogens. For fungi and M. pneumoniae, the CMT approach may need to be combined to improve diagnostic performance. mNGS is valuable as a complement to CMTs, especially when the clinician does not have a presumed pathogen or the local laboratory is without complete CMTs.

This study has some limitations. First, the sample size was small, especially for fungal pneumonia. Second, P. jirovecii lacked further validation by Gomori methenamine silver staining; partial PCR failed to evaluate the diagnostic value of CMTs and mNGS. Third, at the time of this study, our hospital had had real-time PCR detection items for some pathogens, including 13 respiratory pathogens; there were no commercial offerings based on real-time multiplex PCR for the detection of community or hospital pathogens. Therefore, we did not compare the performances of multiplex PCR and mNGS for the detection of different pathogens. However, the use of real-time multiplex PCR assays is based on the clinician’s belief that a patient is infected with one or more of these pathogens; it ignores rare and unknown pathogens. Finally, the interpretation of mNGS results, to a certain extent, depended on the subjective judgment of the clinician, which may have led to bias.
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Background

High-throughput metagenomic sequencing technologies have shown prominent advantages over traditional pathogen detection methods, bringing great potential in clinical pathogen diagnosis and treatment of infectious diseases. Nevertheless, how to accurately detect the difference in microbiome profiles between treatment or disease conditions remains computationally challenging.



Results

In this study, we propose a novel test for identifying the difference between two high-dimensional microbiome abundance data matrices based on the centered log-ratio transformation of the microbiome compositions. The test p-value can be calculated directly with a closed-form solution from the derived asymptotic null distribution. We also investigate the asymptotic statistical power against sparse alternatives that are typically encountered in microbiome studies. The proposed test is maximum-type equal-covariance-assumption-free (MECAF), making it widely applicable to studies that compare microbiome compositions between conditions. Our simulation studies demonstrated that the proposed MECAF test achieves more desirable power than competing methods while having the type I error rate well controlled under various scenarios. The usefulness of the proposed test is further illustrated with two real microbiome data analyses. The source code of the proposed method is freely available at https://github.com/Jiyuan-NYU-Langone/MECAF.



Conclusions

MECAF is a flexible differential abundance test and achieves statistical efficiency in analyzing high-throughput microbiome data. The proposed new method will allow us to efficiently discover shifts in microbiome abundances between disease and treatment conditions, broadening our understanding of the disease and ultimately improving clinical diagnosis and treatment.





Keywords: microbiome data, relative abundances, high-dimensional compositional, differential abundance analysis, sparse alternatives



1 Introduction

The human microbiota, a collection of microbes living on or inside human bodies, has been shown to play a fundamental role in human health and diseases, including diabetes, cancer, and obesity (Turnbaugh et al. (2007); Ursell et al. (2012)). Recently, the metagenomic next-generation sequencing (mNGS) technique has been introduced in the clinical diagnosis of infectious diseases (Gu et al. (2019); Dulanto Chiang and Dekker (2020); Govender et al. (2021)) and emerged as a revolutionary technique to replace/supplement traditional culture-based and molecular microbiologic techniques: i) mNGS allows the parallel sequencing of hundreds of samples per run; ii) it provides an unbiased detection of bacteria, viruses, fungi, and parasites collectively; iii) this culture-free technology enables the identification of new species and others.

In microbiome studies, it is of general research interest to study the microbiome profiles/features between different disease treatments or conditions. Various statistical methods have been proposed recently for examining differential abundances (DAs) (Anderson (2014); Cao et al. (2018); Zhao et al. (2018); Banerjee et al. (2019); Lin and Peddada (2020)). These methods can be categorized into univariate and multivariate approaches depending on whether microbial features are analyzed individually or in a set-based fashion. For example, Lin and Peddada (2020) proposed ANCOM-BC under a linear regression framework to conduct DA analysis for the assessed taxa individually. DESeq2 (Love et al. (2014)) and edgeR (Robinson et al. (2010)), two popular differential expression gene analysis methods, are commonly used for differential abundance analysis. However, multiple comparison procedures need to be conducted afterward for these univariate methods, which largely hinders the statistical power (Hu et al. (2018)). Alternatively, we can assess the microbial features as a set in order to enhance the statistical power. Typically, the microbial abundances are normalized toward the total counts to make the microbial proportions [or called relative abundances (RAs)] comparable between samples. The normalized data have a summation of the features equal to one, termed compositional in microbiome studies (Mandal et al. (2015); Gloor et al. (2017)). Directly applying standard multivariate statistical methods developed for unconstrained data to compositional data may result in inappropriate or misleading inferences. Cao et al. (2018) proposed a two-sample test for assessing the difference between two high-dimensional microbial composition matrices and treating all microbial features (the microbiome profile) as a set. Banerjee et al. (2019) proposed an adaptive test for comparing microbiome compositions from two independent groups. Zhao et al. (2018) developed a generalized Hotelling test for paired microbiome composition data comparison. These methods can be applied to the full microbiome profiles and also microbial features that belong to the same upper-level taxonomic rank, gene family, or functional pathway. Nevertheless, they either need a strong assumption that the covariance matrices of compared compositions are equal (Cao et al. (2018)) or require time-consuming permutations to determine the statistical significance (Zhao et al. (2018); Banerjee et al. (2019)).

To address this challenge, we propose a two-sample maximum-type equal-covariance-assumption-free (MECAF) test. This multivariate differential abundance test statistics relaxes the equal covariance assumption required by the test proposed by Cao et al. (2018). The closed-form formula of the asymptotic null distribution largely resolves the computational burden in microbiome analysis. The method can be applied to analyze both taxonomic and functional profiles including microbial taxa (operational taxonomic units (OTUs), strains, etc., from either shotgun metagenomic or 16S rRNA amplicon sequencing technique), functional pathways, and gene families. The performance of the proposed MECAF test is demonstrated through simulation studies and applications to the shotgun metagenome sequencing study of Clostridium difficile infection (CDI) (Vincent et al. (2016)) and the 16S rRNA amplicon murine microbiome study of type I diabetes (T1D) (Livanos et al. (2016)).

The rest of this article is as follows. In Section 2, we briefly introduce the novel test statistics MECAF for conducting a two-group comparison of microbiome compositions, carry out extensive simulations to estimate the empirical type I error rate and statistical power for the proposed test in comparison with competing methods, and further conduct two real data applications. We conclude with a discussion in Section 3. Notation, test hypothesis, and the asymptotic properties of the MECAF test are given in the last section. All the theoretical derivations are detailed in the Supplementary Material.



2 Results


2.1 The MECAF test

We consider the comparison of high-dimensional microbiome compositions from two independent groups. We propose an independent two-sample test named MECAF, which 1) is derived based on the centered log-ratio (CLR) transformed compositions, 2) has the aim to test the null hypothesis of equal mean vectors for the microbial features against unequal mean vectors, and 3) does not require the assumption of equal covariance matrices between groups. The equation of the test statistics and corresponding asymptotic null distribution is given in Section 4.



2.2 Simulation studies


2.2.1 Simulation setup

We conducted extensive simulations to evaluate the numerical performance of the proposed MECAF test compared with competing methods under various scenarios. The simulation parameters were set up similarly to those in Cao et al. (2018) for the case of two independent samples in order to generate microbiome composition data. The log transformation of microbiome absolute abundance data L1 and L2 was first generated from the multivariate Gaussian distribution by assuming that   and  . Then the raw absolute abundance A1, A2, relative abundances R1, R2, and CLR transformation of RA matrices X1, X2 can be generated accordingly with certain transformations detailed in the Methods section. We specify the location and covariance parameters for distributions   and   detailed as follows so that simulation data matrices can be generated with various covariance structures under the null and alternative hypotheses.

	Specification of location parameters   and  . Following Cao et al. (2018), the components of   were drawn from the uniform distribution Uniform (0,10). Each component of   was set by  . Here, δj represents the signal, i.e., the difference in CLR means for component j between two groups. s=⌞0p⌟,⌞0.05p⌟,⌞0.1p⌟⌞0.2p⌟ , and ⌞0.2p⌟ components (taxa) and randomly chosen from p components to be the signal taxa and the corresponding σj ‘s were randomly drawn from  . The other σj ‘s were set as 0. We can see that s= ⌞0p⌟ corresponds to the null hypothesis setting and s= ⌞0.05p⌟,⌞0.1p⌟,⌞0.2p⌟ represent three alternative hypothesis settings. When s becomes larger, there are more signal taxa in the microbiome compositions. σL:jj is the jth diagonal component of the covariance matrix   with specifications as follows.

	Specification of covariance matrices   and  . We included two types of covariance matrices, i.e., a banded covariance matrix ΣB and sparse covariance matrix ΣS with the same parameters as those in Cao et al. (2018). Three scenarios were considered to assess the impact of equal vs. unequal covariance matrices between two groups in the comparison of compositional mean vectors. Specifically, in Scenario 1, the covariance matrices of groups 1 and 2 are set as  , and   to represent the setting with unequal covariance matrices between groups; equal banded covariance matrices were considered in Scenario 2, i.e.,  ; and equal sparse covariance matrices were considered in Scenario 3, i.e.,  .





2.2.2 Competing methods

In this article, we mainly focus on the comparisons of multivariate differential abundance approaches. By assuming that covariance matrices for the CLR of compositions are equal, i.e.,  , Cao et al. (2018) proposed a test for hypothesis (1) as  , where  . Since this is a maximum-type test with an equal covariance assumption, we denote it as the MEC test in this article. In addition, we also assessed the performance of the MEC statistics applied to the raw RA, the log transformation of RA, and the original AA. These three tests are obtained by replacing the CLR data used by MEC, i.e., Xg, with Rg, log (Rg), and Ag,g = 1,2, denoting by MEC-Raw, MEC-Log, and MEC-Oracle, respectively. MEC-Oracle is considered the benchmark method in the simulation study (under equal covariance matrices assumption), as the true difference is simulated for the log-absolute abundances. Permutational multivariate analysis of variance (PERMANOVA) is a popular multivariate analysis method widely adopted in community-level microbiome data analysis (Anderson (2014)). We therefore included PERMANOVA, which tests the null hypothesis that the centroid and the spread of the microbiome profiles are equivalent for the compared groups.

We set the sample size in the first group as n1 = 100 and increased the sample size in the second group n2 from 200 to 300. We increased the number of components (taxa) p 100 to 300 to demonstrate different relationships between n = n1 + n2 and p. We set the significance level as α = 0.05 in the simulation, and 1,000 replications were conducted to evaluate the empirical type I error rate and statistical power of the assessed methods under various settings.



2.2.3 Simulation results

Figure 1 shows the numerical performance of assessed methods under Scenario 1, where unequal covariance matrices are considered. All competing methods that require equal covariance matrix assumption, i.e., MEC-Oracle, MEC-Log, MEC-Raw, and MEC, have inflated type I error rates. The type I error rate of MEC approaches 0.25 when p = 150 and p = 200. This indicates that MEC-type tests are not applicable to data with unequal matrices. In comparison, the proposed MECAF test can control the empirical type I error rate around the nominal level of 0.05. The statistical power of MECAF increases with the proportion of signal taxa. The results of PERMANOVA are not shown in Figure 1, since the corresponding type I error rate and statistical power are all equal to 1 under this scenario. This is because the abundance data were generated from unequal covariance matrices and therefore violate the null hypothesis tested by PERMANOVA.




Figure 1 | Simulation results for Scenario 1: unequal covariance matrices between compared groups. The empirical type I error rate (H_0: 0p) and statistical power under three sparsity measures (Ha:0.05p, 0.1p, and 0.2p) for MECAF and competing methods MEC-Oracle, MEC-Log, MEC-Raw, and MEC. A horizontal line with α = 0.05 indicates the significance level. The number of taxa and sample sizes were set as follows: (A) (p,n1,n2) = (100,100,200); (B) (p,n1,n2) = (150,100,300); (C) (p,n1,n2) = (200,100,300).



Simulation results for equal banded covariance and equal sparse covariance scenarios are depicted in Figures 2 and 3, respectively. As expected, all assessed methods have a well-controlled type I error rate under these simulation settings. MECAF and MEC achieved statistical power comparable to that of MEC-Oracle, with sparsity measure s ranging from ⌞0.05p⌟⌞0.2p⌟ to ⌞0.2p⌟. This indicates the statistical efficiency of the MECAF test. In comparison, MEC-Log, MEC-Raw, and PERMANOVA have evidently smaller power than MEC-Oracle for all settings of the two scenarios.




Figure 2 | Simulation results for Scenario 2: same banded covariance matrix between compared groups. The empirical type I error rate (H_0: 0p) and statistical power under three sparsity measures (Ha:0.05p, 0.1p, and 0.2p) for MECAF and competing methods MEC-Oracle, MEC-Log, MEC-Raw, and MEC. A horizontal line with α = 0.05 indicates the significance level. The number of taxa and sample sizes were set as follows: (A) (p,n1,n2) = (100,100,200); (B) (p,n1,n2) = (150,100,300); (C) (p,n1,n2) = (200,100,300).






Figure 3 | Simulation results for Scenario 3: same sparse covariance matrix between compared groups. The empirical type I error rate (H_0: 0p) and statistical power under three sparsity measures (Ha:0.05p, 0.1p, and 0.2p) for MECAF and competing methods MEC-Oracle, MEC-Log, MEC-Raw, and MEC. A horizontal line with α = 0.05 indicates the significance level. The number of taxa and sample sizes were set as follows: (A) (p,n1,n2) = (100,100,200); (B) (p,n1,n2) = (150,100,300); (C) (p,n1,n2) = (200,100,300).



In summary, MECAF has a well-controlled type I error rate for two group comparisons of mean composition vectors either with equal or unequal covariance matrices. The statistical power is desirable under all scenarios with various sparsity measures.




2.3 Applications to two microbiome studies

Here, we first apply the proposed MECAF test to the shotgun metagenomic sequencing data from the CDI study (Vincent et al. (2016)). Since the test is also applicable to microbiome abundance data generated from the 16S rRNA amplicon sequencing technology, we further illustrate our proposed method in a murine microbiome study of T1D [Livanos et al. (2016)].


2.3.1 Analysis of the Clostridium difficile infection metagenomic dataset

Vincent et al. (2016) conducted a prospective study to investigate the intestinal microbiota dynamics over time among 98 hospitalized patients at risk for CDI, a leading infectious cause of nosocomial diarrhea. Patients were followed up to 60 days, and a total of N = 229 fecal samples (averaging 2.34 samples per subject) were examined by the shotgun metagenomics sequencing platform. The bioinformatics pre-processing steps were detailed by Vincent et al., 2016, and the processed microbial counts and metadata are available in the R package “curatedMetagenomicsData” (Version 1.16.1) from the Bioconductor by running the function curatedMetagenomicData(‘VincentC_2016.metaphlan_bugs_list.stool’,dryrun = FALSE) (Pasolli et al. (2017)). Zero counts were imputed with 0.5 before converting counts to relative abundances for taxa from taxonomic ranks of phylum, class, order, family, genus, and species (strains). In this secondary data analysis, we aim to examine whether there are shifts in the microbial relative abundances between patients with CDI or asymptomatic C. difficile colonization (CDI group, N = 8 subjects) and patients without (control group, N = 90 subjects) i) upon hospitalization (baseline), ii) at 1 week of hospitalization, and iii) over 1 week of hospitalization. The latest sample at each time window was included for each patient.

Figure 4 shows the available samples at each assessed time window (Figure 4A), the number of taxa observed at each taxonomic rank (Figure 4B), the differential abundance test results of the MECAF test, and competing methods (Figures 4C). A p-value of<0.05 was indicated as statistically significant. Of note, MEC-Oracle was not included in the comparison since the absolute abundance data required by MEC-Oracle are unobservable in real data. The results of MECAF indicate significant differences in the microbiome compositions between CDI and control patients at baseline and week 1. The significance is consistent for most of the taxonomic ranks, and a stronger signal is depicted at the lower ranks. The difference though seems to disappear after 1 week of hospitalization, where only the test at the species (strain) level is significant. In comparison, MEC does not detect significant differences in microbiome compositions except at the species and strain levels at baseline and over 1 week, with less stringent p-values reported. At week 1, MEC detects microbial composition differences at the family, genus, and species (strain) levels but not at the phylum, class, or order level. MEC-Raw and PERMANOVA have similar results as MEC, and MEC-log reported similar results as those of MECAF with higher p-values. In summary, we observe more consistent findings from the MECAF test over six taxonomic ranks. The corresponding p-values are in general smaller than those of competing methods, indicating statistical efficiency gain over other methods.




Figure 4 | DA analysis of the CDI metagenomic dataset. (A) The number of samples and microbial reads are summarized. (B) Number of observed taxa at each of the taxonomic ranks. (C) p-Values of DA test with MECAF and competing methods at baseline, 1 week, and over 1 week. p-Values were –log10 transformed to better illustrate the statistical significance where the vertical line of -log100.05 indicates a p-value equal to 0.05. DA, differential abundance; CDI, Clostridium difficile infection.



We further assessed the type I error rate of competing methods using the baseline data of the control subjects (N = 90). To achieve this, we randomly split the dataset into two groups and conducted DA tests between the mock groups. A total of 1,000 replications were carried out to calculate the empirical type I error rate as shown in Table 1. As expected, all assessed methods are able to control the type I error rate below the nominal level of 0.05.


Table 1 | Empirical type I error rate with real data from the CDI study.





2.3.2 Analysis of the MICE 16S rRNA amplicon microbiome data

Livanos et al. (2016) carried out a murine microbiome study to investigate the effect of early-life antibiotic exposure on the alteration of gut microbiota composition. Here, we re-examined the 16S microbiome abundance profile from the early-life sub-therapeutic antibiotic treatment (STAT) group and the control group that received no antibiotic exposure. The abundances were compared between the two groups at each of the four assessed time points, i.e., weeks 3, 6, 10, and 13, for female and male mice using the MECAF test and competing methods.

The available samples and number of taxa observed are shown in Figures 5A, B, which illustrate the circumstance of n< p (number of samples< number of taxa) most often encountered in microbiome data analysis. The differential abundance analysis results from the phylum to genus rank are depicted in Figures 5C, 6 for female and male mice, respectively. The result from MECAF indicated that in female mice, the abundance profile is significantly different in the STAT group from the control group from week 3 to 6 for almost all taxonomic ranks. The significance is weaker at weeks 10 and 13, indicating the recovery of gut microbiota in the STAT mice upon maturation. In comparison, a significant difference is detected by MECAF in male mice over the four assessed time points. This result is consistent with Livanos et al. (2016) in which the alpha- and beta-diversity measures were compared between groups over time. MEC has similar results to MECAF. MEC-Log did not detect significance in female mice from weeks 6 to 10 for most of the taxonomic ranks. MEC-Raw and PERMANOVA either did not detect significant differences (female mice from weeks 3 to 10) or reported weaker signals (male mice, weeks 3, 10, and 13).




Figure 5 | DA analysis in female mice of the murine microbiome study. (A) The number of samples and microbial reads are summarized separately for female and male mice. (B) Number of observed taxa at each of the taxonomic ranks. (C) p-Values of DA test with MECAF and competing methods at four assessed time points. p-Values were –log10 transformed to better illustrate the statistical significance where the vertical line of -log100.05 indicates the significance level. DA, differential abundance.






Figure 6 | DA analysis in male mice of the murine microbiome study. p-Values of DA test with MECAF and competing methods at four assessed time points are shown. p-Values were –log10 transformed to better illustrate the statistical significance where the vertical line of -log100.05 indicates the significance level. DA, differential abundance.







3 Discussion

In this article, we propose a novel test named MECAF for the two-sample test of high-dimensional compositions. The test statistics is developed based on the centered log-ratio transformation of the compositions following Aitchison (1982) and Cao et al. (2018). The asymptotic null distribution of the test statistic is derived, and the power against sparse alternatives is investigated. The derived null distribution allows for the closed-form solution of statistical significance and largely resolves the computational burden. Simulation results show that the proposed method is evidently more powerful than competing methods when the covariance matrices differ between groups, and comparable performance is achieved when the groups have equal covariance. Two real data applications have illustrated the usefulness of the proposed method.

The comparisons of competing methods have focused on multivariate approaches only since they are not directly comparable with univariate approaches (such as ANCOM-BC, DESeq2, and edgeR). We admit the limitation of the MECAF test that it is used as the first screening step of microbiome analysis for the examination of the global shift of microbiome profiles. Other regression models that are built upon Dirichlet distribution or generalized Dirichlet distribution [Tang and Chen (2019); Liu et al. (2020)] have distinct features from differential abundance methods discussed herein. For example, they allow for covariate adjustment, feature selections, repeated sampling, etc., which is beyond the scope of this article.

The MECAF test extends the MEC proposed by Cao et al. (2018) by relaxing the assumption of equal covariance matrix structure between groups. Therefore, MECAF can be applied to a wider set of circumstances. In the real data applications, we applied MECAF to compare the microbiome abundances aggregated to each taxonomic rank. In practice, we can also apply MECAF to assess the composition of a given sub-tree or a subset of the microbiome taxa (Shi and Li (2017)). As a future direction, we will aim to extend the MECAF test to accommodate repeated measures from each individual for group comparisons.



4 Methods


4.1 Notation and specification of test hypothesis

In this article, we consider microbiome compositions from two independent groups. The notation used in this manuscript is summarized in Table 2. Specifically, for subject i from group g(g = 1,2), denote the ng independently observed composition vectors as   with length of p, and the jth component (taxon) of the vector   as  , where  . Of note, zero proportions are imputed by a pseudo-positive proportion prior to conducting the analysis. Then the compositional constraints can be expressed as  . Obviously,   represents compositions that lie in the p - 1 dimensional simplex  . R1 and R2 are the observed data matrices of dimension n1 × p and n2 × p, respectively, from the two groups. Let   denote the ng unobserved absolute abundances of the microbiome. The numerical relationship between the absolute abundance matrix and composition matrix is as follows:


Table 2 | Notation summary.



	

where   is the jth component of  . Suppose the log transformations of  , denoted by  , are i.i.d. from distributions with mean vectors   and covariance matrices  . Cao et al. (2018) introduced a testable hypothesis to compare the log-mean absolute abundance vectors through the observed compositional data R1 and R2 by exploiting the CLR transformation of the compositions. Denote the CLR transformation of   by

	

Assume that the CLR vectors   are i.i.d. from distributions with mean vectors  , and covariance matrices   Then the testable hypothesis under the definition of compositional equivalence [please see Definition 1 in Cao et al. (2018)] is



In this work, we consider another testable hypothesis of compositional equivalence as follows. It is straightforward that  , and  ,   holds if and only if for j∈{1,…,p−1} , as  . Therefore, an equivalent hypothesis that only considers the first p - 1 components is



In the following, we will introduce our proposed test specifically for hypothesis (2). We also investigate the theoretical properties of the test statistics.



4.2 The proposed MECAF test

Cao et al. (2018) proposed one maximum-type two-sample test for high-dimensional compositions by assuming that the covariance matrices of two groups are equal (see equation 9 of Cao et al. (2018)). In practice, it is unable to assess the assumption if   or not. Thus, we consider a more general setting, where the equal covariance assumption is not required. For j∈{1,⋯,p} th component (taxon), let  , and   is the average of the CLR transformation of relative abundances. Our proposed test is given as follows:

	

where  , and  . We name it the MECAF test. As a maximum-type test statistic, it is in general better than sum-of-squares type statistics under sparse alternatives (Tony Cai et al. (2014)). The assumption of the equal high-dimensional covariance matrices for two groups is relaxed to allow for wider applicable conditions.

We successfully derived the asymptotic null distribution of TMECAF given by

	

for any real number t as n1,n2,p→∞ , where  . Denote qα as the (1 - α) -quantile of the derived distribution function exp(-exp(-t)). Namely, qα = -log [log (1-α)-1]. We can define an asymptotic α-level test denoted by

	

The null hypothesis   is rejected whenever Φ1:α = 1. We also prove that the power of test Pr(Φ1:α = 1) converges to 1 under some settings and   as n1,n2,p→∞ . All the detailed proof is given in the Supplementary Material.
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Background: Pulmonary cryptococcosis (PC) was once thought to occur only in patients with immune deficiencies, such as tested positive for the Human Immunodeficiency Virus (HIV). However, in recent years, it has been discovered that more than half of the patients with PC in our nation are individuals with normal immune function. As more and more PC cases are recorded, our diagnosis and treatment approaches, as well as our understanding of PC, are gradually improving. In reality, most PC patients still have a high incidence of misdiagnosis on their initial visit. It is primarily linked to the diverse clinical manifestations, atypical imaging findings, and inaccurate diagnostic approaches.

Methods: The research was conducted from 2019 to 2020. We performed traditional microbiological testing and mNGS on sample from patients with fever of Pulmonary nodules or lung infections. Furthermore, we collected patients' baseline information, clinical features, laboratory and imaging examination results, diagnosis, treatment and outcome. In the end, we confirmed three cases of PC using biopsy and mNGS.

Conclusion: Our data demonstrates that mNGS can be utilized as an auxiliary method for PC diagnosis. Early mNGS aids in the identification of pathogens, enabling early diagnosis and treatment, as well as a reduction in the rate of misdiagnosis and illness progression.

KEYWORDS
 Cryptococcus pneumonia, Cryptococcus neoformans, metagenomic next-generation sequencing (mNGS), pathological biopsy, diagnosis


Introduction

Cryptococcosis is a global mycosis caused by Cryptococcal infection, as well as a prevalent opportunistic infection (1). The common site of infection is the central nervous system (2–4). Pulmonary cryptococcosis (PC) is an acute, subacute, or chronic pulmonary fungal disease caused by Cryptococcus neoformans or Cryptococcus gattii. The disease is more common in immunosuppressive hosts, particularly those with human immunodeficiency virus (HIV). However, it can also occur to healthy individuals without underlying medical conditions. A study of non-AIDS individuals in China who were pathologically diagnosed with PC revealed that 60% of PC cases were diagnosed in immunocompetent non-HIV patients (5). The prevalence of PC has increased steadily during the past few years. Due to the lack of distinguishable clinical and radiological symptoms, it is simple to misdiagnose a patient or postpone diagnosis. It can often be challenging to identify it from lung tumors, pulmonary tuberculosis, and bacterial pneumonia (4).

The diagnosis of PC mainly depends on histopathological examination and/or specimen etiological smear and culture, such as positive fungal smear or fungal culture in sputum, pharyngeal swab, or bronchoalveolar lavage fluid (BALF) (6–8). If Cryptococcus neoformans is detected in blood or puncture cultures, or if the serum cryptococcal capsular polysaccharide antigen latex agglutination test is positive, etiological inquiry can be used to make a clinical diagnosis (9, 10). In general, serum cryptococcal capsular polysaccharide antigen (CrAg) determination can be used to screen for cryptococcosis. This test is routinely repeated in the clinic since it could yield false-negative results in the early stages of cryptococcosis infection. Additionally, patients with mild to moderate pulmonary cryptococcosis who had adequate immune function and little lung lesions had a low positive serum CrAg rate (11). As a result, a novel diagnosis approach is required to aid the diagnosis process.

With the rapid development of sequencing technology and bioinformatics, metagenomic next-generation sequencing (mNGS) has emerged as a new star in clinical diagnosis (12–14). mNGS technology can do high-throughput nucleic acid sequencing in clinical samples without the need for conventional microbe culture, which can then be compared to a database. There is no need for particular amplification since the types of pathogenic microorganisms contained in the samples can be judged based on the comparative sequencing information, and more harmful bacteria in clinical samples can be recognized promptly and reliably. Judging the types of pathogenic microorganisms contained in the samples according to the compared sequence information, there is no need for specific amplification, and more pathogenic microorganisms in clinical samples can be detected quickly and objectively. It is extremely useful in the diagnosis of acute and critical infection (15). In this study, mNGS was used to detect the lung puncture tissues of three patients with probable PC, demonstrating its important role in clinical diagnosis and treatment.



Materials and methods

Samples were collected from patients according to the standard clinical procedure. DNA is extracted from tissue and quantified. DNA libraries were prepared by using the TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme, Nanjing, China) according to the manufacturer's manuals. The Agilent 2,100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) was used for library quality control. All libraries were pooled with other libraries by using different index sequences and sequenced on an Illumina NextSeq 550Dx platform with the single-end 75bp sequencing option.

Fastq-format data were generated for each sample by using bcl2fastq software (v2.20.0.422, parameters used: –barcode-mismatches 0 –minimum-trimmed-read-length 50). Adapt sequences and low-quality reads were removed using cutadapt v2.10 (-q 25, 25 -m 50). The remaining high-quality reads were first depleted for human sequences by mapping to the human genome (hg38, https://hgdownload.soe.ucsc.edu/downloads.html#human) using bwa-mem 2 v2.1 with default parameters, all unmapped reads were then aligned to the NCBI nt database (https://ftp.ncbi.nlm.nih.gov/genomes/) by using BLAST v2.9.0+ (-task megablast -num_alignments 10 -max_hsps 1 -evalue 1e-10). Alignments were required to be full-length with an identity of at least 95%. A customized Python script was used to identify species-specific alignments. Only the alignments that fulfill the above-mentioned criteria were used for further pathogen identification.



Results

In this study, all three patients had abnormal lung signs that were indistinguishable from lung cancer and some lung infections. After biopsy and mNGS, we confirmed 3 cases of pulmonary cryptococcus infection. None of these patients presented clinically atypical and there was no evidence of suspected cryptococcus infection. The patient's detailed medical history is described as follows (Tables 1, 2).


TABLE 1 Clinical characteristics of patients.

[image: Table 1]


TABLE 2 Summary of Pathological biopsy results and mNGS results.
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Patient 1 is a 42-year-old male, farmer in Xuchang City, Henan Province. He was admitted to our hospital (the First Affiliated Hospital of Zhengzhou University) with “back discomfort for 3 months and cough for more than 1 month” as the chief complaint On March 17, 2020. The specific clinical manifestations are chronic pain in the right back, accompanied by itchy throat and dry cough, without other uncomfortable symptoms. CT of the other hospital revealed a high-density shadow and partial consolidation in the lower lobe of the right lung, as well as patches of infected air-containing lung tissue. CRP (C-reaction protein) and white blood corpuscles were also high. Because the efficacy of the empirical anti-infective treatment was unsatisfactory, he was transferred to our hospital. Physical examination reveals increased breathing movement, decreased breathing sound in the right lower lung, enhanced voice resonance, rough breathing sound in the right lung, and a fast heart rate of around 110 beats per min that is uniform. Laboratory test findings that are abnormal: Blood Coagulation: Fib 6.12 g/L, D-Dimer 0.85 mg/L; Glucose 6.32 mmol/L, GGT 87U/L, ALP 160U/L, ADA 23U/L, TG 1.85 mmol/L; Urinalysis: GLU ++, Unclassified crystal 40; CBC: WBC 12.6 × 10∧9/L, Hb129.0 g/L; Neut% 85.6%, Lymph% 7.2%; Cell compartment activation: T lymph 637/μ, T (CD4+) 339/μL; CRP:15.90mg/L. CT (Computed Tomography) of the chest (2020/03/18) (Figure 1A): Lesion in the right lower lobe, considering inflammation and a lesion in the right lower lobe. Bronchoscopy: There were a few secretions in the airway, but the etiological examination of lavage fluid revealed nothing unusual. Anti-infective treatment was given with piperacillin Tazobactam was attempted, but the results were disappointing. Bronchoalveolar lavage fluid was used for bacterial smear staining and culture, and the results were negative. The patient was advised to use BALF (Bronchoalveolar Lavage Fluid) for mNGS testing, but the patient's family refused. On the 6th day after admission, the patient had a CT-guided lung biopsy, and the punctured tissue was examined for pathology (Figure 2A) and mNGS simultaneously (Illumina Next550, San Diego, USA). Cryptococcus neoformans was detected by pathological examination and mNGS. The result of mNGS was available 2 days before the pathological examination. mNGS results showed that the sequence number of Cryptococcus was 12,489 and the relative abundance was 99.3%. The patient was diagnosed with PC based on histology, mNGS, and later identification of cryptococcal capsular polysaccharide antigen. Instead, voriconazole was used as an antifungal medication. The patient was discharged after remission of symptoms. The CT of outpatient reexamination was satisfactory 1 and 3 months after discharge (Figures 1B,C).


[image: Figure 1]
FIGURE 1
 CT findings of the three patients at different periods. (A) The enhanced CT scan of patient 1 on the second day of admission showed a right lower lung lesion. (B) 1 month after discharge, CT reexamination of patient 1 showed a reduction of the lesion. (C) 3 months after discharge, CT reexamination of patient 1 showed a continuous reduction of the lesion. (D) CT scan of patient 2 on admission showed lung lesions. (E) 2 months after discharge, CT reexamination of patient 2 showed a reduction of the lesion. (F) 4 months after discharge, CT reexamination of patient 2 showed a smaller lesion than the previous one. (G,J) CT scan of patient 3 at the hospital showed lung lesions. (H,K) 6 months later, the patient was reexamined by CT. (I,L) 9 months later, the patient was reexamined by CT.
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FIGURE 2
 Histopathological examination results of three patients. (A) Granulomatous inflammation, with more spore-like material, Manifestations of fungal infection, tends to cryptococcus neoformans. Special staining: PAS (+), AFB (-), GMS (+). (B) Lung tissue chronic inflammation, local multinucleated giant cells, intracellular spore-like structure, Special staining: PAS (+), AFB (-), GMS (+). Combining the results of the special stain and the clinical features of the patient, the patient was considered to have a cryptococcal infection of the lung. (C) Combined with the morphology and special staining results, Tendency to fungal infections: Cryptococcusand Talaromyces marneffei infection. Pneumocystis Pneumocystis jiroveciiinfection cannot be ruled out. Special dyeing: Mucus red card (+), GMS (+), PAS (+).


Patient 2 is a 41-year-old male farmer from Luohe City, Henan Province. The patient was taken to the hospital on October 8, 2020, due to a “physical examination found right lung nodule for 10 days.” During the hemorrhoidectomy in the local hospital more than 10 days ago, the patient was found to have right lung nodules by chest CT. However, he did not have any uncomfortable clinical symptoms. Check result that is abnormal: CBC: thrombocytocrit 0.29%; Blood Coagulation: D-Dimer1.73 mg/L, Urinalysis: Occult blood++, protein+, RBC17/μL, WBC 88/μL, Unclassified crystal 71/μL; Liver function: TP 55.3. G test, CRP, PCT, and tumor markers were all normal. Judging from the basic data, the possibility of lung cancer cannot be ruled out. On the second day after admission, the patient had a CT-guided lung puncture biopsy and mNGS detection (Figure 1D). mNGS showed that no microorganism was detected. PATHO: Initial report (2020/10/12) Chronic inflammation of the lung tissue can be detected, as well as spindle cell growth and focal necrosis, as well as multinucleated giant cells. Second Report (2020/10/13) Lung tissue chronic inflammation, local multinucleated giant cells, intracellular spore-like structure, Cryptococcal infection is considered. Special staining: PAS (+), AFB (-), GMS (+). Cryptococcal capsular polysaccharide antigen (GXM): 71.949(+). Cryptococcus neoformans pneumonia was suspected based on pathological findings and the GXM test, and fluconazole was administered orally. The cerebrospinal fluid was sent for examination following lumbar puncture to evaluate whether there was a cryptococcal infection in the brain, and the results showed that Ink stain (-), AFB (-) (Figure 2B). Cerebrospinal fluid cytology revealed an increase in monocytes, indicating that Cryptococcal meningitis had been ruled out. The patient is generally in good condition and does not express any discomfort. At the request of the patient, he was discharged from the hospital on October 18, 2020, and continued oral fluconazole medication outside of the hospital. 2 and 4 months after discharge, the CT revealed good results (Figures 1E,F).

Patient 3 is a skilled worker 32-year-old middle-aged male from Zhengzhou, Henan Province. The patient was admitted to the hospital on December 23, 2019, because of the “physical examination found right lung nodular shadow for 1 month.” During the physical examination before 1 month, the patient found right lung nodule shadow, no cough, sputum, chest pain, no dyspnea, no hemoptysis; CT (another hospital): multiple nodules of various sizes could be seen in the middle and upper lobe of the right lung, and some of the edges were irregular. CT (our hospital): Multiple tiny nodules and mass shadows in the right upper lung, considering infection (Figures 1G,J). Results of laboratory examination: ABG: PH 7.41, pCO2 41.0 mmHg, pO2 84.0 mmHg, GLU 5.4 mmol/L; CBC: WBC 8.39 × 10∧9/L, RBC 5.37 × 10∧12/L, Hb 161.8 g/L, PLT 264 × 10∧9/L. Urinalysis, Stool Routine, G test, CRP, PCT, T-SPORT, Tuberculous sputum smear, and tumor marker all were negative. A CT-guided lung biopsy was performed on the third day of admission. PATHO: First report (2019/12/27): Prefer cryptococcal infection, to be reported after histochemical staining. Second Report (2020/01/2): Combined with the morphology and special staining results, the preference was Cryptococcus with Talaromyces marneffei infection. Pneumocystis jirovecii infection cannot be ruled out. Special dyeing: Mucus red card (+), GMS (+), PAS (+) (Figure 2C). mNGS (2020/01/11): Cryptococcus neoformans. mNGS results showed that the sequence number of Cryptococcus was 2,680. After diagnosis, the treatment drug was added to fluconazole and Compound Sulfamethoxazole based on Rifamycin Sodium Injection, moxifloxacin, and the patient was discharged after the symptoms improved. CT scans taken 6 and 9 months later revealed a steady improvement (Figures 1H,I,K,L).



Discussion and literature review

In 1894, an organism similar to Genus Saccharomyces was isolated from a young woman with a bone infection. Not long after, a similar strain was isolated from peach juice and given the name “Saccharomyces Neoformans” due to the unique colony morphology it had. Because the parasite was unable to develop ascospores, a feature of yeast, it was eventually given the name “Cryptococcus neoformans” in 1901 (16, 17). They are primarily discovered in dirt, decaying wood, and pigeon droppings in tropical and subtropical regions. Inhaled Cryptococcus neoformans can invade local lung tissue and cause acute, subacute, or chronic lung infection (18, 19). Although it can afflict anyone at any age, young and middle-aged males are the most frequently affected (20, 21). The main symptoms of the disease include fever, cough, expectoration, chest pain, a small number of patients have hemoptysis. Even patients with healthy immune systems lacked respiratory symptoms (22, 23). Therefore, the clinical manifestations of the patients are not specific. Single or numerous nodular or mass shadows, frequently observed under the pleura, as well as burr or halo indications might be recognized as imaging characteristics of the disease. Nodules or cavities in masses are frequently developed in immune-competent hosts, followed by pulmonary parenchyma infiltration that is difficult to distinguish from other forms of bacterial pneumonia (24). According to international studies, the proportion of non-immunodeficient hosts in patients with cryptococcosis patients is often <35% (25, 26). However, compared with foreign countries, non-immunodeficient hosts account for a higher proportion of cryptococcosis patients in China (27). Moreover, there are regional differences in incidence, with the south having a higher rate than the north (28). The three PC patients in our study were all normal middle-aged males from the north, immunologically normal, and without a history of travel. In line with earlier studies, the three patients' CT scans were similarly non-specific, making it challenging to distinguish between lung cancer, pulmonary tuberculosis, and other types of pneumonia. Further to that, because this disease is complex and occult, and it is not a common type of pneumonia, it is easy to overlook in the clinic. Therefore, all three patients in this study were detected Cryptococcus infection unexpectedly.

For the diagnosis of PC, the commonly used clinical etiological diagnosis methods of cryptococcosis include traditional smear examination, isolation and culture, CrAg detection, and histopathological examination. In the majority of cases, the results of a histological investigation are used to determine the diagnosis. The percentage of instances that can be determined by smear and culture results is extremely low, especially for people with normal immunity. The sensitivity of serum CrAg detection is mainly affected by infection site and infection type. Some studies have pointed out that the sensitivity and specificity of serum CrAg detection in cryptococcal meningitis and disseminated cryptococcal infection can reach 93~ 100% and 93~ 98% (4). However, the sensitivity rate in HIV-negative patients with single pulmonary cryptococcosis is only 25~ 56% (8). As a result, serum CrAg screening may result in false negative results. Additionally, it has been discovered that the host's immunological status and serum CrAg sensitivity are connected (29–31).

In 2014, the New England Journal of Medicine published the first clinical case of leptospirosis diagnosed by mNGS, which opened the prelude to the detection of pathogens by mNGS (32). In the years that followed, mNGS made great strides in the discovery of new pathogens, the detection of rare and significant pathogens, and clinical research leveraging big data. One example of this is the use of mNGS to support the clinical diagnosis of liver tuberculosis. The timely use of mNGS helps the clinic to identify the cause of fever accurately and quickly, and it promotes accurate clinical diagnosis (33). In the detection of pathogens, antibiotics have a large influence on the traditional culture, but the detection of mNGS is rarely affected by antibiotics and has high sensitivity (34). When patients with pulmonary infection are admitted to the hospital, they are frequently treated with empirical antibiotics, especially if the infection is severe. And different patients have different host factors, imaging changes, and laboratory results, some patients have long-term use of hormones, which may affect the traditional pathogen identification culture, but mNGS can compensate for these flaws. When patients are hospitalized and given antibiotic treatment, it may prevent some harmful microbes from being detected by bacterial culture. In addition, the time point for bacterial culture is also very strict, which are the disadvantages of traditional culture. At the same time, the number of days spent in the hospital prior to mNGS has no effect on the pathogen detection rate in mNGS, extending the detection range to some extent. In addition, some studies have shown that mNGS is more sensitive than conventional culture in the detection of infectious bacteria, fungi, and unclassified pulmonary pathogens in transbronchial lung biopsy (TBLB), bronchoalveolar lavage fluid (BALF), and bronchial needle brushing (BB) samples, with no difference in sensitivity among the three clinical samples. TBLB had the greatest specificity, followed by BB and BALF (35). All three patients in this study were examined with lung puncture tissue for mNGS, no microorganism was detected in one case. At that time, because the results of pathological biopsy could be diagnosed, no further tests were needed. In addition, the patient declined the second mNGS test because of the good results after changing the therapeutic drugs. As for the reasons for the negative mNGS test, there may be two aspects in our analysis: The thick-walled capsule surrounded by Cryptococcus neoformans in vitro is the most prominent morphological feature of it. The three primary components of the Cryptococcus neoformans capsule are mannoprotein, galactoxylomannan, and glucuronoxylomannan (GXM). The phagocytosis and killing effect of macrophages is an important link in the innate immunity mechanism. It has been found that the capsule volume of Cryptococcus neoformans is negatively correlated with antibody and complement-mediated phagocytosis of macrophages. That is, the larger the capsule, the less likely it is to be swallowed (36–38). And some studies have shown that Cryptococcus neoformans phagocytized by macrophages can greatly increase the capsule volume, as the capsule is enlarged, the density of the original capsule in the inner layer increases, which can significantly reduce the penetration of exogenous substances (39). The enlarged capsule can help it resist the killing effect of nitrogen and oxygen free radicals in macrophages, which is proportional to the size of the capsule. Because it takes longer to digest the thicker capsule following phagocytosis of Cryptococcus neoformans, we thus hypothesized that the capsule may still exist at the time of mNGS while the internal gene has been lost. In addition, due to the thick capsule of Cryptococcus neoformans, mNGS detection may be hampered by wall-breaking and nucleic acid extraction failure, resulting in the failure to detect the gene sequence. mNGS results for human samples typically contain 95 percent human readings, with pathogen readings accounting for only a minor portion of all sequencing outcomes (13, 40). Looked in another way, the sample we used was lung biopsy tissue, nd it contained an excessive number of human readings. The high proportion of host DNA reduces the sensitivity of metagenomics sequencing to pathogenic microorganisms, mainly because the high background of human sequences present in large numbers during sequencing will mask the pathogenic microbial signal in low microbiome specimens. And the high level of host DNA results in a large amount of human sequence data being generated when the sample is taken off the machine, which is particularly noticeable for low abundance pathogenic microbial samples. Therefore, tissue samples are generally less positive than BALF samples, which are low in human sources. We reviewed the sample information for case 2 and found that it was sequenced at 48 M, with a high proportion of human reads of over 99.82%, so we suspect that the pathogenic microbial signal in case 2 was masked by the high number of human reads.

As a result, eliminating human DNA sequences from pathogen-rich materials is critical for using mNGS in diagnostic microbiology (13, 18, 40). It can be noted that each of the regularly utilized clinical diagnostic procedures for Cryptococcus neoformans has its own set of benefits and drawbacks. CrAg detection is non-invasive and has high sensitivity and specificity, but the disadvantage is that patients with normal host immune function are prone to false negatives. Furthermore, this test is typically only performed by clinicians as a screening procedure when they have a suspicion of the illness. Although the pathological examination is the gold standard of diagnosis, it is also to some extent subjective, as the reporting physician needs to draw conclusions from morphological observations of the specimen. And this is intimately tied to the doctor's individual evaluation, perception and comprehension of the disease. mNGS can quickly detect pathogens and help doctors make judgments. But it cannot be regarded as the gold standard of diagnosis. More research is needed to prove the diagnostic efficacy of mNGS for PC. For some difficult to diagnose PC, especially like the patients in this study, the symptoms are not typical and difficult to distinguish from lung cancer. Furthermore, because there are no suspicious PC factors, it is difficult to detect PC clinically. At this time, mNGS, which can detect a wide spectrum of pathogenic bacteria, may be useful in assisting patients in identifying the pathogen that is causing the infection. In addition, there are several limitations to mNGS. In some less developed areas, such as countries with a high incidence of cryptococcosis but limited resources, the technology is not available to most routine laboratories. However, with the development of this technology in recent years, its cost has gradually decreased, and together with the simple availability of the required samples, mNGS will reach more and more locations (41).



Conclusion

To summarize, while many diagnostic approaches for the diagnosis of Cryptococcus neoformans are not ideal, they are complementary. mNGS can be utilized as a supplementary diagnosis of Cryptococcus neoformans as a new diagnostic approach. As mNGS becomes more affordable (42–44), we anticipate it will be used in conjunction with traditional diagnostic methods to diagnose PC more rapidly and precisely, as well as to aid the selection of most appropriate antifungal medications.
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Legionella pneumonia caused by Legionella pneumophila is a multi-system disease that is a life-threatening, acute, and severe form of pneumonia. L. pneumophila is widespread and the clinical manifestations of Legionella pneumonia are similar to those of typical and atypical pneumonia. Current diagnostic scores and radiologic evidence have limited diagnostic value. Thus, it is likely that many cases of Legionella pneumonia remain unreported. We describe a woman with a medical history of acute myeloid leukemia who suffered from repeated fever, and no relief following initial empirical antibiotic treatment. Ultimately, she was diagnosed with Legionella pneumonia based on metagenomic next-generation sequencing (mNGS). We also performed a systematic review of the literature and identified 5 other patients who were diagnosed with Legionella pneumonia using mNGS, and reviewed their clinical characteristics, biological characteristics, epidemiological features, laboratory results, clinical findings, and treatments. This literature review showed that accurate etiological diagnosis is becoming increasingly essential for a definitive diagnosis and treatment strategies. The clinical manifestations of Legionella pneumonia are non-specific, and many routine laboratory diagnostic tests cannot identify Legionella. mNGS, an indispensable approach for identifying microorganisms, can provide a promising tool for the rapid and accurate etiological diagnosis methods contributing to early diagnosis, early treatment, and improved prognosis, especially for uncommon species such as L. pneumophila.
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Background

Community-acquired pneumonia (CAP) refers to pulmonary inflammation resulting from infections by bacteria, often Chlamydia and Mycoplasma, viruses, or other microorganisms. A recent review confirmed that infections by atypical pathogens have increased significantly during recent years, and that Legionella pneumophila is increasingly responsible for CAP (Chahin and Opal, 2017).

It is necessary to identify the causative species in CAP so that the most appropriate treatments can be administered. Although a variety of diagnostic methods are commonly used in the clinic, determination of the etiology of CAP remains unknown in approximately 50% of these patients. It is a challenge to achieve a timely diagnosis of Legionella pneumonia because Legionella cannot grow on routine bacterial media, and traditional laboratory tests are often time-consuming and expensive.

Moreover, incubation for 3 to 10 days on charcoal-yeast extract agar is required for full confirmation of Legionella, further reducing the positive rate of traditional cultures. Legionella can be clinically diagnosed by the presence of anti-Legionella antibodies. However, most patients only develop anti-Legionella antibodies about 3 weeks after the disease onset and the Legionella urinary antigen test only detects L. pneumophila serogroup 1, leading to delayed diagnosis.

Therefore, accurate and rapid identification of the pathogen responsible for CAP is vital for diagnosis and treatment (Liu et al., 2020). Metagenomic next-generation sequencing (mNGS) is widely applied in clinical laboratories for detecting novel, uncommon, and coinfecting pathogens, and this method provides important diagnostic clues for patients who have repeated fever or are immune-deficient. Here, we report a case who presented with CAP and our use of mNGS of a bronchoalveolar lavage fluid (BALF) sample to identify the causative pathogen as L. pneumophila. We then reviewed the literature to identify previous studies, including case reports, case series, and literature reviews, that described patients who had L. pneumophila infections with diagnosis by mNGS.



Main text

A 43-year-old woman with a history of acute myeloid leukemia was admitted to our hospital in July 12, 2020 for repeated fever during the previous 2 months, and a persistent fever for the previous 4 days. Two months previously, she presented with a fever, cough, and expectoration. At that time she was diagnosed with “invasive pulmonary fungal disease” and was given oral voriconazole and biapenem as empirical therapy. Her condition improved gradually after this treatment. Four days prior to the current admission, she was admitted because of a relapse of fever, with a body temperature of 38.6°C.

A physical examination showed that her underarm temperature was

38.6°C, pulse was 108 beats/min, breathing was 25 breaths/min, and blood pressure was 109/67 mmHg. There was dullness on lung percussion and strong vocal fremitus with fine crackles in the left lung. Laboratory investigations showed a white blood cell count of 3.61×109 per L (normal: 3.5–9.5), red blood cell count of 3.22×1012 per L (normal: 3.8–5.1), hemoglobin concentration of 112g/L(normal: 110-150 g/l), platelet count of 268×109 per L (normal: 125–350), and absolute neutrophil count of 2.02×109 per L (norma: 1.8–6.3). In addition, the 1,3-β-D-glucan level was normal, and an aspergillus antigen test for serum galactomannan was negative. The liver function, renal function, and electrolyte levels were all normal. There were negative results for antinuclear antibody (ANA), extractable nuclear antigen (ENA), antineutrophil cytoplasmic antibodies (ANCA), TB spot test and TB blood culture. Computed tomography (CT) on July 14, 2020 indicated consolidation in the left lower lung (Figure 1). Therefore, we made a preliminary diagnosis of CAP with acute myeloid leukemia.




Figure 1 | Chest CT on July 14, 2020, showing consolidation in the left lower lung.



As the empirical anti-infective therapy, we administered biapenem (0.3 g, Q6H), but her condition did not improve. On day 3 after admission, the urinary antigen tests for Streptococcus pneumonia and anti-Legionella antibodies were negative. To identify the etiology, we collected BALF and tested it with mNGS using the MiSeq platform (Illumina). The results indicated 46 sequence readings of Legionella pneumophila (Table 1) with a coverage of 0.07% (Table 2). Sequencing of 16s rRNA sequencing using Nanopore GridION also detected the 17 L.pneumophila sequences in the same DNA sample.


Table 1 | Results of mNGS in the BALF of the patient.




Table 2 | L. pneumophila coverage from mNGS of the BALF (0.07%).



Combined with her medical history, clinical symptoms, physical signs, results from auxiliary examinations, and mNGS, we diagnosed the patient with Legionella pneumonia and adjusted the treatment plan to intravenous moxifloxacin and azithromycin. After 14 days of treatment in the hospital, the patient’s fever had resolved, and she was discharged, and prescribed antimicrobial agents as sequential oral therapy. A CT follow-up after one month (August 16, 2020) indicated the pulmonary lesions in the left lower lung were significantly absorbed (Figure 2). Records of her white blood cell count, C-reactive protein, body temperature, and other results indicated gradual improvements during her hospital stay (Figure 3).




Figure 2 | Chest CT on Aug 16, 2020, showing significant absorption of lesions in the left lower lung.






Figure 3 | The clinical course of the patient with Legionella pneumophila infection.Drug therapies (top), blood indicators (middle), and body temperature (bottom) during hospitalization.





Discussion

Legionella is an aerobic Gram-negative bacterium that is 0.5-1 μm wide and 2-50 μm long. They can be grown on complex media (buffered charcoal-yeast extract agar with α-ketoglutarate) at a pH of 6.4-7.2 and a temperature of 35°C (Viasus et al., 2019). In 1976, an outbreak of acute febrile respiratory disease in Philadelphia (U.S.) among members of the American Legion led to many deaths. The causative bacterial species was subsequently identified and named Legionella pneumophila. A retrospective study reported evidence of species in this genus from clinical samples that were collected in 1943. There are now more than 50 known species of Legionella, and at least 20 of them are pathogens that can cause pneumonia. The most common species are L. pneumophila (85–90%), followed by L. micdadei (5%–10%), L. bozemanii and L. dumofi. These different species have similar morphologies and biochemical characteristics, and cause diseases with similar symptoms (Garcia-Vidal and Carratalà, 2006).

L. Pneumophila is widespread in natural freshwater, and many of the other species in this genus are ubiquitous in warm water, ideally with temperatures ranging from 20 to 50°C. This temperature can change the balance of protozoa and bacteria and lead to the rapid multiplication of Legionella. There is evidence indicating that Legionella grows within amoebas, which then transfer the Legionella from drinking water to susceptible populations (Bell et al., 2021). L. pneumophila has optimal growth in warm water in the presence of amoebae and freshwater bacteria, and it proliferates as much within amoebas as in pulmonary macrophages in the lung. Water supply systems and cooling towers create aerosols, and when they become contaminated, a susceptible host may become infected with Legionella by inhalation. Because aerosol droplets smaller than 10 µm can enter deep into the lungs, they were once considered the primary mode of Legionella transmission. However, aspiration is now considered the more common mode of transmission. Thus, pathogenic factors, including the presence of bacteria in an aquatic environments, unique combinations of nutrients, rapid multiplication of bacteria, and transmission to susceptible populations via aerosol, may increase the risk of infection.

Although Legionella pneumonia can be life-threatening, infections can be overlooked because many clinical laboratories lack the capacity to isolate and identify Legionella. Several interventions should be used to prevent this disease. These include increasing the temperature of possibly contaminated water beyond the growth range of Legionella, controlling the growth of Legionella biofilms, and routine testing of water samples from cooling towers. Identifying Legionella as a causative agent of an infection is an essential public health measure, so appropriate clinical surveillance and routine diagnostic testing, such as culturing and urine antigen testing(UAT), should be performed in high-risk patients. Finally, the use of monochloramine rather than chlorine as a biocide in municipal water systems is more effective in preventing Legionella transmission. Despite the increased implementation of sufficient measures for monitoring and controlling Legionella during recent years, the definitive origins of most sporadic infections remain unknown.

A patient infected with Legionella may develop Legionnaires’ disease (Legionella pneumonia) or Pontiac fever (a less severe non-pneumonia disease). Legionella pneumonia is a multi-system disease that is associated with high mortality, often involves the lungs and gastrointestinal tract, and the initial symptoms are fever, cough, headache, and myalgias, followed by a rapidly rising fever. Patients may also experience chills, pleuritic chest pain, confusion, shortness of breath, excess sputum production, anorexia, nausea, and diarrhea, although extra-pulmonary infections such as skin and soft-tissue infections, bacteremia, endocarditis, and septic arthritis are rare (Escoll et al., 2013). Patchy or interstitial infiltration of the lungs with progression towards nodular consolidation is often evident in chest CT scans. Most patients develop progressive illness and toxication over the first 3 to 6 days, and death may occur due to tension pneumothorax, shock, respiratory failure, or multiple organ dysfunction syndrome (MODS). The overall mortality rate ranges from 3% to 33%, with higher rates in children and in adults who have chronic lung disease, hematologic malignancies, end-stage renal disease, and immunosuppression.

Pontiac fever is a mild non-pneumonia disease characterized by mild fever, chills, dry cough, and myalgia, and an incubation of 6 h to 5 days. These patients do not require treatment with antibiotic therapy, and many remain undiagnosed. The pathogenesis of Pontiac fever is not well known, but it may not be directly attributable to Legionella infection. Instead, it may be a reaction to an endotoxin or hypersensitivity to components of Legionella or Legionella-carrying amoebae.

It is often difficult for clinicians to distinguish Legionella pneumonia from other causes of pneumonia because there are no specific clinical manifestations. It is vital to develop an accurate diagnostic scoring system because some specialists questioned the definition of Legionella pneumonia based on a single laboratory test. There are currently several diagnostic tests for Legionella pneumonia, such as culture, UAT, direct fluorescent antibody (DFA) testing, and Legionella-specific polymerase chain reaction (PCR). Culture diagnosis was previously the gold standard for diagnosis, but is rarely used at present because it is very time-consuming. UAT is widely performed in clinical practice, but it is only sensitive to Legionella pneumophila serogroup 1 (Pierre et al., 2017). The additional limitations of the UAT are that immediate testing of specimens is necessary because the antigen degrades over time and that it has low sensitivity and is therefore less useful for patients with mild infections (Cunha, 2006). DFA testing is commonly performed, but this test cannot detect all clinical species of Legionella.

Despite the rapid development of molecular tools, such as Legionella-specific PCR, they are rarely used in clinical practice, A recent European study reported that only 2% of the 11,832 probable or confirmed cases of Legionella pneumonia were identified by PCR. Moreover, this technique is not yet well established in some areas of China. Although PCR has greater diagnostic value than the UAT, the results of culture and PCR are often discrepant due to the protection of Legionella pneumophila within protozoa-like amoebae that can’t grow on culture media.

Clinical data showed that Legionella was susceptible to clarithromycin, azithromycin, levofloxacin, and erythromycin (Michael Dunne et al., 2017). There is also evidence supporting the safety and effectiveness of sequential therapy with levofloxacin and macrolides, and rifampin(10–20mg/kg/day) may be used in a patient who has a delayed response to treatment. The mortality rate is higher if a patient is untreated or if there is a delay in the administration of an appropriate antibiotic. Patients with nosocomial infections, and those with diabetes, immunosuppression, and malignancies have an increased risk of mortality (Griffin et al., 2010).

mNGS is increasingly applied for unbiased culture-independent identification of pathogens. Since its introduction, mNGS has enhanced existing gene sequencing platforms because it allows the sequencing of thousands to millions of DNA molecules in a single machine. It can perform well in identifying rare, novel, difficult-to-detect, and coinfected pathogens directly from clinical samples and present great potential for detection of pathogenic bacteria, contributing to the provision of new diagnostic evidence that can be used to guide treatment options and improve antimicrobial drug applications (Hilbi et al., 2010). The limitations of mNGS are the high costs, analytical sensitivity, complex laboratory workflow, and susceptibility to contamination.

Our patient suffered from repeated fever within 2 months due to a pulmonary infection, and we used mNGS to identify Legionella pneumophila as the causative pathogen. After targeted clinical adjustment, the patient’s condition improved and she was discharged after 18 days. We believe that clinicians should be alert to rare and complex pathogens in patients who have leukemia, tumours, HIV infection, diabetes or received organ transplantation, all of which lead to immunosuppression. Thus, if a pathogen cannot be identified by conventional detection methods, mNGS should be considered so there can be an appropriate adjustment of medication (Han et al., 2019). Although mNGS confronts several dilemmas and hurdles, many physicians believe these limitations can be defeated by updated technologies and recognize mNGS as an effective way to resolve clinical infection problems. With the development of lower cost, an easier workflow and simplified interpretation criteria, mNGS will be widely used in clinical practice (Li et al., 2021).

We also performed a literature search of PubMed to identify other clinical studies that described patients diagnosed with L. pneumophila infection based on mNGS using the keywords “Legionella pneumophila Infection” and “Next-Generation Sequencing”. We identified at least 5 previous cases of Legionella infection diagnosed using mNGS, most of whom were immunocompromised due to a condition such as cancer, stem cell transplantation, systemic lupus erythematosus (SLE), and smoking history (Tables 3, 4). The initial symptoms of these patients were fever, vomiting, diarrhea, kidney dysfunction, chest pain, and dyspnea. Most patients had negative results for L. pneumophila based on serum anti-Legionella antibodies, urine antigens, and sputum cultures. To identify the sources of infection, these studies used mNGS to analyze BALF, blood, sputum, pleural effusion, and purulent aspirates from arthrocentesis.


Table 3 | Clinical data of 5 patients diagnosed with legionella infections based on mNGS; UCBT, umbilical cord blood stem cell transplantation.




Table 4 | Type of sample, species, therapy, confirmation method, and outcome of 5 patients previously diagnosed with Legionella infections based on mNGS.



Patient No. 1 was a 65-year-old female with a history of breast cancer who was admitted to the Emergency Room because of vomiting and symptoms of severe respiratory infection. mNGS assays of sputum, blood and pleural effusion indicated infection by L. pneumophila, and this was confirmed by a PCR assay of the pleural infusion and sputum (Yi et al., 2020).

Patient No. 2 was a 46-year-old male with a long history of smoking. He suffered from acute onset of CAP and rapidly progressed to ARDS and kidney damage. A mNGS assay of his BALF indicated L. pneumophila and Klebsiella pneumonia. This patient was given venovenous extracorporeal membrane oxygenation (VV-ECMO) combined with continuous renal replacement therapy (CRRT) in the intensive care unit. His condition progressed rapidly, showing a brief improvement before manifestations of dyspnea, chills, and fever again (Yue et al., 2021).

Patient No. 3 was a 7-year-old female who received umbilical cord blood stem cell transplantation (UCBT) due to type 2 myelodysplastic syndrome, and subsequently developed a high fever later. A mNGS assay of her BALF indicated L. pneumophila infection, and this was confirmed by time-of-flight mass spectrometry (TOFMS) on selective MWY medium. The patient recovered after treatment with moxifloxacin and azithromycin (Wang et al., 2021).

Patient No. 4 was a 53-year-old male with a history of smoking who presented with clinical symptoms of cough, chest pain, fever, and dyspnea. A mNGS assay of his BALF revealed L. gormanii infection, and this was confirmed by capillary electrophoresis (CE) and Sanger sequencing (Lei et al., 2022). After adjusting the antibiotics to meropenem and moxifloxacin, she achieved a good recovery.

Patient No. 5 was a 54-year-old male who had a history of using oral corticosteroids for SLE. He presented with a recent swelling and progressive pain in the right metacarpophalangeal joint (MCP). A mNGS assay of purulent aspirate obtained by arthrocentesis of the affected joint indicated abundant L. micdadei, which was confirmed by 16s rRNA gene sequence analysis. The patient was given oral levofloxacin for 60 days, and had an almost complete recovery (Huang et al., 2019). Among these 5 patients, there were 3 infections by L. pneumophila, 1 by infection L. gormanii, and 1 infection by L. micdadei.



Conclusion

Legionella pneumonia has non-specific symptoms. The traditional methods used for identification of Legionella from clinical samples have significant limitations. mNGS is a fast and effective methodology for identification of pathogens from clinical samples and is especially useful for identification of uncommon species, such as Legionella pneumophila.
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Background

Fungal osteoarticular infection (FOI) is not commonly seen in clinical practice but proposes a great challenge to orthopedic surgeons. In this study, we aimed to investigate the risk factors, the clinical features, and surgical outcomes of FOI in our institution. Specifically, we aimed to explore the role of metagenomic next-generation sequencing (mNGS) in the diagnosis and treatment of FOI.



Methods

All the patients who were diagnosed and managed with FOI in our institution from January 2007 to December 2020 were retrospectively reviewed, including primary fungal implant-related infection, primary fungal osteomyelitis or arthritis, and fungal infections secondary to bacterial osteomyelitis or implant-related bacterial infections. The potential risk factors and the clinical and surgical features were analyzed. The pathogen data were compared between culture and the mNGS test.



Results

A total of 25 patients were included, namely, 12 primary implant-related infections, 7 primary fungal osteomyelitis or arthritis, and 6 fungal infections secondary to bacterial osteomyelitis or implant-related bacterial infections. Most cases had undergone multiple surgeries or long-term antibiotic treatment. Diagnosis was mainly based on microbial culture and the mNGS test. Optimization of culture methods and the use of mNGS assisted the diagnosis. Specifically, mNGS was performed in 12 patients, 5 of whom were culture-negative. In the remaining seven cases, mNGS demonstrated the same results as culture. Management of FOI was complicated as most patients required multiple surgeries followed by long-term antifungal treatment. In selected cases, antifungal-impregnated cement spacer retention can be an optional choice. The overall success rate was 100% (25/25) for our cohort.



Conclusion

We concluded that patients with comorbidities and a history of multiple surgeries or long-term antibiotics are under higher risk for FOI. Use of mNGS assists the diagnosis and treatment of FOI. Surgery combined with long-term antifungal treatment achieved satisfactory outcomes. In selected cases, antifungal-impregnated cement spacer retention can be an optional treatment choice.





Keywords: fungal osteoarticular infection (FOI), metagenomic next-generation sequencing (mNGS), septic arthritis, periprosthetic joint infection (PJI), osteomyelitis



Introduction

Fungal osteoarticular infections (FOIs) are uncommon but debilitating infections, some of which have become clinically opportunistic pathogens. The diagnosis and management of FOI remain challenging for orthopedic surgeons. Most FOIs had an insidious onset of symptoms and thus were not recognized early (Gamaletsou et al., 2012). Treatment of FOI usually includes multiple aggressive surgeries followed by long-term use of antifungal medication, but the outcome was generally not satisfactory (Miller et al., 2015).

FOI can be primary infection or secondary to bacterial infection. Common routes of infection include direct inoculation, contiguous spread, and hematogenous dissemination (Miller et al., 2015). FOI resulting from fungemia, skin lesion, or trauma was rarely reported (Taxy and Kodros, 2005; Dewar and Sigler, 2010; Lee et al., 2012; Lu et al., 2012; Jeong et al., 2013; Cevik et al., 2016), while FOIs secondary to orthopedic surgeries were more commonly seen in literature, especially in implant-related cases. Implant-related fungal infections, typically fungal periprosthetic joint infection (PJI) after hip/knee arthroplasty, was even more difficult to diagnose and treat for the reason of biofilm formation on the bioprosthetic surfaces (Cobo et al., 2016).

Most studies on FOI were case reports or cohort studies with a limited sample size. Thus, its risk factor, clinical presentation, diagnosis, management, and treatment outcome were not well characterized. In this study, we reviewed all the FOI cases that were diagnosed and treated in our institution. The aim was to investigate the risk factors, the clinical features, and surgical outcomes of FOI in our institution. Specifically, we aimed to explore the role of metagenomic next-generation sequencing (mNGS) in the diagnosis and treatment of FOI.



Methods


Study characteristics

This study was approved by the Ethics Committee of our institution in accordance with the Helsinki Declaration of 1975 (as revised in 2008). All the cases that were diagnosed and treated with FOI in our institution were from January 2007 to December 2020. Patient demographic information (age, sex, surgical side, if combined with sinus, past medical history, and surgical history), inflammatory markers, microbial data, and mNGS were traced and recorded.



Inclusion and exclusion criteria

FOI was defined as previously described by Gamaletsou et al.: (1) compatible clinical characteristics; (2) consistent radiographic features; and (3) isolation of fungus in culture and/or histology from samples of bone tissue or metal hardware obtained by open surgery or percutaneous biopsy (Gamaletsou et al., 2012). Specifically for PJI, diagnostic criteria referred to the Musculoskeletal Infection Society (MSIS) guideline for PJI (Parvizi et al., 2011). All infection types, including primary fungal implant-related infection, primary fungal osteomyelitis or arthritis, and fungal infections secondary to bacterial osteomyelitis or implant-related bacterial infections, were included. Patients with a follow-up time of less than 1 year were excluded from the study.



Surgical technique


Aspiration before surgery

Patients with highly suspected fungal FOI routinely underwent aspiration in a sterile environment before operation under the guidance of ultrasound if necessary. The aspirated synovial fluid or pus was immediately sent for white blood cell (WBC) count, percentage of polymorphonuclear leukocytes (PMNs), and microbial culture, including bacteria (aerobic and anaerobic), fungi, and tuberculosis (TB), as well as an antibiotic susceptibility test and the mNGS test. In case of failed aspiration, a complete set of specimens was collected during the operation and transported immediately by designated personnel for further investigations.



Surgical steps

All operations were performed by the same experienced senior surgeon. Generally, the skin and subcutaneous tissue were cut layer by layer to expose the surgical site. The pus, if seen, was aspirated and immediately sent for examinations, including WBC and PMN counts, microbial culture and susceptibility test, and the mNGS test. Thorough debridement would be performed to remove purulent secretions, inflammatory granulation tissue, and scars if they existed. Three to five synovium or granulation tissues with the most obvious inflammatory lesions or inflammatory changes were cut with a scalpel and sent for intraoperative frozen section and pathology examinations, microbial culture, and mNGS if necessary. The surgical site was washed repeatedly. The incision was closed layer by layer. If surgery was performed under arthroscopy, similar debridement procedures were performed. A drain was normally placed and was removed according to the drainage volume.

For patients receiving revision arthroplasty, after debridement and removal of the prosthesis, the surgical instruments, gloves, and gowns were replaced, and re-draping was performed. For single-stage arthroplasty, the new total hip or knee prosthesis was implanted. For two-stage revision, an antibiotic-impregnated cement spacer was inserted. Normally, amphotericin B (200 mg) or vericonazole (300 mg) was added per 40 g of bone cement to prepare the spacer (Chotanaphuti et al., 2019). After surgery, patients were prescribed with systemic antifungal treatment for at least 3 months (Parvizi et al., 2018). During the process, patients were strictly followed up to monitor change of inflammatory markers and any adverse effects of antifungal treatment. The criteria for judging controlled infection were as follows (Parvizi et al., 2013): (1) patient had no infection-related symptoms (incision healed well with no sinus, no active or resting hip or knee pain, no swelling of soft tissue, and normal body and skin temperature); (2) normal inflammatory marker levels [including WBC count, C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) levels]; and (3) imaging examination did not indicate infection signs, such as bone resorption and osteolysis. After clinical evaluation of the eradication of infection, the second-stage revision surgery was performed. During surgery, the joint fluid and tissue samples were sent for frozen section examination, microbial culture, and the mNGS test if necessary. The spacer was removed, and the new prosthesis was implanted. A drain was placed according to the intraoperative blood loss and was normally removed within 48 h.




Sample collection and processing

Joint fluid was collected by aspiration preoperatively or intraoperatively as mentioned above. Three to five synovium or granulation tissues with the most obvious inflammatory lesions or inflammatory changes were cut during surgery, avoiding necrotic tissues. Once fluid and tissue samples were collected, they were sent immediately by designated personnel to the Department of Laboratory Medicine for further investigations. For conventional microbiology cultures, samples were stored at room temperature for up to 30 min. The culture duration was usually 5–7 days, but in special cases especially negative culture, it would be extended to 14 days. Samples were stored at −20°C and sent to the molecular laboratory (BGI, Shenzhen, China) for the mNGS test within 24 h. Each sample was divided equally to reduce potential heterogeneity and processed for culture and mNGS in a pairwise way.



Antifungal drug selection and treatment duration

The selection of antifungal drugs was mainly based on the susceptible test results and was decided after consultation and discussion with infectious disease specialists. If there was no complicated systemic infection, the patient was not given antibiotic treatment before obtaining the fluid or tissue samples. For patients who had been treated with antibiotics in other hospitals, antibiotics were stopped for at least 2 weeks before joint aspiration.

Vancomycin combined with third-generation cephalosporin (ceftazidime) was empirically selected for anti-infection treatment before the results of culture and susceptibility tests were available (Osmon et al., 2013). After obtaining the bacteriology results, which indicates fungal infection, specific antifungal medications were administered. The patients were usually prescribed with intravenous antifungal drugs followed by oral drugs for a total of 6 months, according to the 2013 Consensus Meeting on Periprosthetic Joint Infection (Parvizi et al., 2013) and the 2010 Infectious Diseases Society of America (IDSA) guidelines (JR and WE, 2010). For patients receiving two-stage revision arthroplasty, patients normally received at least 6 months of oral antifungal medication according to the susceptible test results before reimplantation of new prostheses. For polymicrobial infection, as currently there is lack of specific guidelines for antibiotic and antifungal treatment of polymicrobial infections of PJI, choice of antibiotics and antifungal drugs mainly depends on the drug sensitivity test, combined with the consultation opinions of infectious disease specialists and the health status of patients.



Outcome measurement

The definition of treatment success was that the patient had no local infection-related symptoms at the last follow-up, and with the inflammatory markers returning to normal levels, the imaging examination did not suggest signs of infection (such as prosthesis loosening, bone resorption, or osteolysis), and the surgeons judged that the infection had been eradicated. If the infection relapsed or required one or more operations, or if the patient required lifelong antifungal treatment, the treatment was considered to have failed.



Statistical analysis

Data on demographic characteristics, clinical and radiological features, microbiology, management, and treatment outcomes were collected and analyzed. Numeric value was presented as mean ± standard deviation (SD). Statistical analysis was performed in GraphPad Prism software (GraphPad Software, Inc., V8.2.0).




Results


Demographics

A total of 30 patients were traced from the registry. Two patients whose follow-up period was less than 1 year was excluded, two patients were lost to follow-up, and one patient died from non-infectious disease, leaving 25 patients included in this study. There were 12 primary implant-related infections [nine after total knee arthroplasty (TKA), one after unicompartmental knee arthroplasty (UKA), one after total hip arthroplasty (THA), one after anterior cruciate ligament (ACL) reconstruction surgery], seven primary fungal osteomyelitis or arthritis (one hip, three knees, one ankle, and two ribs), and six fungal infections secondary to bacterial osteomyelitis or implant-related bacterial infections (two after TKA infections, one after THA infection, two after hip implant infections, and one after femur osteomyelitis). There were 13 female and 12 male patients, with a mean age of 61.7 ± 14.2 (range, 37–88). The mean follow-up time is 40.8 ± 21.7 months (range, 12.0–100.0). A flow diagram was designed and is presented in Figure 1. Patients’ demographics is summarized in Table 1.




Figure 1 | The flow diagram of enrollment of patients.




Table 1 | Demographic information of the 25 patients with fungal osteoarticular infection (FOI).





History

Twenty-two patients were accompanied with at least one underlying condition, including hypertension, diabetes mellitus, renal dysfunction, hepatitis B, hypoalbuminemia, anemia, and uremia. All the secondary infection cases had undergone multiple surgeries and long-term intravenous antibiotics. Case 7 and Case 14 had previous multiple knee injections. Case 1, Case 6, Case 17, and Case 19 were diagnosed with TB infection and were prescribed with anti-TB treatment for some time. Case 18 was misdiagnosed with malignant neoplasm of the rib (Zhang et al., 2019). Case 11 had tinea pedis, which might be an important source for her fungal knee PJI. Case 14 was a human immunodeficiency virus (HIV) carrier.



Clinical presentations

Symptoms were insidious in most cases, and progressed slowly. Toxemia symptoms including fever or chills were not commonly seen. In our cohort, only Case 5 presented with fever upon admission. For the primary fungal PJI, patients usually complained of mild pain and swelling of the infected joints. For the primary fungal osteomyelitis or arthritis, patients also complained of mild to moderate pain. In one case (Case 13), the pain even sustained for as long as 2 years. For the infections secondary to bacterial PJI or implant-related infections, patients had undergone multiple surgeries and long-term antibiotics. Patients’ symptoms had subsidized but the tissue or synovial fluid culture showed fungus. Six of the 25 patients had sinus tract, most of which were due to primary bacterial infection.



Diagnostic procedures

Diagnosis was mainly based on microbial culture of synovial fluid or tissue samples. The mean serum CRP and ESR was 33.5 ± 31.7 mg/L (range, 0–109.0) and 70.9 ± 30.9 mm/h (range, 2.0–120.0), respectively. The mean value of synovial WBC count and polymorphonuclear (PMN) percentage was (20,185 ± 28,383) × 106/L (range, 299.0–110,641.0) and 72.6% ± 16.7% (range, 33.7–92.9), respectively. Galactomannan antigen (GM) test was positive in one case (Case 3). Bone destruction or osteolysis can be seen from the radiographic pictures in some patients (Case 4 and Case 5). CT and MRI scan were also routinely performed to aid the diagnosis.

The microbiology of the 25 patients revealed 10 Candida albicans, 4 Candida parapsilosis, 3 Candida tropicalis, 2 Fusarium, 2 Cryptococcus neoformans, 1 Cryptococcus laurentii, 1 Candida boidinii, 1 Scedosporium boydii, and 1 Talaromyces marneffei. Culture positive rate was 80.0% (20/25). Candida was the dominant fungus species (18/25, 72.0%). For the secondary infections, the original causative organism included one Staphlycoccus aureus, one Staphlycoccus epidermidis, one Staphylococcus cohnii subspecies urealyticum, one Enterococcus faecalis, one Mycoplasma hominis, and one Klebsiella pneumoniae. For Case 8, the culture was negative after 7 days. After extended culture to 12 days, it showed C. albicans.

A total of 12 patients received the mNGS test (Table 1). Among these patients, six patients demonstrated the same results as culture (Cases 6, 7, 11, 12, 13, and 22). Case 13 was a patient with chronic destructive hip arthritis. The culture and mNGS both demonstrated C. albicans, and the patient received one-stage THA. For Case 10, the culture showed multiple specimens with C. parapsilosis and one specimen with Staphylococcus epidermidis. mNGS demonstrated single reads of C. parapsilosis. Considering this, the S. epidermidis was deemed as contamination, and the patient received single antifungal treatment, and the follow-up result was excellent. Notably, five cases were with negative culture but mNGS revealed fungal infection. Case 5 was a woman complaining of consistent pain after TKA surgery. Multiple cultures were negative and the patient was initially diagnosed with aseptic loosening. However, the mNGS showed C. tropicalis. After consultation with the patient, she received one-stage revision TKA followed by long-term fluconazole treatment. Case 19 was a patient complaining of progressive left back pain for 5 months who was misdiagnosed with TB and received anti-TB treatment. Aspiration under CT scan was performed, and the culture was negative. However, the mNGS showed C. neoformans infection. Cases 9, 16, and 17 were also patients in which culture was negative but mNGS showed fungal infection, which assisted the diagnosis and treatment.



Treatment and outcome

Treatment was difficult as most patients required multiple aggressive surgeries followed by long-term antifungal therapy. The overall success rate was 100%, with no patients who had relapsed infection requiring further surgeries. No patient required lifelong antifungal treatment. One patient had a transient increase in alanine transaminase (ALT) but returned to normal levels without recurrence through short-term drug cessation and liver protection drug treatment. The other patients had no significant adverse effects with long-term antifungal agents.

The 10 primary fungal PJI cases (Cases 1–10) were ordered with revision arthroplasty surgery. All these patients except Case 5, who received single-stage revision TKA, received two-stage revision arthroplasty. Resection arthroplasty was done and an antifungal-impregnated bone cement spacer was implanted. Patients received at least 6 months of oral antifungal medication according to the susceptible test results before reimplantation of new prostheses. Only five patients were re-admitted for the second-stage reimplantation. The culture of synovial fluid and tissues were all negative; thus, mNGS was not performed. For the other four patients, the patients were satisfied with spacer retention and refused to undergo the second-stage reimplantation. The average duration of spacer retention of all patients was 28.4 ± 24.2 months (range, 6.0–72.0). After surgery, patients continued oral susceptible antifungal medication for another 6 months. At the last follow-up, the patients had no sign of relapse. The position of new implant or spacer was satisfactory, with normal inflammatory markers including CRP and ESR. One patient (Case 11) chose conservative treatment and was still under strict follow-up. For the patient with infection after ACL reconstruction (Case 12), after thorough and radical open debridement, followed by long-term antifungal treatment, the patient had no sign of relapse, and the CRP and ESR had returned to normal levels. Three typical cases were presented in Figures 2–4.




Figure 2 | (Case 2) A 58-year-old female patient, with a history of hypertension and diagnosed with knee OA, received left TKA surgery in an outsider hospital. She complained of continuous pain after surgery for 1 year before admitted to our department (A). PJI was highly suspected, and knee aspiration was performed. The synovial WBC count was 10,345.0 × 106/L (PMN 60.1%), and culture showed Candida parapsilosis. A two-stage revision surgery was performed (B). The patient received oral fluconazole (300 mg qd) for 6 months, and re-admitted for the second-stage reimplantation at 1 year later. The reimplantation was performed (C). The intraoperative culture was negative. After a 57-month follow-up, no sign of infection was noted.






Figure 3 | (Case 6) A 37-year-old female patient, with a history of hyperthyroidism, was diagnosed with knee synovitis and received multiple arthroscopic debridement surgeries, followed by TKA surgery, in an outsider hospital. She was later diagnosed with acute PJI and received one DAIR surgery. She complained of continuous pain after surgery and was admitted to our department (A). PJI was highly suspected, and knee aspiration was performed. The synovial WBC count was 3,210.0 × 106/L (PMN 82.0%), and culture showed Candida parapsilosis, which was consistent with the mNGS result (Candida). A two-stage revision surgery was performed (B). The patient received oral fluconazole (300 mg qd) for 6 months and reimplantation was performed (C, D). After a 20-month follow-up, the position of the prosthesis was satisfactory, and no sign of infection was noted.






Figure 4 | (Case 13) A 71-year-old male patient, with a history of diabetes, bilateral kidney stone, and hepatitis B, complained of left hip pain for 2 years (A). Chronic destructive hip arthritis was highly suspected, and hip aspiration was performed. The synovial WBC count was 4,520.0 × 106/L (PMN 88.1%), and culture and mNGS both showed Candida albicans. After consent with the patient, a one-stage THA surgery was performed (B). The patient received oral fluconazole (300 mg qd) for 6 months. After a 31-month follow-up, the patient showed no sign of infection (C).



For the seven primary osteomyelitis or arthritis, Case 13 was a patient with chronic destructive hip arthritis. The culture and mNGS both demonstrated C. albicans, and the patient received one-stage THA. At the last follow-up, no sign of infection was noted, and the hip function was good, with normal CRP and ESR. Case 14 was a patient with a history of HIV and initially diagnosed with knee OA. However, infection was not completely ruled out before surgery, while puncture failed to aspirate synovial fluid samples. During the TKA surgery, the intraoperative tissue was harvested, which later showed T. marneffei. The patient received long-term itraconazole treatment for 1 year. At the last follow-up, no sign of infection was noted, and the knee function was good, with normal CRP and ESR. The patient with primary knee fungal infection of Fusarium (Case 15) was managed with thorough and radical arthroscopic debridement surgery, followed by long-term antifungal treatment, and the follow-up results were satisfactory. Case 16 was a patient with septic knee arthritis and received multiple debridement surgery in an outsider hospital. However, all cultures were negative. With the help of mNGS, which showed C. parapsilosis, the patient received arthroscopic debridement followed by long-term voriconazole, and was doing great at the last follow-up. Case 17 was presented with ankle pain and swelling for 1 year. Aspiration was performed before surgery; however, the tissue culture was negative. The pathology showed chronic inflammation. The patient was highly suspected of ankle TB and managed with debridement and ankle fusion surgery. However, the mNGS showed Fusarium infection. He received long-term antifungal treatment, and the last follow-up showed satisfactory outcome. The two rib infections with C. neoformans were prescribed with conservative treatment (Cases 18 and 19) (Zhang et al., 2019). The patients were prescribed with intravenous fluconazole followed by oral fluconazole for a total of 6 months, according to the IDSA guidelines for the management of cryptococcal disease (JR and WE, 2010). At the last follow-up, the patients were asymptomatic and the serum inflammation markers were normal (Zhang et al., 2019).

For the six fungal infections secondary to bacterial PJI, most of them had received multiple surgeries and long-term intravenous antibiotics (Table 1). The tissue culture of synovial fluid later showed fungus. These patients received additional long-term antifungal treatment. One patient died from non-infection-related disease (Case 21). At the last follow-up, the patients were asymptomatic and the serum inflammation markers were normal.




Discussion

Osteoarticular infections due to fungus are rare and represent a diagnostic and therapeutic challenge because no specific guidelines have been established, and published case reports vary widely in therapeutic approach and provide limited information on the microbiological diagnosis. FOI in medical hardware is even more complicated to deal with. To the best of our knowledge, most studies on FOI were case reports or cohort studies with a limited sample size. In the current study, we presented a decent sample size of FOI and report our clinical experience.


The potential risk factors and clinical characteristics of FOI

Our study showed that multiple underlying diseases, history of multiple surgeries, and long-term use of antibiotics were risk factors for FOI. This is in accordance to the literature. Cobo’s literature review of 73 Candida PJI cases showed that 50 patients (68.5%) had systemic disease, 18 (24.6%) had immunosuppressive therapy, 14 (19.1%) had diabetes mellitus, 24 (32.8%) had immunosuppression due to malignant or chronic disease, and 4 (5.4%) had long-term antibiotic use. These patients are believed to be a different type of host with decreased cellular immunity (Azzam et al., 2009). Our study also showed that some patients had multiple joint intrusive operations (such as joint cavity puncture or injection). One patient had tinea pedis of feet, and another case was comorbidized with HIV. These can all be high-risk factors for fungal infection.

FOI had insidious onset of symptoms and can progress slowly. Patients are generally asymptomatic or only mild pain and swelling in the affected joint are involved, as seen in our case series. Cobo’s review of 73 Candida PJI showed that only 58.9% and 31.5% of patients complained of pain and swelling, respectively. Fever was only found in 4.1% of patients; 21.9% reported no symptoms (Cobo et al., 2016). Because symptoms are mild and there is frequently no diagnostic suspicion of FOI, the diagnosis can often be delayed. Based on laboratory tests, markers of inflammation in most patients with fungal infections were only moderately to minimally elevated. In our cases, the mean serum CRP and ESR were generally not high (33.5 ± 31.7 mg/L and 70.9 ± 30.9 mm/h, respectively), compared to bacterial infections.

The literature has reported similar findings (Azzam et al., 2009; Gamaletsou et al., 2012; Cobo et al., 2016). The synovial WBC count and PMN percentage varied in our cohorts. The average synovial WBC count and PMN were (20,185 ± 28,383) × 106/L and 72.6% ± 16.7%, respectively, and due to limited cases, we could not draw a conclusion on its value for the diagnosis. Our data were consistent with Azzam’s study (Azzam et al., 2009). These data suggest that in FOI cases, markers of inflammation may not be as high as seen in bacterial infections. Surgeons should take into account the whole clinical picture as well as the local epidemiology of fungus.



mNGS assists the diagnosis and treatment of FOI

Microbial culture was still considered as the gold standard for diagnosis. However, the main issue is to rule out the possibility of fungal contamination. The dilemma is more pronounced when the culture demonstrates fungal organisms in association with an established bacterial infection (Azzam et al., 2009). Thus, multiple specimens are needed for a wide variety of tests (Hwang et al., 2012). Dark red or blood-stained aspirated fluid may be another hint for fungal infection (Wada et al., 1998). In order to improve the detection rate of fungus, culture duration may have to be extended to 4 weeks after incubation. Several investigators (Brooks and Pupparo, 1998; Selmon et al., 1998; Wada et al., 1998; Ramamohan et al., 2001) have stressed the importance of repeating fluid cultures and obtaining multiple positive tissue cultures before a diagnosis of fungal PJI is made. In one case in our series (Case 8), the culture was negative after 7 days but was positive after extended culture to 12 days. However, even after the optimization of culture methods, the culture positive rate was 80.0% (20/25).

In recent years, with the development of molecular diagnostic technology, mNGS has also been widely used in the diagnosis of infectious diseases (Fang et al., 2020). mNGS directly detects all nucleic acid sequences of the sample by combining high-throughput sequencing with bioinformatic analysis and compares them with the database to identify the species and abundance of pathogens in the samples to be tested. Previous studies have shown that mNGS not only can significantly improve the pathogenic detection rate of bone and joint infection (Huang et al., 2020b; Huang et al., 2020a) but also can be used to guide the special culture method of intraoperative specimens when the routine culture is negative or the bacteriology is not available (Fang et al., 2021). In our series, the mNGS showed consistent results with culture in six patients, and helps rule out one bacterial contamination in one case. Notably, in five patients with negative culture, mNGS all detected fungus. These data provided another evidence that mNGS has potential in assisting the diagnosis and treatment of FOI.



Surgery combined with long-term antifungal treatment achieved satisfactory outcomes for FOI

Management of FOI conventionally includes multiple aggressive surgeries followed by long-term antifungal therapy. For fungal PJI, surgical options include one-stage revision or two-stage revision surgery. Two-stage revision was a more recognized salvage option, but the success rate varied in literature reports, from 43% to 100% (Wyman et al., 2002; Phelan et al., 2002; Azzam et al., 2009; Dutronc et al., 2010; Anagnostakos et al., 2012; Hwang et al., 2012; Deelstra et al., 2013; Kuiper et al., 2013; Ueng and Lee, 2013; Wang et al., 2015; Geng et al., 2016) (Table 2). Cement spacer impregnated with antifungal drugs such as amphotericin B and voriconazole has been used in some institutions and showed promising results (Deelstra et al., 2013; Ueng and Lee, 2013; Wang et al., 2015). However, the efficacy is still under debate (Denes et al., 2012; Miller et al., 2013; Schmidt et al., 2013; Miller et al., 2015), and there have been studies showing that elution of amphotericin B deoxycholate (DAmB) from PMMA is very limited (Kweon et al., 2011). On the other hand, several authors have reported high success rate of one-stage revision for fungal PJI (Selmon et al., 1998; Klatte et al., 2014; Jenny et al., 2016) (Table 2). More randomized control studies have to be done to explore which is the better option for managing fungal PJI.


Table 2 | Success rates of two-stage revision and one-stage revision for fungal PJI.



Our cohort also showed satisfactory outcomes of patients receiving either one-stage or two-stage revision arthroplasty. We believe that, to achieve a high success rate in the treatment of FOI, reliable microbial data and standardized surgical techniques are key. First, aspiration before operation should be routinely performed, and the pus should be sent for a set of examinations but not limited to conventional culture. Second, during surgery, thorough and radical debridement of all infected and potentially infected tissues and removal of infected implants and associated foreign material should be carefully performed. Afterward, copious amounts of saline irrigation are required to dilute the bacterial load. Surgical instruments, gloves, and gowns should be replaced, and re-draping should be performed before a new implant is inserted. A second radical debridement was performed thereafter to remove any remnant infective tissues. Meticulous debridement is the basis for success, and we recommend that the procedure be performed by experienced surgeons who have much experience in both single-stage and two-stage revision of PJI.

Another finding of the current study is that spacer retention can also achieve satisfactory outcomes if the patients refused to undergo the second-stage reimplantation. In our series, the average duration of spacer retention of all patients was 28.4 ± 24.2 months (range, 6.0–72.0). The spacer was in situ for as long as 6 years in Case 1. Our data were consistent with Choi’s findings, in which they showed 15 out of 18 patients refused the second stage of reimplantation but were all doing well (Choi et al., 2014).

The selection and duration of antifungal drugs following surgery are another question. The benchmark therapies remain amphotericin B and/or fluconazole (Dutronc et al., 2010). Guidelines from the IDSA recommend that Candida osteomyelitis be treated with 6–12 months of systemic antifungal agents in conjunction with surgical debridement (Grade-BIII recommendation) (Pappas et al., 2015). The European Society for Clinical Microbiology and Infectious Diseases (ESCMID) guidelines had a similar recommendation (O. A. Cornely et al., 2012). However, resistance of Candida species to azole drugs has been reported (Selmon et al., 1998), and there was a new study showing that extended courses of systemic antifungal therapy may be unnecessary when adequate specialized surgical debridement and removal of hardware are performed (Miller et al., 2015). It is important that the selection of the appropriate antifungal treatment is based on antifungal susceptibility testing and a multi-team approach involving infectious disease specialists, clinical pharmacologists, and the treating orthopedic surgeon (Azzam et al., 2009).

Our study found seven cases with primary fungal knee septic arthritis, which is very rarely described in literature (Taxy and Kodros, 2005; Dewar and Sigler, 2010; Gamaletsou et al., 2012; Lee et al., 2012; Lu et al., 2012; Jeong et al., 2013; Miller et al., 2015; Cevik et al., 2016). It usually occurs as a result of accidental implantations of fungus during traumatic procedures, such as surgery, and is usually reported in patients with predisposing factors such as immunosuppression, malignancy, and drug abuse (Lee et al., 2012). Although the majority of knee joint infections are of a pyogenic or tuberculous origin, if a patient complains of mild pain and swelling in the knee and has mild signs of infection, the possibility of fungal infection should be considered (Lee et al., 2012). Primary fungal septic arthritis required joint surgery and lavage to eradicate (Dewar and Sigler, 2010).



Limitations

There are several limitations of this study that need to be acknowledged, including the limited number of cases, the retrospective nature of the study, and the single-center experience. However, because the incidence of FOI is low, our study, with a decent number of cases, did provide clinical value. This study has described in detail the potential risk factors and the clinical and surgical features of FOI. Our limited experience not only suggested the potential of mNGS as a diagnostic tool for FOI but also suggested that two-stage revision is a useful treatment option for fungal PJI. In selected patients, long-term spacer retention may serve as an alternative option.




Conclusion

In conclusion, surgeons should always be aware of FOI when treating patients with underlying comorbidities or with a history of multiple surgeries and long-term antibiotics. Diagnosis and treatment of fungal infection remain challenging. Optimization of culture methods and the use of mNGS assist the diagnosis and treatment of FOI. Surgery combined with long-term antifungal treatment achieved satisfactory outcomes. In selected cases, antifungal-impregnated cement spacer retention can be an optional treatment choice.
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Introduction

Psittacosis, caused by Chlamydia psittaci, is widespread throughout the world. In humans, C. psittaci infection may lead to severe conditions and complications, including sepsis and multiple organ failure. We report a cluster of cases caused by C. psittaci in Zhejiang Province, 2021, which led to one death and three cases of hospitalization.



Methods

The cases were confirmed by nest-PCR, RT-PCR, and mNGS.



Results

The four cases were related and the sequences obtained from the samples were closely correlated with those from Taiwan.



Discussion

This study is the first to report on the case of death from psittacosis in Zhejiang Province, and our results help to assess the disease and recommend effective measures to prevent further spread of C. psittaci.
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Introduction

Psittacosis is a zoonotic disease caused by Chlamydia psittaci infection. C. psittaci is a Gram-negative pathogen that infects humans throughout the world (Yuan et al., 2021). Its infection most commonly occurs in persons with a history of contact with birds or poultry in either occupational settings or companion bird exposure. Over the past 20 years, several C. psittaci outbreaks have been reported in different countries with fatality rates of less than 1% (Smith et al., 2005; Mair-Jenkins et al., 2018). The clinical manifestations of psittacosis vary from asymptomatic infection to fatal systemic illness. Humans suffering from symptomatic infection may have headache, chills, fever, malaise, and myalgia (Harkinezhad et al., 2009; Branley et al., 2014; Rybarczyk et al., 2020). Several diagnostic assessments, including serological tests, culture, and PCR, are available (Ménard et al., 2006). With continuous improvement in detection methods in recent years, several cases of C. psittaci infection have been confirmed in China using metagenomic next-generation sequencing (mNGS) (Schlaberg et al., 2017; Gu et al., 2019; Chen et al., 2020; Gu et al., 2020).

In this study, we report a cluster of psittacosis cases in Lishui, Zhejiang Province, China, in 2021, which caused one death and three cases of hospitalization. Among the four patients with confirmed psittacosis, three patients belonged to the same family and all four cases were connected. To the best of our knowledge, this study is the first to report on the case of death from psittacosis in Zhejiang Province in recent years, and can help in further research on transmission of C. psittaci, drawing attention to psittacosis and strengthening disease surveillance.



Materials and methods


Case presentation

Patient 1 was from Qingyun County and was hospitalized on August 21, 2021, with fever and chills. C. psittaci pneumonia was confirmed by the presence of C. psittaci sequence reads in his bronchoalveolar lavage fluid and blood samples by mNGS. The other three patients (a farmer, his wife, and son), all from Longquan and with C. psittaci infection, were related to Patient 1 and belong to the same family. Patient 2 (65 years old) once bought ducks from Patient 1 and was hospitalized on August 28, 2021, due to severe fever and chills. The condition of Patient 2 deteriorated quickly, and the patient died on September 13, 2021. His wife, Patient 3, developed chills, fatigue, and nausea on August 28, 2021, and was hospitalized for treatment on August 30, 2021. Their son, Patient 4, who attended and stayed with Patients 2 and 3 in the hospital, was hospitalized on September 5, 2021, due to severe fever and chills. The time of disease onset is shown in Figure 1.




Figure 1 | Disease onset in the four patients. Patient 1 was the first to develop symptoms on August 21, 2021, and Patients 2, 3, and4 belong to the same family.





Sample collection

Five specimens, including one bronchoalveolar lavage and four serum samples from the four hospitalized patients, were collected from the Central Hospital of Lishui, Zhejiang Province. A total of 74 environmental samples (30 from Patient 1 and 44 from the village of the other three patients), including throat swabs, anal swabs, dung, and drinking water of ducks, chicks, or geese were collected from the patients’ homes.



DNA extraction and detection

The total DNA of the samples was extracted using a commercial kit (Qiagen, USA), according to the manufacturer’s instructions. The DNA was analyzed by real-time PCR targeting the C. psittaci locus tag 16S rRNA and nested PCR (performed at Zhejiang Provincial Center for Disease Control and Prevention (CDC)). The results of nested PCR were confirmed by sequencing at Sangon Biotech Company (Shanghai, China) and BLAST (http://blast.ncbi.nlm.nih.gov/).



Phylogenetic tree

A total of 11 sequences (ZJLS001-011) were successfully obtained from 15 C. psittaci-positive samples by sequencing the nested PCR products. The primers and probes used are displayed in Table 1. Phylogenetic analysis based on the 11 sequences and 53 reference sequences from the NCBI GenBank database was performed by using neighbor-joining method with the Tajima-Nei model in MEGA version 6.06, and bootstrap values ≥70% were calculated from 1000 replicates. The reference sequences were chosen from the published ompA sequences, and genotyping was performed as previously described, the information of reference sequences was shown in Supplement Table S1.


Table 1 | Primers used for the detection of C. psittaci.






Results


Geographical distribution of patients

Patient 1 was from Qingyun County, while the other three patients were from Longquan, the neighboring county of Patient 1. As shown in Figure 2, the two locations are about 80 km apart. Patient 1 was a tranter and had come to the village of the other three patients to sell poultry and Patient 2 had once bought ducks from him.




Figure 2 | Geographical distribution of the cases. The geographic location of the family has been marked with a red five-pointed star.





Metagenomic next-generation sequencing

Patient 1 was hospitalized with unexplained fever and chills, and after 3 days, his bronchoalveolar lavage was sent to MATRIDX (Hangzhou, China) for mNGS. The mNGS results revealed that 8905 and 7144 sequence reads corresponding to C. psittaci accounted for 96.39% and 77.32% of microbial reads at the genus and species levels, respectively (Figures 3A, B). The result of sequencing quality was shown in Figures 3C, D. The result of sequencing quality was shown in Figures 3C, D.




Figure 3 | Diagnosis of C. psittaci in bronchoalveolar lavage fluid from Patient 1 using mNGS. A total of 8905 and 7144 sequence reads corresponded to C. psittaci at the genus and species levels, respectively (A, B). Q20/Q30 distribution (C) and G/C distribution (D).





Laboratory diagnosis by real-time PCR

All four patients tested positive for C. psittaci in RT-PCR. In addition, two environmental samples (dung and drinking water of goose) from Patient 1 and six environmental samples (three throat swabs, two fecal, and one drinking water of duck) from the other three patients (belonging to the same family) were positive for C. psittaci (Table 2). More importantly, seven environmental samples from the same village of the three patients were positive for C. psittaci, indicating widespread transmission of C. psittaci among poultry in that village and further potential emergence and spread of psittacosis in Lishui.


Table 2 | C. psittaci positive numbers of environmental samples from four patients.





Nested PCR

A total of 15 C. psittaci-positive RT-PCR samples were subjected to nested PCR, and the products obtained were confirmed by 2% agarose gel electrophoresis (Figure 4). The results revealed 11 electrophoretic bands of 1000-bp size, and 11 sequences (ZJLS001-011) were successfully obtained by sequencing the nested PCR products.




Figure 4 | Agarose gel electrophoresis of 11 nested PCR products. M: DL2000 DNA marker, lane 1-11: 1–11 sequences of samples.





Phylogenetic analysis

A phylogenetic tree  (Figure 5) was constructed based on 11 sample sequences and 53 reference sequences. Phylogenetic analysis showed that the 11 sample sequences were clustered in the same branch and were closely related to MK630234 which is reported in Guangzhou and MK032045 which is from Taiwan, the genotype is waterfowl-TW.




Figure 5 | Phylogenetic tree of C. psittaci sequences. The 11 sample sequences which are highlighted and 53 reference sequences (the genotype was labled on the right)were compared using Molecular Evolutionary Genetics Analysis (MEGA) software version 7.0 (maximum likelihood phylogeny test) and gamma-distributed rates among sites with 1000 bootstrap replicates. The reference sequences used to construct distinct phylogenetic branches were obtained from GenBank sequence database. ◼Samples collected from Patient 1. ▲Samples collected from Patient 2, 3 and 4.






Discussion

Zhejiang Province is located in eastern China and has a humid subtropical monsoon climate. Mountains and hills account for 74.63% of the total area, with forest coverage rate reaching 60.5%, which is among the highest in China (Yan et al., 2018). The ecological environment of Zhejiang Province provides a suitable habitat for birds, with about 300–400 species of birds inhabiting this area. However, C. psittaci infection most commonly occurs in people with a history of contact with birds or poultry in either occupational settings or companion bird exposure. C. psittaci infection has been reported worldwide, including China, USA, Europe, and Australia (Yung and Grayson, 1988; Cheng et al., 2013; Branley et al., 2014; Shaw et al., 2019). To the best of our knowledge, the present study is the first to report a cluster of psittacosis cases and a resultant death in Lishui City.

The results of phylogenetic analysis indicated that 11 sequences were almost clustered in the same branch and have high homology. Patient 2 once bought ducks from Patient 1, and the disease onset in the four patients occurred in chronological order, with Patients 1, 2, 3, and 4 hospitalized on August 21, August 28, August 30, and September 5, respectively. The sick duck might have first spread C. psittaci to Patient 1, and then Patients 2–4 might have been infected by sick ducks bought from Patient 1. The sample sequences were closely related to MK630234 and MK032045. These findings suggest that C. psittaci may infect humans in different regions via bird migration.

Patients 2, 3, and 4 belong to the same family, with the father presenting clinical symptoms first, followed by the mother and their son. However, there are rarely any reports on human-to-human transmission of C. psittaci, and the reason for C. psittaci infection in the mother and son needs further investigation. Patient 1 was found to be positive for C. psittaci infection by using mNGS in hospital, and the infection was finally confirmed by RT-PCR and nested PCR in Zhejiang CDC. It must be noted that mNGS requires expensive instruments and professional technicians. Doctors experienced in the treatment of C. psittaci infection are also important. Moreover, the government and health administration should expand C. psittaci surveillance, and clinicians evaluating fever of unknown origin should consider psittacosis as a possible diagnosis. The Lishui Government quickly organized control measures, including harmless treatment of poultry in the patients’ villages, thorough disinfection of the environment, and increasing public awareness about C. psittaci infection.
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Objective

Metagenomic next-generation sequencing (mNGS) technology has the potential to detect a wide range of pathogenic microorganisms. However, reports on the diagnostic value and clinical significance of different platforms of mNGS for patients with lower respiratory tract infections (LRTIs) remain scarce.



Methods

A total of 306 patients with suspected LRTIs were enrolled from January 2019 to December 2021. The diagnostic performance of conventional methods and mNGS on bronchoalveolar lavage fluid (BALF) were compared. BALF mNGS was performed using a commercial and an in-house laboratory. The diagnostic value and the clinical implications of mNGS for LRTIs were analyzed for the different platforms.



Results

The positive rate of mNGS in the in-house group was higher than that in the commercial group (85.26% vs. 70.67%, p < 0.001). mNGS significantly increased the pathogen detection rate compared with conventional methods [from 70.67% vs. 22.67% (p < 0.001) to 85.26% vs. 30.77% (p < 0.001)]. The pathogens detected using mNGS included bacteria, fungi, viruses, and atypical pathogens. The in-house platform performed well on a wider spectrum of microbial distribution. Furthermore, it showed an advantage in detecting mixed pathogens in immunocompromised patients. Among the mNGS positive cases, 34 (32.0%) cases had their antibiotics adjusted in the commercial group, while 51 (38.3%) cases had a change of treatment in the in-house group. Moreover, the turnaround time of mNGS and the time from mNGS to discharge in the in-house group were significantly shorter than those in the commercial group.



Conclusion

In-house mNGS had a higher detection rate and can show a wider spectrum of pathogens, with potential benefits for the clinic by shortening the turnaround time and hospitalization, and it may be more suitable for clinical microbiology laboratories.





Keywords: metagenomic next-generation sequencing (mNGS), in-house, lower respiratory tract infections, diagnostic, bronchoalveolar lavage fluid



Introduction

Lower respiratory tract infections (LRTIs) represent one of the most common global health problems with high incidence and mortality rates, especially in the elderly and immunocompromised adults (Langelier et al., 2018; Claassen-Weitz et al., 2021). In China, there is evidence that the etiological diagnosis of about half of patients with pulmonary infections is unclear (Zhu et al., 2018). The incidence of mixed infections is higher, especially in critically ill or immunocompromised patients. LRTIs are caused by various pathogens, including bacteria, viruses, and other atypical pathogens (Duan et al., 2020). Atypical pathogens such as Chlamydia psittaci, Mycoplasma pneumoniae, Legionella pneumophila, which do not have typical clinical signs or symptoms, are usually impossible to detect using traditional microbial methods (Arnold et al., 2016). For a long time, the diagnosis of LRTIs has mainly relied on traditional microbial methods, antigen and/or antibody immunological methods, and polymerase chain reaction (PCR) detection. However, the traditional pathogen detection capability is limited, it is a time-consuming process, and it has a low detection rate. On the other hand, the antigen and/or antibody immunological method and the PCR technique for pathogen detection must be based on the gene sequences of known pathogens, which means that unknown pathogens cannot be identified. Antimicrobial treatments are mostly empirical, and the delivery of targeted treatments is difficult.

Currently, metagenomic next-generation sequencing (mNGS), an unbiased and culture-independent method, is a high-throughput sequencing technology for the analysis of nucleic acids in samples to detect and identify microbial DNA and/or RNA. mNGS has shown good performance in clinical applications for LRTIs, improving the diagnosis of pulmonary co-infections, shortening the time of detection, and identifying novel and rare pathogens (Leo et al., 2017; Miao et al., 2018; Chiu and Miller, 2019). The utilization of bronchoalveolar lavage fluid (BALF) in mNGS could directly affect the treatment outcomes of patients, including reducing the duration of both antibiotic use and mechanical ventilation (Gaston et al., 2022; Liang et al., 2022). Generally, mNGS is performed by third-party commercial laboratories, and only a few hospitals have attempted to perform the entire process of conducting the mNGS and reporting the results in their own laboratories, i.e., “in-house mNGS.” The results of mNGS may be influenced by library preparations and the use of various sequencing platforms and different bioinformatics analysis methods (Park et al., 2021). In this study, we aimed to evaluate the pathogenic diagnostic value and the potential clinical implications of mNGS based on BALF in a commercial and an in-house laboratory.



Materials and methods


Patients and study design

This retrospective study was conducted at Taizhou Hospital of Zhejiang Province from January 2019 to December 2021. Patients with clinical suspicion of LRTIs who underwent BALF mNGS during the study period were enrolled. Patients who met criteria 1–3 and at least one of criteria 4–6 were included, detailed as follows: 1) ≥18 years old; 2) lung imaging showing a new or progressive infiltrate, consolidation, or ground-glass opacity; 3) could tolerate bronchoscopy; 4) exacerbation of respiratory symptoms; 5) with or without fever, cough, expectoration, shortness of breath, and dyspnea; and 6) showing signs of pulmonary consolidation or moist rales (Metlay et al., 2019). Conventional microbiological detection methods and mNGS were performed simultaneously. A total of 306 inpatients were included in this study. According to the different platforms, the participants were divided into two groups: the commercial group (n = 150) and the in-house group (n = 156). The clinical information of the two groups is shown in Table 1. According to the clinical characteristics, underlying diseases, and laboratory results, the patients in the two groups were matched. This study was approved by the Institutional Medical Ethics Committee of Taizhou Hospital of Zhejiang Province.


Table 1 | Clinical characteristics and laboratory findings of patients.



The conventional methods included as follows: 1) bacterial and fungal cultures; 2) Gram stain, Ziehl–Neelsen stain, weak acid fast stain, and Grocott-methenamine stain were used to identify bacteria, Mycobacterium tuberculosis complex (MTBC), Nocardia, and Pneumocystis jirovecii; 3) other fungi using smear microscopy; 4) PCR and serum antibodies were used for respiratory viruses, cytomegalovirus (CMV) , M. pneumoniae, Chlamydia pneumoniae and L. pneumophila; 5) GeneXpert (Cepheid, Sunnyvale, CA, USA), the DNA microarray method, and the T-SPOT assay were performed in patients with suspicion of M. tuberculosis; 6) 1,3-β-D-glucan, galactomannan antigen and cryptococcus antigen test were conducted to identify fungi.



Sample processing and nucleic acid extraction

BALF was collected from patients according to standard operating procedures and the samples were stored at −20°C.

In the commercial group, DNA was extracted using a Pathogen DNA Kit (JIEYI Biotech, Hangzhou, China) according to the manufacturer’s instructions. Approximately, 600 μl of treated specimens was mixed with glass beads of 0.1–0.2 mm diameter. The tubes were heated at 99°C for 10 min before DNA extraction. Human DNA was removed with Benzonase® (Qiagen, Hilden, Germany) and Tween-20 (Sigma, St. Louis, MO, USA). The differential lysis method was used to remove the host DNA. Subsequently, microbial cells were obtained by enzymatic digestion, followed by wall breaking and nucleic acid extraction (Shi et al., 2020).

In the in-house group, 1.5-ml microcentrifuge tubes with 0.6 ml sample and 250 μl 0.5-mm glass beads were attached to a horizontal platform on a vortex mixer and vigorously agitated at 2,800–3,200 rpm for 30 min. Afterward, 7.2 μl lyticase was added for the wall-breaking reaction. DNA was extracted using the TIANamp Micro DNA Kit (DP316; TIANGEN Biotech, Beijing, China) according to the manufacturer’s recommendation. The extracted DNA specimens were used for the construction of a DNA library (Long et al., 2016).



Library construction and sequencing

In the commercial group, 1 μg of genomic DNA was taken and interrupted by ultrasound using a Covaris instrument. DNA needs to be fragmented to obtain 200- to 400-bp inserts, followed by terminal repair and A-tailing reactions; finally, PCR amplification of the ligated products was performed (Shi et al., 2020). The sequencing library was prepared using the DNA Library Prep Kit (JIEYI Biotech, Hangzhou, China) according to the manufacturer’s instructions. The Illumina NextSeq CN500 platform was used for sequencing. For each run, we used an environment control sample and different ID spike variants to monitor the contamination of exogenous microorganisms and samples.

In the in-house group, the construction of the DNA library included DNA fragmentation, end repair, adapter ligation, and PCR amplification. Agilent 2100 was used for quality control of the DNA libraries to ensure that the size of the fragments reached up to 300 bp. Quality qualified libraries were pooled and DNA nanoball (DNB) was created and sequenced using the MGISEQ-2000 platform (Liu et al., 2022). Optical signals were collected using a high-resolution imaging system and then converted into digital information, which was then decoded into DNA sequence information. For quality control and to minimize contamination, the positive and negative controls were prepared in parallel and sequenced simultaneously in each batch.



Bioinformatics analyses

For the commercial group, in order to generate high-quality data, the raw data were subjected to the removal of low-quality reads, adapter contamination, and duplicate reads, as well as the reads shorter than 35 bp, and trimmed using SOAPnuke software. Human host sequences were filtered and excluded by mapping to the human reference genome (hg19) using Bowtie2 (van Boheemen et al., 2020). The remaining data were aligned to a microbial genome database. The RefSeq database contains 3,716 bacterial genomes or scaffolds, 5,272 whole-genome sequences of viral taxa, 247 whole-genome sequences of fungal taxa, and 73 whole-genome sequences of parasites.

For the in-house group, high-quality sequencing data were generated by removing low-quality reads, followed by the identification of human host sequences, which were excluded by mapping to the human reference genome including hg38 and the Yanhuang genome sequence using the Burrows–Wheeler Alignment software (Diao et al., 2022). After the removal of low-complexity reads, the remaining data were classified by aligning to the Pathogens Metagenomics Database (PMDB), which includes bacteria, fungi, viruses, and parasites. The classification reference databases were downloaded from the NCBI database. Thereafter, each sequence was aligned by taxonomic classification for microbial identification. The RefSeq database contains 6,350 bacterial genomes or scaffolds, 4,945 whole-genome sequences of viral taxa, 1,064 whole-genome sequences of fungal taxa, and 234 whole-genome sequences of parasites.



Criteria for positive mNGS results

At present, there is no uniform standard for the interpretation of mNGS results. The criteria for mNGS positivity have been established according to the literature (Fang et al., 2020; Jin et al., 2022), as follows: 1) >30% relative abundance of bacteria (excluding M. tuberculosis) and fungi at the genus level; 2) one or more unique reads of M. tuberculosis either at the species or the genus level; 3) a stringent map read number (SMRN) of ≥3 for viruses; and 4) positive culture and/or histopathological examination and at least 50 unique reads from a single species of bacteria or fungi. The final etiology confirmation of all cases was decided by a group of clinical microbiologists and physicians.



Statistical analyses

Student’s t-test (for normally distributed variables) and the Mann–Whitney U test (for variables with non-normal distribution) were used to compare the quantitative data between the two groups; categorical variables were compared using the chi-square test. A p < 0.05 was considered significant. Data analyses were performed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA), and figures were constructed using GraphPad Prism 7 software.




Results

The positivity rates of BALF mNGS and conventional tests for the two groups are shown in Figure 1. In the commercial group, the positive results of mNGS and conventional tests were 70.67% and 22.67%, respectively, with the positivity rate of mNGS being significantly higher than that of conventional methods (p < 0.001). In the in-house group, the positivity rate of mNGS was higher than that of conventional methods (85.26% vs. 30.77%, p < 0.001). Similarly, the positivity rate of mNGS in the in-house group was significantly higher than that in the commercial group (p < 0.001).




Figure 1 | Comparison of the positivity rates between metagenomic next-generation sequencing (mNGS) and conventional tests.



Figure 2 shows the pathogen spectrum detected using mNGS and conventional tests. In the results, Klebsiella pneumoniae (n = 16) was the most commonly detected bacteria by mNGS in the commercial group, followed by Pseudomonas aeruginosa (n = 15) and Stenotrophomonas maltophilia (n = 14). We also detected 11 cases of M. tuberculosis using mNGS. The most common fungal species detected were Candida (28/150, 18.7%), P. jirovecii (11/150, 7.3%), and Aspergillus (5/150, 3.3%). Human herpesvirus types 1 and 4 were the main viruses detected. In the in-house group, K. pneumoniae (n = 34) was the major bacteria identified using mNGS, followed by P. aeruginosa (n = 30) and Streptococcus pneumoniae (n = 20). We also detected 24 cases of M. tuberculosis using mNGS. The most prevalent pathogenic fungal species were Candida (41/156, 26.3%), P. jirovecii (15/156, 9.6%), Aspergillus (12/156, 7.7%), and Penicillium marneffei (1/156, 0.6%). There were more viruses detected using mNGS in the commercial group than in the in-house group. In the positive conventional tests, the most common pathogens detected were Acinetobacter baumannii, K. pneumoniae, P. aeruginosa, and Candida. However, viruses and atypical pathogens could not be identified using traditional methods.




Figure 2 | Species distribution of bacteria, fungi, and other pathogens detected using metagenomic next-generation sequencing (mNGS) and conventional tests. (A) Commercial group. (B) In-house group.



In the commercial group, the proportion of single pathogens was 51%. The most frequent pathogen was bacteria, accounting for 42%, and the proportion of multiple pathogens was 49%. Multiple pathogens also comprised a higher percentage in the in-house group (55%) (Figure 3). In addition, in the commercial group, the mNGS and conventional methods showed consistent results in detection, with both positive for pathogens in 37 cases and negative in 40 cases. Of the 37 cases found positive by both methods, the results of mNGS and conventional methods were completely matched in six cases, partially matched in 23 cases, and completely mismatched in eight cases. Out of 150 cases, a total of 65 (44%) were positive by mNGS, while only 6 (4%) cases were positive by conventional methods. On the other hand, in the in-house group, both the mNGS and conventional methods showed positive pathogen detection in 43 cases and negative in 20 cases. Of the 43 cases detected positive by both methods, the results of mNGS and conventional methods were completely matched in 10 cases, partially matched in 28 cases, and were completely mismatched in five cases. Out of 156 cases, a total of 88 (56%) were positive for pathogens by mNGS, which was higher than that in the commercial group, while only 5 (3%) cases were positive for pathogens by conventional methods (Figure 4).




Figure 3 | Mixed infections for various pathogens detected using metagenomic next-generation sequencing (mNGS). (A) Commercial group. (B) In-house group.






Figure 4 | Comparison of the consistency between metagenomic next-generation sequencing (mNGS) and conventional tests. (A) Commercial group. (B) In-house group.



The main type of infection in the the simple pulmonary infection and chronic airway inflammation group was a simple bacterial infection, while that in the immunocompromised group was a mixed infection. Except for the simple pulmonary infection group, the positive rate and the detection rate of multiple microorganisms in the in-house group were higher than those in the commercial group (Figure 5).




Figure 5 | Proportions of polymicrobial and monomicrobial infections and negative cases of pulmonary infection detected using metagenomic next-generation sequencing (mNGS) in patients with different underlying diseases. (A) Simple pulmonary infection group. (B) Chronic airway infection group. (C) Immunocompromised group. (D) Others.



Without empirical therapy, there was no significant difference in the positive rate of mNGS between the commercial and in-house groups (Figure 6). With prior antibiotic exposure, the positive rate of mNGS in the in-house group was higher than that in the commercial group (88.6% vs. 70.5%, p = 0.001).




Figure 6 | Effect of previous antibiotic exposure on the positivity rate of metagenomic next-generation sequencing (mNGS) ns, no significance.



Of the 106 mNGS positive cases in the commercial group, 55 (51.9%) cases had no changes and empirical therapy continued, 34 (32.0%) cases had their antibiotics adjusted, and 11 cases were considered as colonization. Among the 133 mNGS positive cases in the in-house group, 67 (50.4%) cases had no changes and empirical therapy continued, 45 (33.8%) cases received targeted treatment, and 6 (4.5%) cases supported clinical considerations to narrow coverage. According to the results of mNGS, the proportion of antibiotics adjusted in the in-house group was higher than that in the commercial group (Figure 7).




Figure 7 | Clinical impact of metagenomic next-generation sequencing (mNGS) positive results. (A) Commercial group. (B) In-house group.



The turnaround time of mNGS in the in-house group was significantly shorter than that in the commercial group. In the chronic airway infection group and others group, the time from mNGS to discharge in the in-house group was significantly shorter than that in the commercial group (Table 2).


Table 2 | Comparison of the mNGS turnaround time and the discharge time of patients.





Discussion

Some refractory LRTIs are difficult to diagnose and the pathogens are not clear, causing severe challenges to microbiological diagnosis and clinical treatments (Langelier et al., 2018; Wu et al., 2020). A prospective study in Europe showed that the etiology of 40% of LRTIs was still unclear even with the combination of microbial culture, PCR, and serological methods (Ieven et al., 2018). In recent years, mNGS has shown the advantages of being more efficient and accurate for pathogen diagnosis, thus updating the diagnostic strategy for LRTIs (Zhang et al., 2019). We reported a retrospective study on the application of mNGS in the diagnosis of infectious pathogens with BALF in commercial and in-house laboratories. Compared with conventional tests, BALF mNGS showed a significantly higher positive rate and a wider pathogen spectrum, which was consistent with a previous study (Li et al., 2020). The results showed that the positive rate of mNGS in the in-house group (85.26%) was significantly higher than that in the commercial group (70.67%), which may be related to differences in the extraction methods and the sequencing platform.

This study found that the detection rate of mNGS was high for bacteria, but low for fungi and viruses. Among the single pathogens of LRTIs, bacteria played a major role. mNGS showed an advantage in the diagnosis of mixed pulmonary infections (Pan et al., 2019). Wang et al. (2019) showed that the sensitivity of mNGS in the diagnosis of mixed pulmonary infections (97.2% vs. 13.9%, p < 0.01) was significantly higher than that of routine detection. Zhao et al. (2021) diagnosed 119 patients with a pulmonary fungal infection, with 48 cases (40.3%) being complicated by both pulmonary fungal and bacterial infections. The results of this study showed that the proportion of mixed pathogens in the in-house group was 55%, which was higher than that in the commercial group. This suggests that our in-house platform had obvious advantages in detecting bacterial, fungal, and viral co-infections. This advantage may help clinicians identify pulmonary mixed infections, evaluate patients more comprehensively, and make effective treatment decisions.

LRTIs are caused by hundreds of pathogens, especially those that are rare and difficult to cultivate, such as Leptospira, Legionella, and C. psittaci. Previous studies have mostly recommended serum antibody detection and PCR methods. Molecular and/or serological microbiological investigations are based on targeted microorganisms, which may miss the detection of potential atypical pathogens. In the past, atypical pathogens were thought to be relatively rare. After the application of mNGS, the detection rate of atypical pathogens has increased greatly. In this study, two cases of Leptospira spp., two cases of L. pneumophila, and four cases of C. psittaci were detected in the commercial group, while one case of Leptospira interrogans, three cases of L. pneumophila, and three cases of C. psittaci were detected in the in-house group; most cases were accompanied by infection with other pathogens. Therefore, the in-house platform showed no advantage in the detection of atypical pathogens.

This study found that mNGS identified more fungi and M. tuberculosis in the in-house group compared to the commercial group. Furthermore, 11 cases of P. jirovecii, five cases of Aspergillus, and 11 cases of M. tuberculosis were detected in the commercial group. More cases were detected in the in-house group: 15 cases of P. jirovecii, 12 cases of Aspergillus, one case of P. marneffei, and 18 cases of M. tuberculosis. The results showed that, in the in-house group, mNGS significantly improved the detection rate of fungi and M. tuberculosis. According to previous research (Li et al., 2018; Liu et al., 2021), the combination of mNGS and conventional tests can improve the detection rate of fungi and M. tuberculosis. It is difficult for common pathogens such as fungi (with a complex cell structure and cell wall), M. tuberculosis (with mycotic acid outside the cell wall and a large genome), and intracellular parasitic bacteria to break the wall, resulting in a low nucleic acid sequence abundance that is difficult to detect. The positive rate in the in-house group was improved with improvement in the wall breaking technique.

Due to the different immune functions of the host and nonspecific syndrome, a sensitive and comprehensive method for the detection of viral pathogens is extremely important. In many cases, the presence of a DNA virus, such as the Torque teno virus (TTV), is considered to be related to the low immunity of patients (Maggi et al., 2011; Görzer et al., 2014). A previous study showed that solid organ transplant recipients with viral and bacterial co-infections had poor prognoses (Pan et al., 2022). mNGS can also detect viruses that cannot be detected by conventional methods; seven types of respiratory DNA viruses were identified by mNGS, with the most commonly detected virus being the human herpesvirus. The virus was detected in 28 patients in the commercial group and 55 patients in the in-house group. The detection of viruses requires sufficient sequencing length and depth. These results indicate that the in-house platform had obvious advantages in virus detection.

The positive rate and the detection rate of multiple microorganisms in the in-house group were high. Firstly, this was related to the different DNA extraction methods. Different DNA extraction methods could lead to different DNA yields. An increased yield of pathogen DNA would also likely improve performance (Govender et al., 2021). The differential lysis method was used to remove the host DNA in the commercial group, which could have removed part of the pathogen DNA in cells, and showed low sensitivity for the detection of viruses and parasites (eukaryotes) (Miller and Chiu, 2021). Secondly, there were differences in the read length and sequencing data between the Illumina NextSeq CN500 and MGISEQ-2000 platforms. The Illumina NextSeq series sequence platform uses a bridge amplification strategy, while the MGISEQ platform clones single-stranded circular DNA using rolling circle amplification to produce DNBs (Zhu et al., 2021; Diao et al., 2022). Thirdly, different laboratories vary in terms of quality control, coupled with the presence of microbial contaminants in the reagents used for processing or in the laboratory environment, which may complicate the analysis and interpretation of the results. At present, there is a lack of uniform standards, and each laboratory has a set of criteria for the interpretation of the mNGS results. In addition to the above considerations, in this study, the interpretation of the results was “normalized,” each sample had the same criteria and was combined with clinical symptoms, the results of the conventional methods, and laboratory indicators.

Previous use of broad-spectrum antibiotics can lead to “false-negative” results for microorganism culture. However, in this study, previous antibiotic exposure had little effect on the mNGS results, which was consistent with Miao et al. (2018). mNGS can identify pathogens and guide clinicians in adjusting the dosage of antibiotics. Our results showed that the percentages of antibiotics modified according to the results of mNGS in the commercial and in-house groups were 32.0% and 38.3%, respectively. The time from mNGS to discharge in the in-house group was significantly shorter than that in the commercial group. Xie et al. (2019) showed that the 28- and 90-day mortality rate of the mNGS group was significantly lower than that of the conventional detection group. Chen et al. (2020) also reported that in-house mNGS identified more causative organisms and a 2-day turnaround time, which had higher clinical utility. The turnaround time of mNGS in the commercial group was 3.05 ± 0.68 days, while that in the in-house group was 1.87 ± 0.73 days, which was noticeably shorter. The rapid turnaround time of in-house mNGS is more useful for providing appropriate treatments, for early discharge of patients, and for supporting clinical decisions.

This study had some limitations. Firstly, this is a single-center retrospective study with a relatively small sample size. Secondly, only DNA sequencing was carried out, so that RNA viruses were not detected. Finally, the respiratory microbiome data were not obtained from a healthy population as a baseline microbial community; therefore, it was difficult to characterize the respiratory microbiome of patients and to generate an optimal threshold for pathogen identification.



Conclusion

The mNGS technique identified more infectious pathogens than conventional methods. In addition, the in-house platform had potential advantages: the positive rate was higher and the pathogen spectrum wider than those in the commercial group, and the turnaround time was also shorter, which accelerates clinical decision-making and shortens hospitalization. This study highlighted the performance of mNGS in the in-house laboratory as a powerful complement to conventional methods in clinical applications due to its enhanced spectrum of microbiological diagnosis and high clinical utility.
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Background

Compared with traditional diagnostic methods (TDMs), rapid diagnostic methods for infectious diseases (IDs) are urgently needed. Metagenomic next-generation sequencing (mNGS) has emerged as a promising diagnostic technology for clinical infections.



Methods

This retrospective observational study was performed at a tertiary hospital in China between May 2019 and August 2022. The chi-square test was used to compare the sensitivity and specificity of mNGS and TDMs. We also performed a subgroup analysis of the different pathogens and samples.



Results

A total of 435 patients with clinical suspicion of infection were enrolled and 372 (85.5%) patients were finally categorized as the ID group. The overall sensitivity of mNGS was significantly higher than that of the TDMs (59.7% vs. 30.1%, P < 0.05). However, there was no significant difference in the overall specificity between the two methods (83.3% vs. 89.6%, P = 0.37). In patients with identified pathogens, the positive rates of mNGS for detecting bacteria (88.7%), fungi (87.9%), viruses (96.9%), and Nontuberculous mycobacteria (NTM; 100%) were significantly higher than those of TDMs (P < 0.05). The positive rate of mNGS for detecting Mycobacterium tuberculosis was not superior to that of TDMs (77.3% vs. 54.5%, P = 0.11). The sensitivity rates of mNGS for pathogen identification in bronchoalveolar lavage fluid, blood, cerebrospinal fluid, pleural fluid, and tissue were 72.6%, 39.3%, 37.5%, 35.0% and 80.0%, respectively.



Conclusion

With the potential for screening multiple clinical samples, mNGS has an overall advantage over TDMs. It can effectively identify pathogens, especially those that are difficult to identify using TDMs, such as NTM, chlamydia, and parasites.
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1 Introduction

Infectious diseases (IDs) have caused significant damage to social security and economic development (Nii-Trebi, 2017). With the emergence and development of antibiotics, the mortality rate of IDs has significantly decreased. However, the emergence of drug-resistant pathogens, especially multidrug resistant and pan-drug–resistant pathogens, such as Klebsiella pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa (Giamarellou and Poulakou, 2009; Munoz-Price et al., 2013), as well as new pathogens such as SARS-CoV-2 (Gorbalenya et al., 2020), has posed new challenges, emphasizing the importance of precision diagnosis (Simner et al., 2018).

Identification of pathogens in clinical infections has long relied on traditional culture, polymerase chain reaction (PCR) detection, and antigen/antibody immunological methods (Zheng et al., 2021). However, the etiology of suspected infections in hospitalized patients frequently remains unknown, resulting in prolonged hospitalization, misdiagnosis, and increased mortality or morbidity. Furthermore, the sensitivity of culture is limited by the empirical priority usage of antibiotics in clinical practice, and the results are time-consuming, particularly for the cultures of Mycobacterium tuberculosis (MTB) and fungi (Waterer and Wunderink, 2001; Mandell et al., 2007; Han et al., 2019). Traditional culture cannot be used for viral diagnosis (Gu et al., 2019). In addition, PCR detection and antigen/antibody immunological methods must be based on the genetic sequences or target proteins of known pathogens (Miao et al., 2018).

Metagenomic next-generation sequencing (mNGS) is a promising unbiased diagnostic tool that demonstrates the advantages of rapid, user-friendly data analysis tools, accurate databases, and culture-independent detection (Schlaberg et al., 2017; Simner et al., 2018). To date, several studies have revealed its effects and potential, which can be successfully applied to different sample types, such as cerebrospinal fluid (CSF), blood, bronchial alveolar lavage fluid (BALF), and tissues (Chen et al., 2020; Zhang et al., 2020; Guo et al., 2021). It is likely that, due to the limitations of mNGS, such as high cost, no uniform standards for experimental procedures, human background and background bacteria contamination (Gargis et al., 2016; Deurenberg et al., 2017; Han et al., 2019; Blauwkamp et al., 2019; Mitchell and Simner, 2019; Ramachandran and Wilson, 2020), its clinical applicability has lagged behind the research (Chiu and Miller, 2019).

In this study, to provide further evidence for the clinical application of mNGS, 435 patients with proven or suspected infections were analyzed to compare the sensitivity and specificity between mNGS and traditional diagnostic methods (TDMs) in identifying pathogens. Subgroup analyses of different pathogens and samples were also performed.



2 Methods


2.1 Study design

This retrospective study was performed at the Ningbo First Hospital, University of Ningbo, China. The requirement for written informed consent was waived, owing to the retrospective nature of this study. Patients with mNGS data were recruited, and the inclusion criteria were as follows: (1) age ≥ 18 years, (2) visit time from May 2019 to August 2022, and (3) proven or suspected infections. The exclusion criteria were as follows: (1) incomplete clinical data, including microbiological data, (2) failure to acquire a sufficient sample for mNGS analysis, and (3) a life expectancy of <48 h.



2.2 Metagenomic next-generation sequencing and analysis


2.2.1 Specimens, nucleic acid extraction, and library generation

In this study, the sample type for mNGS was not limited, and clinical specimens were collected according to the standard procedures. The blood was placed in ethylenediaminetetraacetic acid tubes and transported at room temperature. The other samples were collected in sterile tubes and transported to a drikold. All samples were sent for mNGS within 24 h.

DNA extraction was conducted for each sample, and RNA extraction and reverse transcription were performed according to the clinical needs and the financial statuses of patients. DNA was extracted using the TIANamp Micro DNA Kit (Tiangen Biotech). For RNA extraction, total RNA was extracted using the QIAamp ViralRNA Kit and the Microbiome Kit (Qiagen). Ribosomal RNA was removed by the Ribo-Zero rRNA Removal Kit (Illumina). cDNA was generated using reverse transcriptase and deoxy-ribonucleoside triphosphates (dNTPs) (Thermo Fisher) (Amar et al., 2021). The total DNA or cDNA was subjected to library construction through the steps of fragment enzyme reaction, end-repairing, phosphorylation, A-tailing reaction, and adapter sequence connection by using the Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA) (Miller et al., 2019). Library quality was assessed by a Qubit dsDNA HS Assay kit followed by a High Sensitivity DNA kit (Agilent) on an Agilent 2100 Bioanalyzer. Library pools were then loaded onto an Illumina Nextseq CN500 sequencer for 75 cycles of paired-end sequencing to generate approximately 20 million reads for each library. For negative controls, sterile deionized water was extracted alongside the specimens to serve as non-template controls (Li et al., 2018; Miller et al., 2019).



2.2.2 Bioinformation pipeline

Trimmomatic was used to remove low-quality reads, adapter contamination, and duplicate reads, as well as those shorter than 50 bp (Xu et al., 2020). Low complexity reads were removed by K-complexity with default parameters (Bolger et al., 2014). Human sequence data were identified and excluded by mapping to a human reference genome (hg38) using Burrows-Wheeler Aligner software (Li and Durbin, 2009). The remaining sequence data were aligned to the current bacterial, virus, fungal, and protozoan databases (National Center for Biotechnology Information, ftp://ftp.ncbi.nlm.nih.gov/genomes). The database used in this study contained 9,694 bacterial species, 6,761 viral species, 1,551 fungal species, 305 parasites, 144 species of mycobacteria, and 107 mycoplasma/chlamydia related to human diseases.



2.2.3 Interpretation of mNGS data

According to the published article, the criteria for mNGS-positive results were as follows (Miao et al., 2018):

	1. Bacteria (except mycobacteria), viruses, and parasites: When the coverage rate of the microorganism was 10-fold higher than that of other microorganisms, the microorganism was identified as the pathogen.

	2. Fungi: When the coverage rate of the fungus was five-fold higher than that of other fungi, it was identified as the pathogen.

	3. MTB: MTB was considered positive when at least one read was mapped to either the species or genus levels.

	4. Nontuberculous mycobacteria (NTM): NTM was considered positive when the mapping read number (genus or species level) was among the top 10 in the bacterial list.






2.3 Traditional diagnosis methods

TDMs include histopathological biopsy, microbial smear, microbial culture of various clinical samples (including body fluids, secretions and tissues), PCR detection, and antigen/antibody immunology.



2.4 Statistical analysis

The final diagnosis was independently determined by two physicians based on comprehensive clinical analysis, and a third physician was consulted to reach a consensus on the uncertainties. The chi-square test was used to compare the sensitivity and specificity between mNGS and TDMs. Statistical significance was set at P < 0.05. Data cleaning and analysis were performed using Microsoft Excel 2016 and R version 3.2.3. In addition, the figures were conducted in the R version 3.2.3 and Adobe Illustrator CC 2018.




3 Results


3.1 Patient and specimen characteristics

According to the inclusion and exclusion criteria, 435 patients with clinical suspicion of infection were enrolled, and 446 specimens were screened using mNGS (Figure 1). The mean age of the patients was 57 years old (range, 19–91 years), and the male-to-female ratio was 1.25. Among them, 81 patients had hematological tumors (including myelodysplastic syndrome), 67 patients had rheumatic diseases, and four patients had both hematological tumors and rheumatic diseases (Figure 2A). After comprehensive evaluation, patients were finally divided into the ID group (372, 85.5%), the non-ID (NID) group (48, 11.0%), and the unknown group (15, 3.4%) (Figure 2C). Specimens were mainly BALF (242, 54.3%), blood (66, 14.8%), CSF (60, 13.5%), pleural fluid (25, 5.6%), and tissue (22, 4.9%) (Figure 2B).




Figure 1 | Flowchart of this study. A total of 435 patients were enrolled and divided into the ID, NID, and unknown groups. ID and NID patients were used to evaluate the diagnostic ability of mNGS and TDM to detect infection. ID, infectious disease; NID, non-infectious disease; mNGS, metagenomic next-generation sequencing; TDM, traditional diagnostic method.






Figure 2 | Characteristics of patients and specimens. (A) Proportion of patients suffering from hematological tumors or rheumatic diseases. (B) The distribution of specimens using for mNGS. (C) The distribution of infection status. (D) The distribution of infection sites in the ID group [the color block at the bottom of each column (light blue) indicates single site infection, whereas other color blocks indicate concurrent infection of other sites]. ID, infectious disease; NID, non-infectious disease; BALF, bronchial alveolar lavage fluid; CSF, cerebrospinal fluid.





3.2 Pathogen spectrum of the ID group

In the ID group, most patients (241, 64.8%) were diagnosed with pulmonary infection. In addition, 48 (12.9%) patients were diagnosed with intracranial infection, and 12 (3.2%) patients were diagnosed with infective endocarditis (IE) (Figure 2D). The most common infection was bacterial infection (124 of 372, 33.3%), caused by Acinetobacter baumannii (21 of 124, 16.9%), Pseudomonas aeruginosa (16 of 124, 12.9%), and Klebsiella pneumoniae (14 of 124, 11.3%). Fungal infection occurred in 66 patients, mainly by Aspergillus infection (38 of 66, 57.6%). There were 32 cases of viral infection (mainly Epstein–Barr virus), 31 cases of NTM infection, 22 cases of MTB infection, six cases of parasite infection, four cases of mycoplasma/chlamydia infection, and one case of rickettsia infection (Supplementary Table 1).

As shown in Supplementary Table 2, co-infection was detected in 37 patients, including six patients with hematological tumors and four patients with rheumatic diseases. Co-infection was mainly caused by fungi combined with other types of pathogens (26 patients), especially bacteria (14 patients).



3.3 The concordance between mNGS and TDMs

In the ID group, the results of mNGS and TDMs were both positive in 90 (24.2%) cases and negative in 128 (34.4%) cases. Twenty-two (5.9%) patients only had positive results from the TDMs, and 132 (35.5%) patients only had positive results from mNGS. Of the 90 double-positive cases, 60 (66.7%) cases were completely matched, and eight (8.9%) cases were mismatched. Twenty-two (24.4%) cases were partially matched, which meant that there was at least one pathogen overlap between mNGS and TDMs (Figure 3A).




Figure 3 | The concordance and diagnostic ability of mNGS and TDM. (A) Concordance of mNGS and TDM in the ID group. (B) Comparison of diagnostic ability between mNGS and TDM. mNGS, metagenomic next-generation sequencing; TDM, traditional diagnostic method; ID, infectious disease; NID, non-infectious disease; Pos, positive; Neg, negative; PPV, positive predictive value; NPV, negative predictive value.





3.4 The diagnostic performance of mNGS and TDMs

As illustrated in Figure 3B, the overall sensitivity of mNGS was significantly higher than that of the TDMs (59.7% vs. 30.1%, P < 0.05). However, there was no significant difference in overall specificity between the two methods (83.3% vs. 89.6%, P = 0.37). The positive predictive value (PPV) and negative predictive value (NPV) of diagnosing ID by mNGS were 96.5% and 21.1%, respectively, with a positive likelihood ratio of 3.57 and a negative likelihood ratio of 0.48.

In patients with identified pathogens (Figure 4A), the positive rates of mNGS for detecting bacteria (88.7%), fungi (87.9%), viruses (96.9%), and NTM (100%) were significantly higher than those of TDMs (P < 0.05). However, the positive rates of mNGS for detecting MTB were not superior to that of TDMs (77.3% vs. 54.5%, P = 0.11). The mNGS confirmed six cases of parasite infection, four cases of mycoplasma/chlamydia infection, two cases of V. vulnificus infection, and one case of rickettsia infection, which were not detected by the TDMs. On the other hand, mNGS missed 14 cases of bacterial infection, eight cases of fungal infection, five cases of MTB infection, and one case of viral infection, which were identified by the TDMs (Supplementary Table 1).




Figure 4 | Subgroup analysis of different pathogens, samples, and specific group. (A) Comparison of positive rates of mNGS and TDM for different pathogens in patients with identified pathogens. (B) Sensitivity rates of mNGS in different specimens. (C) Comparison of positive rates of mNGS and TDM for different pathogens in pathogen-identified patients with hematological tumors or rheumatic diseases; *, P value was < 0.05. mNGS, metagenomic next-generation sequencing; TDM, traditional diagnostic method; ID, infectious disease; MTB, Mycobacterium tuberculosis; NTM, Nontuberculous mycobacteria; BALF, bronchial alveolar lavage fluid; CSF, cerebrospinal fluid.



For the different samples (Figure 4B), the sensitivity of mNGS in BALF was 72.6%, which was significantly higher than that in blood (39.3%, P < 0.05). In addition, the sensitivity of mNGS in CSF, pleural fluid, and tissue was 37.5%, 35.0%, and 80.0%, respectively.

For the ID group with hematological tumors or rheumatic diseases (Figure 4C), the positive rates of mNGS for detecting pathogens (55.0%), fungi (92.0%), virus (94.7%), MTB (100%), and NTM (100%) were significantly higher than those of TDMs (P < 0.05). However, there was no significant difference in the specificity in detecting bacteria between the two methods (79.4% vs. 64.7%, P = 0.18).



3.5 Use of mNGS to diagnose IE

Twelve patients in the ID group were diagnosed with IE. Among them, the most common pathogen was Streptococcus (9 of 12, 75.0%), two cases were Staphylococcus infections and one case was a fungal infection. Eight patients had positive blood culture results, and one patient was diagnosed by pathological biopsy. All pathogens were detected by mNGS in valve tissue samples (Table 1).


Table 1 | Analysis of patients with IE.





3.6 Use of mNGS to diagnose intracranial infection

Forty-eight patients were diagnosed with intracranial infection. The sensitivity of mNGS for detecting intracranial infections was 37.5%, which was significantly higher than that of TDMs (16.7%, P < 0.05). The mNGS detected eight cases of viral infection, six cases of bacterial infection, one case of MTB infection, one case of NTM with Aspergillus infection, one case of bacterial with Aspergillus infection, and one case of cryptococcus infection. However, mNGS missed two cases of bacterial infection and one case of MTB infection that were detected by the TDMs (Supplementary Table 3).




4 Discussion

This study reflects the actual performance of mNGS in a clinical setting. We compared the ability of mNGS to detect pathogens with that of TDMs, performed a subgroup analysis of different pathogens and samples, and concluded that mNGS can greatly improve the detection rate of pathogens and contribute to the diagnosis of infections with various rare or atypical pathogens, such as NTM, chlamydia, and parasite, in clinical practice.

Pathogenic identification is the key to the diagnosis and treatment of IDs. Routine diagnostics have been the first line of defense for doctors against IDs. However, traditional culture results are often affected by prior empirical infection treatment and sampling specifications, which greatly reduce the diagnostic sensitivity (Waterer and Wunderink, 2001; Mandell et al., 2007). Studies have shown that, even in patients with severe pulmonary infection, the detection rate of blood cultures is only 0% to 14% (Afshar et al., 2009; Zhang et al., 2019). In this study, we found that the overall sensitivity of TDMs, including histopathological biopsy, culture, PCR detection, and antigen/antibody immunology, was only 30.0%. Consistent with other studies (Chen et al., 2020; Huang et al., 2020), our study found that the overall sensitivity of mNGS was significantly higher than that of the TDMs (59.7% vs. 30.1%, P < 0.05). In addition, mNGS can identify pathogens that are difficult to identify using TDMs, such as NTM, chlamydia, and parasites. In this study, mNGS detected 31 cases of NTM infection, six cases of parasite infection, four cases of mycoplasma/chlamydia infection, and one case of rickettsia infection. In addition, mNGS also detected two cases of V. vulnificus infection, which enabled the timely diagnosis and treatment of patients and reduced the mortality.

However, owing to the high sensitivity of mNGS, false-positive results may occur. In this study, the false-positive rate for mNGS was 14.6%. Identifying human background and background bacterial contamination and correctly interpreting mNGS results remain a challenge. Each procedure, from specimen collection to sequencing, can lead to nucleic acid contamination (Gargis et al., 2016; Deurenberg et al., 2017; Han et al., 2019; Blauwkamp et al., 2019). Therefore, strict mNGS operation guidelines and template-free controls are needed for mNGS analysis, which can help reduce and filter out contaminated background readings when interpreting results (Breitwieser and Salzberg, 2020).

Although the sensitivity of mNGS is higher than that of TDMs, the results of mNGS may also be false negative (Miao et al., 2018; Duan et al., 2021). In this study, mNGS missed 14 cases of bacterial infection, eight cases of fungal infection, one case of viral infection, and five cases of MTB infection, which were identified by the TDMs. The sensitivity of mNGS for detecting MTB was not superior to that of TDMs (77.3% vs. 54.5%, P = 0.11). Some pathogens with hard cell walls, such as fungi, may reduce the efficiency of nucleic acid extraction, leading to the false negatives in mNGS (Han et al., 2019). Because of the intracellular growth characteristics of MTB, less nucleic acid is released outside the cell, which makes detection difficult (Doughty et al., 2014). A previous study showed that the sensitivity rates of mNGS, Xpert, culture, and smear to detect MTB were 59.9%, 69.0%, 59.9%, and 24.6%, respectively, and 79.6% overall (Liu et al., 2021). Therefore, to detect and treat tuberculosis as early as possible, a combination of mNGS and traditional methods is recommended.

mNGS has been used to detect pathogens in a variety of illnesses, with a focus on IE and intracranial infections. In this study, there were 12 patients developed IE. Blood culture identified eight patients, whereas mNGS identified all 12 patients. It has been reported that blood and valvular cultures are negative in 31% of IE cases (Habib et al., 2015). In some circumstances, the germs can be detected only before antibiotics administration (Koegelenberg et al., 2004). However, mNGS clearly overcomes the issue of detecting diseases that are not culturable (Cheng et al., 2018). According to a recent study of IE, the long-term subacute course of IE and prior use of antibiotics clearly lowered the positive rate of culture but did not significantly affect the positive rate of mNGS (Cai et al., 2021). More notably, valve mNGS facilitates the detection of the pathogen in the subacute course of IE. As a result, mNGS is critical in IE pathogen detection and antibiotic targeting therapy. CSF is a sterile fluid with a low host nucleic acid background (Kanjilal et al., 2019). Therefore, CSF is an excellent sample for the diagnosis of intracranial infection by mNGS. In our study, the sensitivity of mNGS in detecting intracranial infection was significantly higher than that of TDMs (37.5% vs. 16.7%, P < 0.05), indicating the value of mNGS in identifying pathogens of intracranial infection (Zhang et al., 2020; Xing et al., 2021).

mNGS is currently under improvement and exploration. Currently, DNA-based mNGS is being commonly used in clinical practice. Although DNA constitutes the genetic material of bacteria and fungi, RNA viruses also constitute a large proportion of infectious pathogens (Manso et al., 2017). RNA-based mNGS can reveal the entire “infectome” (RNA viruses, DNA viruses, bacteria, and eukaryotes), because all, except for prions, express RNA (Shi et al., 2018). Therefore, combining DNA and RNA sequencing has multiple advantages. However, compared with DNA, human RNA has higher abundance and complexity and is easily degraded, which results in higher requirements for sample transportation and storage (Zheng et al., 2021).

In this study, we not only evaluated the overall diagnosis ability of mNGS but also conducted a subgroup analysis of different pathogens and samples to provide further insights into the clinical application of mNGS. This study had several limitations. First, this was a single-center retrospective study. To minimize the potential bias in results based on the single-center research, we expanded the study sample as much as possible to obtain sufficient subgroup sample size. Second, we did not consider the effect of antibiotic use before admission on the results of mNGS and cultures, which might underestimate the sensitivity of culture and overestimate the difference of sensitivity between culture and mNGS. However, our results were basically consistent with other studies. Third, we did not consider specific interventions, such as steroids or biologic agents. However, we conducted the subgroup analysis of the specific populations, namely, patients with rheumatic diseases or patients with hematological tumors, who were potential users of steroids or biological agents. mNGS is a very promising technique, especially for difficult and rare infections. Multicenter studies with more clinical samples are needed to comprehensively test the efficacy of mNGS.



5 Conclusion

Although mNGS has the problem of background microbial contamination, it can be partially eliminated through negative quality control, and the results of mNGS can be interpreted comprehensively in combination with clinical practice. With the potential for multiple screening clinical samples, mNGS had the overall superior advantage over TDMs. It can efficiently identify pathogens, especially those that are difficult to identify using TDMs, such as NTM, chlamydia, and parasites.
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Objective

Using metagenomic next-generation sequencing (mNGS) to profile the bacterial pathogen of pleural infection in aspiration pneumonia for therapeutic decision-making.



Methods

Collection and analysis of the clinical and laboratory data of aspiration pneumonia patients who underwent mNGS detection of pleural effusion at the Second Hospital of Jilin University from November 2020 and March 2022.



Results

Nine males and one female were included, aged 33 to 69 years. All patients had chest pain, fever, cough, and hypoxemia symptoms; 90% had expectoration. The laboratory tests revealed that all patients had elevated white blood cell, neutrophil, and C-reactive protein (CRP) levels. Furthermore, erythrocyte sedimentation rate (ESR) increased in 8 patients, and procalcitonin increased in only one patient. Chest CT indicated different degrees of lobar pneumonia and pleural effusion in all patients, and biochemical results implied exudative effusion according to Light criteria. Most routine culture results were negative. Among bacteria identified by mNGS, Fusobacterium nucleatum (n=9) was the most common, followed by Parvimonas micra (n=7) and Filifactor alocis (n=6). Three patients underwent surgical treatment after applying targeted antibiotics, thoracic puncture and drainage, and fibrinolytic septum treatment. After the adjusted treatment, the number of white blood cells, neutrophils, and lymphocytes decreased significantly, indicating the eradication of the infection.



Conclusions

Improving the vigilance of atypical people suffering from aspiration pneumonia is essential. The mNGS detection of pleural effusion clarified the microbial spectrum of aspiration pneumonia, allowing targeted antibiotic administration.





Keywords: aspiration pneumonia, pleural effusion, mNGS, oral colonization bacteria, diagnosis



Introduction

Aspiration is inhaling gross oropharyngeal or gastric contents into the larynx and lower respiratory tract (Neill and Dean, 2019). Aspiration pneumonia is an infection caused by the inhalation of oropharyngeal secretions colonized by pathogenic bacteria or a chemical inflammation caused by the inhalation of aseptic gastric contents (Marik, 2001; Mandell and Niederman, 2019). The diagnosis of aspiration pneumonia can be challenging in the absence of apparent aspiration and other risk factors. When aspiration pneumonia is complicated by pleural effusion, the mortality rates increase compared to those who do not have pleural effusion, making diagnosis and treatment even more crucial for clinicians (Dean et al., 2016). Additionally, prophylactic use of antibiotics in aspiration pneumonitis does not improve outcomes and may drive resistance (Dragan et al., 2018; Neill and Dean, 2019). Conversely, inadequate empirical antibiotic treatment is also an independent contributor to mortality (Maskell et al., 2006). Therefore, improving the diagnostic rate of aspiration pneumonia and understanding the bacteriology of pleural infection in aspiration pneumonia should improve therapeutic decision-making.

Anaerobic bacteria play an important role in oral microbiota (Tanner and Stillman, 1993). However, traditional cultural microbiological methods for isolation and identification can be time-consuming and laborious. Metagenomic next-generation sequencing (mNGS) has been widely used to rapidly identify potential pathogens to reduce improper empirical antibiotic treatment. We conducted a single-center retrospective study to investigate the role of mNGS of parapneumonic pleural effusion in diagnosing and treating the infection in aspiration pneumonia.



Methods


Patients and sample collection

This study included ten aspiration pneumonia patients who underwent mNGS detection of pleural effusion during admission to the Second Hospital of Jilin University between November 2020 and March 2022. The clinical data and basic information such as sex, age, height, and weight were extracted from electronic medical records. The laboratory test results such as routine blood, pleural effusion biochemistry, procalcitonin (PCT), C-reactive protein (CRP), erythrocyte sedimentation rate (ESR), comprehensive computed tomography (CT), and arterial blood gas analysis were also collected. Blood samples were cultured for aerobic and anaerobic organisms, but pleural effusion and sputum were only cultured for aerobic organisms. The mNGS procedures, including nucleic acid extraction, library construction, shotgun sequencing by illumination NextSeq 550DX, and bioinformatics analysis, were carried out by WillingMed Technology Co, Ltd (Beijing, China). If the number of qualified reads was greater than or equal to 10, it indicated pathogenic bacteria.



The mNGS procedures

The mNGS procedures include nucleic acid extraction, library construction, shotgun sequencing by illumination NextSeq 550DX, and bioinformatics analysis. DNA library was prepared by automatic nucleic acid extraction, enzymatic fragmentation, end repair, terminal adenylation, and adaptor ligation. Finished libraries were quantified and normalized by real-time PCR (KAPA) and pooled. Shotgun sequencing was carried out on Illumina NextSeq. Approximately 20 million 50bp single-end reads were generated for each library. During Bioinformatic analysis, sequences of human origin were filtered (GRCh38.p13), and the remaining reads were aligned to a reference database (NCBI nt, GenBank, and in-house curated genomic database) to identify the microbial species and read counts. A negative control (culture medium containing 104 Jurkat cells/mL) was included for each sequencing run. Microbial reads identified from a library were reported if: 1) the sequencing data passed quality control filters (library concentration > 50 pM, Q20 > 85%, Q30 > 80%); 2) negative control (NC) in the same sequencing run does not contain the species or the RPM (sample)/RPM (NC) ≥ 5, which was determined empirically as a cutoff for discriminating true-positives from background contaminations.



Ethics statement

This study was approved by the Ethics Committee of the Second Hospital of Jilin University (approval number: 2022-186). Written informed consent was exempted from ethical review as it was a retrospective study and patient data were anonymized.



Statistical analyses

We used the Shapiro-Wilk test to assess whether quantitative variables were normally distributed. We present normally distributed continuous variables as mean ± standard deviation. Non-normally distributed continuous variables are presented as the median and interquartile range (IQR). Categorical variables are presented as counts and percentages. For laboratory results, we also assessed whether there were differences before and after treatment. Paired-samples T-test and Wilcoxon signed-rank test were used for normally and non-normally distributed continuous variables, respectively. A P-value below 0.05 was defined as significant. We used SPSS (version 22.0) and Graphpad Prism (version 8.0) for all analyses.




Results


Clinicopathological information

Nine males and one female were included, aged between 33 and 69 years (average age of 53.4 years). The BMI was between 21.38 and 28.9 (average 23.856), with two values exceeding 25. As shown in Table 1, four patients had hypertension, two had previous cerebral infarction, one had bronchiectasis, one had diabetes, one had coronary heart disease, one had obsolete pulmonary tuberculosis, and the other four were in good health. Five patients had a long-term history of smoking, and four had a long-term history of drinking, with one drinker reporting increased chest pain after drinking and one vomiting during the disease. On admission, all patients had chest pain, fever, and cough, with most of them having expectoration and only one having a dry cough. Two patients gradually developed malodorous sputum during the disease. One patient had hemoptysis, and two had chills before the fever. All patients had hypoxemia, as determined by arterial blood gas analysis.


Table 1 | Patients’ characteristics upon admission.





Laboratory tests

The laboratory tests revealed elevated white blood cell, neutrophil, and CRP levels in all patients. Furthermore, ESR increased in eight patients (the other two were not tested), and procalcitonin increased in only one. All patients underwent therapeutic thoracocentesis drainage. All biochemical test results implied exudative effusion according to Light criteria. Chest CT indicated different degrees of lobar pneumonia and pleural effusion in all patients, with two having hydropneumothorax. The blood cultures of seven patients and blood mNGS of two patients were negative. All patients had sputum smears, sputum culture, and pleural effusion culture; the results of four patients’ sputum cultures showed Candida albicans. The patients did not undergo bronchoscopy for personal or physical reasons (Table 1, Table 2). The patients’ pleural effusion samples were sent for mNGS, which reported oral colonization bacterial infection. Figure 1 shows the types of oral colonization bacteria. Among pathogens detected by mNGS, Fusobacterium nucleatum (n=9) was the most common bacteria, followed by Parvimonas micra (n=7) and Filifactor alocis (n=6). Figure 2 depicts in detail the mNGS results that revealed the relative abundance of various pathogens in each patient’s pleural effusion.


Table 2 | Patients’ characteristics and laboratory findings upon admission.






Figure 1 | Species distribution of pathogens detected by pleural effusion mNGS.






Figure 2 | Species distribution and relative abundance of pathogens detected by pleural effusion mNGS.





Treatments and outcome

Upon admission, all patients received empirical anti-infective treatment. As shown in Table 3, all patients received carbapenem, seven received additional moxifloxacin (1 patient was considered a case of tuberculous pleural effusion at that time), two patients received additional ornidazole, and one received linezolid for suspected drug-resistant bacterial septicemia. At the same time, each patient received multiple intrapleural irrigations with urokinase and gentamicin. After reviewing the pleural effusion mNGS results, aspiration pneumonia in these patients was confirmed, and antibiotic treatments were adjusted. In addition to the two patients who had already received ornidazole at the time of admission, six of the remaining eight received additional ornidazole. Of the last two patients, one patient’s primary care physician continued treatment with meropenem considering its ability to cover anaerobic bacteria, and the other underwent surgery for prolonged fever, during which a beta-lactamase inhibitor was administered. Seven patients’ imaging and clinical manifestations gradually improved compared to those at admission. The remaining two patients without apparent improvement (including one without ornidazole) were eventually discharged after surgical treatment. Figure 3 compares laboratory indices before and after the adjusted treatments. Figure 4 shows the patient’s chest CT from admission to discharge. The number of white blood cells, neutrophils, and lymphocytes decreased significantly, absorption of pulmonary inflammation, and decreased pleural effusion, indicating the infection’s eradication.


Table 3 | Antibiotics used before and after mNGS.






Figure 3 | Comparison of laboratory indices before and after treatment. P values are presented for the Mann-Whitney test and the t-test for paired samples. WBC, white blood cell; NEU, neutrophils; LYM, lymphocyte; MON, mononuclear cell; HB, hemoglobin; PLT, platelets.






Figure 4 | The CT scan of aspiration pneumonia. Chest CT of a patient who was in good health showed moderate right-sided pleural effusion on the day of admission (A) and a significantly reduced, small amount of right-sided pleural effusion before discharge from the hospital (B). Chest CT of a patient with hypertension, and previous cerebral infarction showed inflammation of the left lower lobe of the lung on admission (C) and partial absorption after targeted antibiotic treatment for two months (D). Chest CT of a patient showed a large area of inflammation and a partial cavity in the right lung on the day of admission (E); the inflammation was partially absorbed, but the cavity became larger after targeted antibiotic treatment (F), and smaller after absorption of inflammation postoperatively (G).






Discussion

Traditionally, a characteristic clinical history (witnessed macro aspiration), risk factors, and compatible findings on chest radiography constitute the diagnostic criteria of aspiration pneumonia (Mandell and Niederman, 2019). However, in most cases, patients with aspiration pneumonia lack an apparent history of aspiration (Huxley et al., 1978). Risk factors for aspiration include advanced age, oropharyngeal dysphagia, oral bacterial colonization, gastroesophageal disorders, neurological disorders, stroke, altered mental status, use of sedatives, hypnotics, or psychotropic drugs, obstructive sleep apnea, and other special circumstances (Beal et al., 2004; Almirall et al., 2021). Studies have shown that all healthy individuals frequently inhale pharyngeal secretions during deep sleep (Almirall et al., 2021), and whether this results in lung infection depends on the host’s defense mechanism. But it is difficult to distinguish bacterial aspiration pneumonia from chemical aspiration pneumonia by clinical manifestations alone. Previous studies have used alpha-amylase levels, bronchoalveolar lavage cultures, and serum procalcitonin levels to distinguish infectious pneumonia from non-infectious pneumonia (El-Solh et al., 2011; Weiss et al., 2013).Nevertheless, these methods failed to produce the desired results. Furthermore, the imaging findings, usually related to gravity, could not clearly show the condition, probably because of the patients’ activities during the disease or the variable use of antibiotics before admission. The factors mentioned above can easily lead to misdiagnosis and missed diagnosis of aspiration pneumonia or difficulty determining whether it is infectious aspiration pneumonia.

Sputum smears and cultures have traditionally been used to identify the infectious pathogen of aspiration pneumonia, but sampling from the microbial-rich nasal cavity or distal airways of the mouth through the pharynx is prone to contamination. Some studies have used bronchoalveolar lavage fluid (BALF) culture to distinguish bacterial pneumonia from non-infectious pneumonia (chemical and mild aspiration pneumonia) (Ferreiro et al., 2015). When pleural effusion complicates aspiration pneumonia, the mortality rate increases. Without appropriate antibiotic treatment, a simple parapneumonic effusion (SPPE) may progress to a fibrinopurulent stage (complicated parapneumonic effusion or empyema) with low pH (<7.20), low glucose levels (<60 mg/dl) and high lactate dehydrogenase (LDH), indicating bacterial migration to the chest’s pleural space, a severe condition associated with increased morbidity and mortality (Sahn, 2007). At this time, pleural effusion culture is often used. However, infectious aspiration pneumonia is usually caused by oral colonization anaerobes, such as Parvimonas micra, Fusobacterium nucleatum, Prevotella intermedia, Prevobacter, and Streptococcus intermedius (Scannapieco, 1999), which can cause pleural effusion (Cobo et al., 2017; Brennan and Garrett, 2019; Galliguez et al., 2021). Anaerobes are difficult to culture and isolate because their fastidious nature requires specific inoculation methods and culture equipment.

Moreover, the culture requires a long time, and the clinical antibiotic adjustment feedback lags behind. As a new pathogen detection method, mNGS has been gradually introduced into clinical practice, outperforming conventional detection methods (Huang et al., 2021). Lately, mNGS has provided a promising means for pathogen-specific diagnosis and enhanced diagnostic strategy for lower respiratory tract infections. mNGS can be used in a wide range of specimen types (sputum, throat swab, blood, alveolar lavage fluid, pleural fluid), and it can directly carry out high-throughput sequencing of nucleic acids in clinical samples without distinction and selection (Zheng et al., 2021). Because human lungs are not entirely aseptic (Huffnagle et al., 2017; Cookson et al., 2018), the mNGS of BALF sampled is inevitably disturbed by the normal colonization of microorganisms. In contrast, the pleural cavity has less background miscellaneous bacteria, resulting in less interference and higher accuracy in interpreting mNGS results. In addition, patients experienced less trauma during diagnostic thoracic puncture than during bronchoscopy alveolar lavage.

In the present study, the mNGS detection of pleural effusion clarified the microbial spectrum, confirming the diagnosis of infectious aspiration pneumonia and facilitating the administration of targeted antibiotics. Ornidazole effectively treats anaerobic infection (Pradeep et al., 2012). Anaerobes often coexist with aerobes, so effective antibiotics against both infectious pathogens were used, such as carbapenem antibiotics and quinolone antibiotics (Brook, 2011; Noguchi et al., 2021). It is worth noting that patients who do not receive ornidazole have a higher rate of surgery, but more data are needed to validate this finding. The recurrent fever, leukocytosis and/or elevated C-reactive protein (CRP), and a considerable amount of residual pleural effusion, revealed by radiological examinations, always indicate the failure of fibrinolysis therapy. At this time, surgical intervention should be considered without further delay to improve the survival rate of patients (Ferreiro et al., 2015), In this study, the white blood cell count, neutrophil count, CRP, ESR, and other indices were significantly lower than those at admission, and the total leukocyte count in one patient was higher than that before admission; considered the postoperative stress state.

This study has several limitations. First, the small sample size could have introduced some degree of bias. Second, because this was a retrospective study, some clinical indicators were missed. As a result, comparing the before and after changes in some indicators, such as the nature of the pleural effusion, the level of ESR, and so on, in some patients is difficult. Moreover, due to the high sensitivity of mNGS, its specificity is lower than that of traditional cultural microbiological methods, necessitating validation tests for mNGS. The ability of mNGS to differentiate pathogens from normal microorganisms, and environmental pollutants to guide diagnosis and treatment is a challenge for future clinical research (Han et al., 2019). To compensate for the aforementioned limitations, prospective follow-up research is worthwhile.



Conclusions

Even without a history of aspiration, risk factors, and typical imaging findings, patients with acute chest pain, fever, exudative pleural effusion, elevated leukocytes, CRP, and ESR levels should have a low threshold for aspiration pneumonia diagnosis. Due to its high sensitivity, specificity, and less trauma, mNGS detection of pleural effusion has a good application prospect in the accurate diagnosis of aspiration pneumonia for improving the prognosis of patients. However, it has some shortcomings, such as high cost and false-negative results in simple parapneumonic effusion. Therefore, reasonable standardized clinical guidelines and protocols should be produced to promote mNGS use in clinical practice.
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Background

Human parvovirus B19 (HPV B19) is a single-stranded DNA virus. The detection rate of HPV B19 in the blood of healthy blood donors using PCR technology was reported to be 6.323/100000. However, that among hospitalized patients suspected of being infected with a pathogenic microorganism is unknown.



Methods

A retrospective analysis was conducted on 2,182 high-throughput NGS results for 1,484 inpatients admitted to the First Affiliated Hospital of Zhengzhou University from January 2020 to October 2021 who were suspected of being infected with a pathogenic microorganism, as well as on clinical data of some HPV B19-positive patients.



Results

Human parvovirus B19 was detected in 39 samples from 33 patients. The positivity rate was 2.22% among patients and 1.78% among samples. HPV B19 was detected in 20 cerebrospinal fluid samples, 13 blood samples, 3 alveolar lavage fluid samples, 2 tissue samples, and 1 throat swab. Based on clinical symptoms and NGS results, 16 patients were diagnosed with HPV B19 infection. The number of HPV B19 sequences in these patients was greater than 6, and the patients showed common symptoms such as fever (14 cases), anemia (11 cases), and severe nervous system symptoms such as meningoencephalitis (9 cases) and Guillain–Barré syndrome with peripheral motor and sensory nerve axon damage (4 cases). All 16 patients had experienced events likely to lead to decreased immunity (11 had a history of trauma/surgery/major disease, 4 had a history of precursor infection, and 3 had used immunosuppressants) and 7 had a history of blood transfusion during hospitalization. After treatment with antiviral drugs (12 cases) and intravenous human immunoglobulin (3 cases), of the 16 patients, 14 patients improved.



Conclusion

The HPV B19 infection rate in hospitalized patients suspected of microbial infection was 2.22%. Most patients with HPV B19 infection had a history of low immunity and blood transfusion. HPV B19 could be detected in various bodily fluids and tissues (especially cerebrospinal fluid) using NGS. Patients with severe HPV B19 infection may have nervous system damage such as Guillain–Barré syndrome and meningoencephalitis. Early diagnosis using NGS and treatment with antiviral drugs and immunoglobulin can improve prognosis.





Keywords: human parvovirus B19, next-generation sequence, encephalitis, nerve damage, transfusion



1 Introduction

Human parvovirus B19 (HPV B19) is a single-stranded DNA virus belonging to the genus Erythrovirus in the family Parvoviridae. It was first identified in blood donor serum Cossart et al, 1975 (Cossart et al., 1975) and has since been associated with infectious erythema, fetal edema, chronic pure red cell aplastic anemia, transient aplastic anemia crisis, acute encephalitis, and encephalopathy. HPV B19 can be transmitted through the respiratory tract, blood transfusion, and organ transplantation, among other routes. Kooistra et al. reported that 411 (6.323/100000) blood samples from 6.5 million healthy blood donors had HPV B19 DNA levels higher than 106 IU/mL (Kooistra et al., 2011), suggesting that HPV B19 may be latent in healthy people. A study on HPV B19 detection of Chinese source plasma pools showed that some source plasma pools were contaminated by viruses. HPV B19 contamination of blood products may also be the main reason for the high positive rate of HPV B19 (Jia et al., 2015). When immunity is compromised, HPV B19 infection can result in serious clinical consequences. In the nervous system, symptoms primarily present as meningoencephalitis, and mostly in individual cases (Heegaard and Brown, 2002; Young and Brown, 2004). The detection rate of HPV B19 infection among hospitalized patients suspected of infection with a pathogenic microorganism, especially those with severe disease or undergoing major surgery, remains unknown.

The detection methods used in previous studies mainly included virus isolation and PCR-based detection of viral DNA. However, the clinical application of metagenome next-generation sequencing (mNGS) has greatly improved the detection rate of microbial infection in patients and has also enabled early diagnosis and treatment. It has been reported that one case of acute viral encephalitis caused by HPV B19 infection was detected by mNGS. Previous studies were mostly case reports, with fewer case series (Cao and Zhu, 2020).



2 Materials and methods

From January 2020 to October 2021, the First Affiliated Hospital of Zhengzhou University sent 2,182 samples from 1,484 hospitalized patients suspected of being infected with a pathogenic microorganism for high-throughput NGS based on the Illumina platform at Beijing Genskey Medical Technology Co., Ltd. Microbial nucleic acid sequences in the samples were compared with those of existing microorganisms in the database for identification. The clinical manifestations and laboratory indicators of the identified HPV B19-infected patients were analyzed. If the clinical manifestations were consistent with those of HPV B19 infection, a diagnosis of clinical HPV B19 infection was made. The clinical data of HPV B19-positive cases were also analyzed, The sequenced data have been deposited into the National Center for Biotechnology Information (NCBI) BioProject database with SRA accession number SRP408229.


2.1 Ethics statement

This study was approved by the Ethics Committee of the First Affiliated Hospital of Zhengzhou University (2021-KY-0967).




3 Results

A total of 2,182 samples from 1,484 hospitalized patients suspected of being infected with a pathogenic microorganism were submitted for examination. Of the 2,182 samples, 887 (40.7%) were of cerebrospinal fluid, 654 (30.0%) were of blood, 372 (17.0%) were alveolar lavage fluid samples, 77 (3.5%) were tissue samples, 50 (2.3%) were sputum samples, 28 (1.3%) were of pus, 22 (1.0%) were pleural fluid samples, 18 (0.8%) were of ascites, 8 (0.4%) were pericardial effusion samples, 5 (0.2%) were throat swabs, 4 (0.2%) were urine samples, and 57 (2.6%) were of other types. Among the 1,484 inpatients suspected of microbial infection, 33 were positive for HPV B19 infection based on NGS results, representing a positivity rate of 2.22%. Among the 2,182 samples, 39 were positive for HPV B19, denoting a positive rate of 1.78%. Of these, 20 were cerebrospinal fluid samples from 18 patients, 13 were blood samples from 11 patients, 3 were alveolar lavage fluid samples from 3 patients, 2 were tissue samples from 2 patients, and 1 was a throat swab from 1 patient.

The number of HPV B19 read counts in the 33 patients with HPV B19 infection ranged from 1 to 1×107. Sixteen patients showed clinical symptoms of HPV B19 infection, such as fever, anemia, and nervous system involvement, to varying degrees and were diagnosed with clinical HPV B19 infection. The number of HPV B19 sequences in the 22 samples from these 16 patients (11 cerebrospinal fluid samples, 9 blood samples, 1 alveolar lavage fluid sample, and 1 throat swab) was ≥6. The number of HPV B19 sequences in the 17 samples from the other 17 patients (9 cerebrospinal fluid samples, 4 blood samples, 2 alveolar lavage fluid samples, and 2 tissue samples) was ≤3 and the clinical symptoms were not, or could not be determined to be, associated with parvovirus infection (Figure 1).




Figure 1 | Patient screening flowchart.



Of the 16 patients diagnosed with HPV B19 clinical infection, 10 were male and 6 were female. All 16 patients had experienced events leading to decreased immunity (4 cases of pre-infection, 11 cases of early disease, 6 cases of surgery, 3 cases of immunosuppressant use, and 1 delivery) while 7 had a history of blood transfusion during hospitalization. The clinical manifestations related to HPV B19 infection included 13 cases of fever, 11 cases of anemia (HPV B19 viremia), 9 cases of meningoencephalitis, and 4 cases of peripheral nerve damage (Guillain–Barré syndrome [GBS]). Case 1 had meningoencephalitis with GBS and HPV B19 viremia. Among the 16 patients, 12 were admitted to the neurological ICU and showed neurological signs and symptoms (Table 1).


Table 1 | Clinical data of patients infected with human parvovirus B19.



Twelve patients were treated with ganciclovir or penciclovir and 3 were treated with human immunoglobulin. Fourteen patients were discharged with improvement.

The six patients positive for HPV B19 in blood all had a history of blood transfusion. Five of these patients had more than 100 viral sequences in their blood and their symptoms appeared after blood transfusion. Among the nine patients positive for HPV B19 in cerebrospinal fluid, only two had a history of blood transfusion. The number of HPV B19 sequences in the cerebrospinal fluid of case 6, who had no history of blood transfusion, was significantly higher than that in blood, while the number of HPV B19 sequences in the blood of case 1, who had a history of blood transfusion, was significantly higher than that in cerebrospinal fluid. Both patients had a fever and decreased hemoglobin. (See supplementary materials for some medical records)



4 Discussion

Our results showed that, at approximately 2.22%, the HPV B19 infection rate in hospitalized patients suspected of microorganismal infection as detected by NGS was higher than that previously reported for healthy blood donors based on PCR technology. Hospitalized patients with low immunity were at greater risk of HPV B19 infection. Besides fever and anemia, nervous system involvement was also a primary clinical manifestation of HPV B19 infection. This may have been due to HPV B19 entering the brain via the blood–brain barrier or latent HPV B19 reactivation in the nervous system. For patients with a very high number of viral sequences, the possibility of infection via blood transfusion could not be excluded. Through the application of antivirals (ganciclovir) and/or immunoglobulin therapy, most patients achieved a good prognosis.


4.1 The detection rate of HPV B19 infection can be improved by screening samples of hospitalized patients with suspected infection using NGS

We found that the detection rate of HPV B19 infection by NGS in hospitalized patients suspected of microorganismal infection was 2.22%, which is higher than that reported for PCR-based detection of HPV B19 in serum (0.6%–0.003%) (Heegaard and Brown, 2002). Several reasons may explain this difference. Testing for HPV B19 DNA has traditionally been performed on volunteer blood donors, whereas our subjects were hospitalized patients suspected of infection. This suggests that the infection rate of HPV B19 is higher in hospitalized patients suspected of infection than in healthy people, and vigilance against HPV B19 infection in such patients must be strengthened. In this study, the patients with HPV B19 infection all had experienced events leading to decreased immunity, such as more serious early disease, history of surgery, history of precursor infection, and history of immunosuppressant use. These observations suggest that low immunity is the main factor underlying susceptibility to HPV B19 infection. NGS has high detection accuracy and sensitivity, and can thus improve the detection rate of viruses, help with diagnostic and treatment decisions, and can also aid in the evaluation of treatment effects through the dynamic monitoring of the viral load of patients. Although NGS can improve the efficiency and accuracy of diagnosis, its high cost and technical requirements limit its possibility as a census item. For practical purposes, the samples tested in this study included cerebrospinal fluid, blood, tissue, and respiratory secretions. The samples were derived from a wide range of sources, which likely improved the detection rate among hospitalized patients suspected of infection.



4.2 Possible pathways by which HPV B19 enters the nervous system

In this study, NGS was used for the first time to quantify the number of HPV B19 sequences in the cerebrospinal fluid of patients. The number of viral sequences in the cerebrospinal fluid of some patients was very high, suggesting that HPV B19 may directly enter the central nervous system. Of the 16 patients diagnosed with HPV B19 clinical infection in this study, 12 had nervous system involvement. This indicated that the nervous system was vulnerable to infection by HPV B19, which enriches the infection range of parvoviruses. Previous study showed that nervous system symptoms caused by HPV B19 infection were meningoencephalitis (Watanabe and Kawashima, 2015) and Guillain–Barré syndrome (Minohara et al., 1998), and most cases are confirmed by the detection of viral DNA or antibody in blood, in a few cases, HPV B19 DNA is also detected in cerebrospinal fluid (Watanabe and Kawashima, 2015). Given its high detection sensitivity, NGS technology has improved the HPV B19 detection rate in cerebrospinal fluid, and is helpful for the diagnosis of patients with central nervous system HPV B19 infection.

There are two possible mechanisms via which HPV B19 can affect the central nervous system. The first involves directly transversing the blood–brain barrier. In this study, 12 patients had nervous system symptoms, and a greater number of HPV B19 sequences was detected in the cerebrospinal fluid than in the blood of these patients, with viral sequence coverage of some patients exceeding 90% (Figure 2). The number of HPV B19 sequences in the blood of case 1 was higher than that in cerebrospinal fluid, suggesting that the virus in the blood may enter the central nervous system through the blood–brain barrier. The second involves the activation of latent virus. However, there is a lack of direct results of animal or cell experiments. It is expected that more researchers will carry out experimental verification for the above conjecture. The 12 patients presenting with meningoencephalitis or GBS in this study all had severe pre-existing diseases, a history of surgery, prodromal infection, a history of immunosuppressant use, or any other condition that lowered their immune functions. Some patients (cases 3, 4, 11, and 14) did not have anemia but had evident neurological symptoms. HPV B19 has been reported in blood, bone marrow, fetal liver, and other tissues and organs of healthy blood donors (Heegaard and Brown, 2002). Accordingly, it cannot be excluded that HPV B19 could also colonize the central nervous system during infection, and the associated symptoms may be caused by the activation and proliferation of latent HPV B19 under conditions of diminished immunity.




Figure 2 | Parvovirus B19 genome coverage of case 1. (A) Blood on August 19, 2020; reads count: 13,953,069, genome coverage: 100% (5596/5596). (B) Blood on August 22, 2020; reads count: 9,006,108, genome coverage: 100% (5596/5596). (C) Blood on August 31, 2020; reads count: 955, genome coverage: 98.427448% (5508/5596). (D) Cerebrospinal fluid on August 28, 2020; reads count: 832, genome coverage: 91.976412% (5147/5596).





4.3 The possible mechanism of HPV B19 infection in hospitalized patients suspected of infection

HPV B19 shows a marked tropism for erythroid progenitor cells by combining with cell receptor P antigen (Brown et al., 1993), Eleven of the 16 patients diagnosed with HPV B19 clinical infection in this study developed anemia, and the proportion of anemia due to HPV B19-mediated erythrocyte damage was high. This may be related to the fact that the patients in this study experienced events that led to a decline in immunity and could not produce protective antibodies in time. Under these conditions, the virus continued to replicate and proliferate, resulting not only in anemia but also in damage to the nervous system. Eight patients in this study had more than 100 viral sequences, 6 had viral encephalitis, and 2 had GBS. The number of viral sequences in cerebrospinal fluid was also high. These findings suggest that the virus can directly damage the nervous system. One study reported that HPV B19 can directly invade the central nervous system and that the viral load in cerebrospinal fluid is related to the clinical symptoms of encephalitis in patients (Oshima et al., 2008). In this study, the levels of the cytokines IL-6 and IL-8 in the cerebrospinal fluid of cases 1, 3, and 10 were significantly increased than normal(Table 2), suggesting that inflammatory cytokines may also play an important role in HPV B19-mediated damage to the nervous system (Zang et al., 2021; Amorim et al., 2022). Humoral immunity may also be involved in the damage to the nervous system. Four patients in this study had GBS, and electromyography suggested that the damage to the peripheral nerves involved not only the myelin sheath but also more extensively the axons. The rate of cerebrospinal fluid synthesis in the sheath was increased in three patients. Studies have shown that the pathogenesis of GBS is mostly related to antibody-mediated humoral immune damage (Willison et al., 2016). In brief, the mechanism underlying how HPV B19 damages the nervous system may be due to direct effects, cytokine storm, or the production of pathogenic antibodies (Barah et al., 2003; Douvoyiannis et al., 2009; Barah et al., 2014).


Table 2 | Results of the levels of lymphocyte subsets and cytokines in patient 1.





4.4 The treatment of HPV B19 clinical infection in hospitalized patients suspected of infection

There is as yet no consensus regarding the treatment of HPV B19 clinical infection. However, studies have shown that intravenous injection of human immunoglobulin or glucocorticoid can achieve partial effects (Watanabe and Kawashima, 2015). In this study, 12 patients were treated with ganciclovir or penciclovir, and 10 achieved satisfactory results. Those that did not (cases 1 and 2) had a serious disease in the early stages of infection, which masked the symptoms of viral infection. Diagnosis was delayed and antiviral treatment was started relatively late, resulting in a high viral load. As nucleotide triphosphate analogs, ganciclovir can competitively bind with viral DNA polymerase and thereby preventing the replication of the virus (Jockusch et al., 2020). Ganciclovir and IVIG have a good effect in treating encephalitis and GBS caused by other virus (Miao et al., 2021; Zang et al., 2021). In this study, 2 patients were administered ganciclovir/penciclovir combined with human immunoglobulin for the treatment of GBS caused by HPV B19 infection, with good results, suggesting that the ganciclovir/human immunoglobulin combination has the potential for use in the treatment of patients with HPV B19 clinical infection.



5 Conclusion

The infection rate of HPV B19 among hospitalized patients suspected of microorganismal infection was found to be 2.22%. Most patients with HPV B19 infection had a history of low immunity and blood transfusion. HPV B19 can be detected in various bodily fluids and tissues using NGS. Patients with severe HPV B19 infection may present with nervous system involvement, such as GBS and meningoencephalitis. Early diagnosis via NGS and treatment with antiviral drugs and/or immunoglobulin can improve prognosis. The incidence rate of parvovirus infection is low, and there are few clinical cases. This study is a retrospective analysis of small samples, lacking control, and only statistical description has been carried out. More researchers need to cooperate for further research.
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Introduction

Enterocytozoon bieneusi (E. bieneusi) Microsporidia can cause opportunistic infections in immunocompromised patients and is also an emerging disease in these individuals. Its clinical manifestations are chronic diarrhea and severe wasting syndrome, these can be extremely debilitating and carry a significant risk of death for immunocompromised patients. Often, microsporidia cannot be confirmed immediately by routine examination and culture. Effective and available treatment options are limited for infections caused by E. bieneusi in humans. Such cases are very rare in Chinese Mainland.



Case presentation

A 47-year-old male had recurrent, profuse watery diarrhea and abdominal discomfort for more than 7 months, with a fever for 5 days. Two years earlier, he received treatment with a modified BFM-90 protocol for acute B cell lymphoblastic leukemia and is currently in the final stages of maintenance therapy with oral methotrexate and mercaptopurine. The leukemia was assessed as still in remission two months ago. PET/CT showed massive peritoneal fluid accumulation and a high uptake area in the diffused peritoneum (SUVmax 12.57), suggesting tumor invasion or microbial infections. However, broad-spectrum antibacterial therapies were ineffective. Metagenomic sequencing of plasma and peritoneal fluid showed no suggestion of the existence of a tumor but instead showed a high sequence number of DNA and RNA of the Microsporidia. His albendazole treatment failed and subsequent treatment with nitazoxanide successfully resolved the infection.



Conclusion

This case shows that we should consider the possibility of atypical pathogen infection in patients with hematologic malignancy who repeatedly develop unexplained diarrhea with wasting. mNGS can help rule out malignant neoplasms and diagnose infections. Our results suggest that nitazoxanide effectively treats E. bieneusi microsporidia infections.
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Introduction

Microsporidiosis is a frequent enteric infection affecting patients with AIDS and immunocompromised individuals worldwide (Checkley et al., 2015). E. bieneusi is the most common cause of microsporidiosis in humans. The most common clinical manifestation is diarrhea and weight loss (Kotler and Orenstein, 1998). Infections in normally immunocompetent mammals are usually chronic and asymptomatic, whereas immunodeficient hosts often develop fatal infections (Texier et al., 2010). Digestive symptoms caused by microsporidium infection in HIV-infected patients or organ transplant recipients have been widely reported (Desportes et al., 1985; Dieterich et al., 1994; Bicart-Sée et al., 2000; Pomares et al., 2012). However, there are few reports on microsporidiosis in patients with hematopoietic diseases. Although such cases have been reported sporadically all over the world, but very rare in Chinese Mainland. Traditional culture and routine stool detection are often negative, multiple detection methods are either indiscriminating microsporidia, time-consuming, or cannot be carried out in many health care settings (Han et al., 2021). There is no clear consensus for treatment of microsporidiosis.

We report a case of a 47-year-old patient with B-cell acute lymphoblastic leukemia (B-ALL) who presented with an E. bieneusi gastrointestinal infection diagnosed by peritoneal effusion mNGS, which was successfully treated with nitazoxanide.



Case report


Case presentation

A 47-year-old male was hospitalized on February 4, 2022, presenting with recurrent diarrhea for more than 7 months and with a fever for 5 days (highest temperature of 38.3°C). The patient reported about five yellow watery stools per day, accompanied by nausea, abdominal distension, and poor appetite. The patient had a weight loss of more than 10 kilograms in 6 months. The source of this patient’s microsporidium infection was unclear. For the past year, his travel had been limited to Guangdong Province in China. He was diagnosed with B-ALL in July 2019. He had previously received more than 10 antileukemia combination chemotherapies following the modified Berlin-Frankfurt-Munster 90 (BFM-90) protocol (Rajendra et al., 2021) for acute lymphoblastic leukemia, beginning in March 2020 with long-term oral methotrexate (MTX, 20 mg/m2, once a week) and 6-mercaptopurine (6-MP, 50 mg/m2, once a day) as maintenance chemotherapy. Approximately 1 month and 6 months after the initial symptoms of diarrhea, the patient underwent colonoscopy and gastroscopy, respectively, which showed no obvious abnormal lesions. During the period of diarrhea, repeated culture and routine detection of stool, several bone marrows punctures and a positron emission tomography/computed tomography (PET-CT) examination were performed, and no evidence of tumor recurrence was found.

At admission, the patient was dehydrated and had abdominal distention and pain; taking MTX and 6-MP at the time. Laboratory analyses showed lymphocytopenia (0.103×109/L), with macrocytic and moderate anemia (hemoglobin concentration was 86 g/L, the mean erythrocyte volume was 113 fl), C-reactive protein level was 148 mg/L, procalcitonin was 0.272 ng/ml. His CD4 and CD19 counts were 31 cells/µl (24.3%) and 5 cells/µl (4%) in the peripheral blood, respectively. Stool routine, urine routine, stool culture, urine culture, blood culture, Widal test, waffian reaction, anti-nuclear antibody, anticardiolipin antibody, antineutrophil cytoplasmic antibody, G and GM test, T-spot TB test, EB virus, and cytomegalovirus DNA were all negative. The smear of the stool followed by Wright’s stain had also been performed, and a small number of spores were observed under a light microscope, but it could not confirm the species of spores. The liver and kidney functions were normal and the albumin level was 19.1 g/L. Bone marrow smear and flow cytometry examination showed no abnormalities.

Physical examination revealed that the patient had an unwell and anemic appearance, unpalpable superficial lymph nodes, abdominal distention, abdominal muscle tension, tenderness, shifting dullness, and slight edema of the lower limbs. The cardiopulmonary examination was unremarkable.

Based on these tests above, the diagnosis of local or systemic bacterial, viral, fungal and tuberculosis infection was not supported, nor was the evidence of tumor recurrence.



Initial treatment

The patient immediately stopped taking oral chemotherapy for leukemia, was first administered piperacillin/tazobactam, amikacin and caspofungin, and was treated symptomatically with intravenous fluids, antidiarrheal, probiotics, folic acid and vitamin B12. Fever still occurred 5 days after treatment, the highest temperature was 38.4°C, and his diarrhea remained uncontrolled (approximately 5 liquid bowel movements per day). Abdominal distension, abdominal pain, and other related symptoms did not improve. Routine blood and biochemical examinations showed no apparent changes.



PET-CT

Due to a lack of response from the previous antibiotic treatment, the patient underwent another full-body PET-CT, which revealed elevated glucose metabolism throughout the peritoneum (standardized uptake value (SUV) max=12.57) and part of the penis (SUVmax=13.41) and massive peritoneal effusion with peritonitis, suggesting tumor or microbial infiltration (Figure 1A). Then,




Figure 1 | (A) PET scan demonstrating diffuse peritoneal areas of high glucose uptake before treatment. (B) PET/CT scan revealing the decline in glucose metabolism throughout the peritoneal region after treatment.





NGS testing

We performed peritoneal puncture drainage on the patient, peritoneal fluid was obtained from the patient for mNGS testing. E. bieneusi genomic sequences were detected, suggesting a likelihood of infectious disease. The sequencing results were obtained within 24 hours, which revealed E. bieneusi DNA sequence reads was 85, the RNA sequence reads was 3495,the DNA sequences covered 0.20% of the genome (Figure 2A), the RNA sequences covered 2.21% of the genome (Figure 2B). Meanwhile, target gene sequencing and mutational analysis showed no tumor-specific or germline mutations.




Figure 2 | The patient’s ascites mNGS coverages mapped to (E. bieneusi) (DNA/RNA) (A, B).



The patients were evaluated using 475 Lymphoma-related NGS panel. DNA extraction, sequencing library preparation, and targeted capture enrichment were carried out following the methods as previously described with modifications (Tong et al., 2019). Target enriched libraries were sequenced on the HiSeq4000 platform (Illumina). Single-nucleotide variants, indels, structural variants, and copy number changes were identified by validated bioinformatics process from paraffin-embedded tissues (DePristo et al., 2011; Amarasinghe et al., 2013; Newman et al., 2014; Shen and Seshan, 2016). Mutant allele frequency (MAF) cutoff for single-nucleotide variants and indels was defined as 1%. The log2 ratio cut-off for copy number gain was defined as 2.0 for tissue samples. A log2 ratio cut-off of 0.6 was used for copy number loss detection.

The DNA of ascitic fluid extracted using the TIANamp Magnetic DNA Kit (Tiangen) according to the manufacturer’s protocols. DNA libraries were prepared using the KAPA Hyper Prep kit (KAPA Biosystems) according to the manufacturer’s protocols and were 75bp single-end sequenced on Illumina NextSeq 550Dx (Illumina). We use in-house developed bioinformatics pipeline for pathogen identification. Our microorganism genome database contained bacteria, fungi, virus and parasite genomic sequences (download from https://www.ncbi.nlm.nih.gov/).

We used the following criteria for positive results of mNGS:

For Mycobacterium, Nocardia and Legionella pneumophila, the result was considered positive if a species detected by mNGS had a species-specific read number≥1. For bacteria (excluding Mycobacterium, Nocardia and Legionella pneumophila), fungi, virus and parasites, the result was considered positive if a species detected by mNGS had at least 3 non-overlapping reads. Pathogens detected in the negative ‘no-template’ control (NTC) were excluded but only if the detected reads was ≥10-fold than that in the NTC.



Follow-up and outcomes

We attempted to treat the patient with albendazole at 400 mg twice daily for 7 days (14 February to 20 February 2022). The patient became weaker and continued to have severe diarrhea with worsening abdominal distension and pain. Bedside abdominal ultrasound indicated that there was still a large amount of ascites, and more separation bands were visible, which resulted in no peritoneal fluid draining from the abdominal drainage tube. Albendazole tablets probably failed to produce a clinical reaction.

After a review of extensive literature, alternatively, the patient took nitazoxanide (500 mg twice a day for 14 consecutive days) with reported successful treatment in case reports with AIDS and solid tumors after organ transplantation. About three days after the above treatment, his stool began to form and the frequency decreased; he presented no nitazoxanide-related side effects and was discharged home. The patient completed fourteen days of nitazoxanide. A full-body PET-CT was performed more than one month later, which showed a decline in glucose metabolism throughout the peritoneal and penile regions; meanwhile, the ascites had completely resolved (Figure 1B). His CD4 count increased to 297 cells/µl (26.3%) in peripheral blood, and his hemoglobin level was normal. He was successfully treated with nitazoxanide, and the clinical symptoms disappeared.

At the recent follow-up, the patient had no anemia, no fever, no diarrhea, no abdominal pain, no abdominal distension, a normal diet, and sleep. A whole-body contrast-enhanced CT was also obtained on July 11, 2022(approximately 5 months after treatment for Microsporidia), which also showed no abnormalities. Considering that the maintenance treatment of the patient’s leukemia was almost over, the patient was instructed to review the signs and examinations related to leukemia regularly.




Discussion

There are approximately 14 species of microsporidia can infect humans, which are classified as a basic branch of fungi with Cryptococcus (Didier and Weiss, 2006). Microsporidia can affect multiple organ systems, including the bowel, eye, muscle, lung and kidney. E. bieneusi can cause diarrhea, abdominal pain, fever, nausea, malabsorption and weight loss (James et al., 2013; Han and Weiss, 2018). The infection has been described in both immunocompetent hosts and immunocompromised individuals (Al, 2017; Saffo and Mirza, 2019; Daniela et al., 2021; Kwon et al., 2021; Maillard et al., 2021).

According to previous reports, the main risk factor for microsporidiosis, especially in AIDS patients, is cell-mediated immune suppression (Sarfati et al., 2001), individuals with a CD4 T-lymphocyte count below 50 to 100 cells/mm3 are more susceptible to microsporidiosis (Halánová et al., 2019). Our patient had a low CD4 count and suppressed immune function due to long-term oral chemotherapy drugs, consistent with the above study results. Isolation of microsporidia by tissue culture is not helpful for routine clinical diagnosis, and examination of body fluid by light microscopy cannot confirm the species of microsporidia. Chromotrope 2R stains and fluorescent stains are remarkably useful for the diagnosis of microsporidia, however, they are all time-consuming procedures (Franzen and Müller, 1999; Thellier and Breton, 2008). mNGS, as a hypothesis-free and culture-free molecular technique, could also be used to identify the exact species of microsporidia known to cause human infections and be more sensitive for diagnosis (Chiu and Miller, 2019; Han et al., 2021). Our patient was eventually diagnosed with E. bieneusi when his peritoneal fluid was sent for mNGS testing for microsporidia; This indicates that when patients with malignant hematopoietic system tumors have atypical infections with persistent symptoms, mNGS can provide multiple diagnostic clues and is vital in the differential diagnosis of patients with suspected infection, especially in the case of empirical antibiotic treatment failure.

Many reports have revealed that the improvement of immune function can lead to a clinical response in patients with gastrointestinal microsporidiosis, as well as the elimination of the organism and normalization of the intestinal architecture (Miao et al., 2000; Martins et al., 2001). P Maggi et al. revealed that the remission of diarrhea seems to be related to an increased CD4+ cell count, not to the human immunodeficiency viral load (Maggi et al., 2000). However, our patient’s symptoms, including diarrhea and abdominal distension, became progressively worse after he stopped taking oral chemotherapy, which may endanger the patient’s life, and this means that anti-microsporidium therapy must be initiated.

In general, no current effective commercial therapy for E. bieneusi. Albendazole works mainly by inhibiting tubulin and has the most consistent activity against microsporidia (Han and Weiss, 2018). However, albendazole is not very effective against E. bieneusi, and unable to clear the E. bieneusi microsporidia (Dieterich et al., 1994; Shane et al., 2017). Our case did not respond to the drug either. Fumagillin is the current recommendation for treating E. Bieneusi infections in AIDS patients (Maillard et al., 2021) and patients with various organ transplants or stem cell transportation (Champion et al., 2010; Desoubeaux et al., 2013; Al, 2017). However, oral fumagillin is not available in China, and its use is limited due to its adverse effects of bone marrow toxicity (Molina et al., 2002). Meanwhile, Other inhibitors that could be used to treat microsporidiosis, such as those targeting adenosine triphosphate isomerase (TIM), chitin synthase, are under in vitro research or development (Han and Weiss, 2018). Nitazoxanide has been reported effective against E. bieneusi infection in HIV-infected people (Doumbo et al., 1997; Bicart-Sée et al., 2000), also successfully applied in the treatment of E. bieneusi infection in solid tumor organ transplant recipients (Pomares et al., 2012) and immunocompetent patients (Saffo and Mirza, 2019). After full consultation with the patient, we decided to trial nitazoxanide 500mg orally twice one day for 14 days, and this infection was eventually treated successfully. three-month follow-up with the patient revealed no infection relapse.

This report demonstrates that we should consider the microsporidia infection even in leukemia patients without hematopoietic stem cell transplantation when symptoms fail to resolve. MNGS can help optimize the sensitivity of diagnosis when tumors and infections cannot be clinically distinguishable, and the effectiveness of nitazoxanide redounded to the diagnosis of the definitive E. Bieneusi infection, before the pathogen was confirmed by another method, such as the PCR test. This case study also suggests that nitazoxanide, which is not the first-line treatment but has already been successfully used in a B-ALL patient without any side effects, especially bone marrow toxicity.
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Introduction

Nanopore sequencing has been widely used in clinical metagenomic sequencing for pathogen detection with high portability and real-time sequencing. Oxford Nanopore Technologies has recently launched an adaptive sequencing function, which can enrich on-target reads through real-time alignment and eject uninteresting reads by reversing the voltage across the nanopore. Here we evaluated the utility of adaptive sequencing in clinical pathogen detection.



Methods

Nanopore adaptive sequencing and standard sequencing was performed on a same flow cell with a bronchoalveolar lavage fluid sample from a patient with Chlamydia psittacosis infection, and was compared with the previous mNGS results.



Results

Nanopore adaptive sequencing identified 648 on-target stop receiving reads with the longest median read length(688bp), which account for 72.4% of all Chlamydia psittaci reads and 0.03% of total reads in enriched group. The read proportion matched to C. psittaci in the stop receiving group was 99.85%, which was much higher than that of the unblock (<0.01%) and fail to adapt (0.02%) groups. Nanopore adaptive sequencing generated similar data yield of C. psittaci compared with standard nanopore sequencing. The proportion of C. psittaci reads in adaptive sequencing is close to that of standard nanopore sequencing and mNGS, but generated lower genome coverage than mNGS.



Discussion

Nanopore adaptive sequencing can effectively identify target C. psittaci reads in real-time, but how to increase the targeted data of pathogens still needs to be further evaluated.
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Introduction

Rapid and accurate pathogen detection is a prerequisite for treatment of infectious disease. Pathogen isolation and culture is the “gold standard” for the diagnosis of clinical infectious diseases, but it has a low positive rate and a long culture period, which is not conducive to rapid clinical diagnosis (Fenollar and Raoult, 2007). PCR-based nucleic acid detection is one of the most widely used pathogen detection methods at present, which has the advantages of short turnaround time, high specificity and sensitivity, simple operation process, and relatively low cost (Deng et al., 2020). However, it requires a priori knowledge of targeted pathogens and is unable to detect unknown pathogens.

Pathogen detection based on metagenomic sequencing can achieve unbiased identification of pathogens in clinical samples. Compared with traditional next-generation sequencing (NGS), nanopore sequencing has the advantages of real-time, long read length, portability, etc., and has been widely used in pathogen detection of clinical infectious diseases (Gu et al., 2021; Jabeen et al., 2022; Street et al., 2022). Limited by the high host background in the clinical samples and low data yield of nanopore sequencing, it is critical to achieve the enrichment of target pathogens for nanopore metagenomic sequencing. Several methods have been developed for pathogen enrichment such as multiplex PCR amplification (Quick et al., 2017), bait capture methods (Schuele et al., 2020) and saporin-based host DNA depletion (Charalampous et al., 2019), but they require additional laboratory processes and extend the turnaround time, and were only suitable for specific pathogens.

Recently, Oxford Nanopore Technologies has launched adaptive sequencing function, which can perform real-time basecalling and sequence alignment with a given reference genome during the read was sequenced. The voltage across the nanopore can be reversed to eject the unwanted sequences, so as to achieve the enrichment of the target sequences (Loose et al., 2016). The enrichment method based on adaptive sequencing does not require complicated steps and extra time during sample processing, and the enrichment of target sequences can be achieved only at the sequencing level. Previous studies have applied adaptive sequencing in target gene enrichment and variant detection of human genomes (Miller et al., 2021; Mariya et al., 2022; Stevanovski et al., 2022), specific species enrichment in simulated microbial communities (Payne et al., 2021; Kovaka et al., 2021; Martin et al., 2022)and microbiome profiling of human or animal samples (Marquet et al., 2022; Ong et al., 2022a; Ong et al., 2022b). Recently, adaptive sequencing has been successfully applied for the identification and enrichment of bacterial or viral pathogens in respiratory samples (Gan et al., 2021; Cheng et al., 2022; Lin et al., 2022). However, the enrichment effect of adaptive sequencing for targeted pathogen sequences in clinical samples remains to be further studied.

In this study, nanopore adaptive sequencing was performed on the bronchoalveolar lavage fluid sample from a patient with Chlamydia psittaci infection to evaluate the utility of nanopore adaptive sequencing for pathogen detection of clinical samples.



Materials and methods


Sample collection and nucleic acid extraction

The bronchoalveolar lavage fluid sample was collected from a 60-year-old female patient who was admitted to the hospital for “intermittent fever, dry cough, and fatigue”. The metagenomic next-generation sequencing (mNGS) of the bronchoalveolar lavage fluid sample was performed in previous study (Wang et al., 2021). Nucleic acid was extracted from the remaining bronchoalveolar lavage fluid sample using the QIAamp MinElute Virus Spin Kit (Qiagen, Hilden, Germany) according to the kit instructions, and the DNA concentration was quantified using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific, CA, USA).



Library preparation and nanopore adaptive sequencing

200ng of DNA was used for library preparation with ligation sequencing kit SQK-LSK109 (Oxford Nanopore Technologies, Cambridge, UK) according to the manufacturer’s instructions, and 0.8×AMPure XP Bead (Beckman Coulter, Indianapolis, United States) was used for the clean-up of the library after adding adapters. The final library concentration was quantified by Qubit 3.0 Fluorometer, and 75ng of the library was loaded into a FLO-MIN106 R9.4 flow cell and sequenced on a GridION platform with MinKNOW software (v21.05.12). Adaptive sequencing was performed in enrichment mode and the whole genome sequence of C. psittaci strain L99 (GenBank accession number: JACAAQ000000000) (Wang et al., 2021) obtained in the previous study was selected as the reference sequence. Half of the channels (1-256) in the flow cell were set as enriched group (perform adaptive sequencing) and the remaining channels (257-512) were set as control group (perform standard sequencing).



Bioinformatic analysis

According to the channel number of each read, the sequencing data was divided into enriched group and control group. Based on the adaptive sequencing log file generated by MinKNOW, the reads corresponding to the enriched group were further divided into three groups according to the decisions of adaptive sequencing: stop receiving (the accepted target reads), unblock (the rejected non-target reads) and fail to adapt (reads could not be classified as accept or reject). The read length distributions of different groups were visualized using a box plot. Using C. psittaci strain L99 as the reference genome, the sequenced reads were aligned and indexed using minimap2 (v2.21) (Li, 2018) and SAMtools (v1.13) (Li et al., 2009). The number of reads, bases, genome coverage, and genome sequencing depth of C. psittaci in different groups were calculated every 15 minutes, and compared with the previous mNGS results.




Results


Overall performance of nanopore adaptive sequencing

In 12 hours of sequencing, a total of 2.53 Gb data was obtained, including 5.07 × 106 reads, of which the enriched group generated 1.24 Gb data, corresponding to 2.53 × 106 reads, and the control group generated 1.29 Gb data, corresponding to 2.54 × 106 reads. The enriched group reads were further classified according to different decisions of adaptive sequencing, among which stop receiving reads accounted for 0.03% (649), and unblock reads accounted for 52.69% (1,331,115), indicating that the proportion of non-target reads were much higher than the retained target reads, and the enriched group effectively identified and removed non-target sequences. In addition, the proportions of fail to adapt reads was 47.28% (1,194,353). Statistics of the read length distribution of each group (Figure 1 and Supplementary Table 1) showed that the median read length of the enriched group (353bp) and the control group (359bp) were close (Supplementary Table 2). The stop receiving reads of the enriched group had the longest median read length (688bp), followed by unblock reads (539bp), while the median read length of fail to adapt reads (218bp) were significantly shorter than the above two groups.




Figure 1 | Read length distribution of each sequence groups for nanopore adaptive sequencing.





Comparison of C. psittaci data between enriched and control groups in nanopore adaptive sequencing

According to different time stamps, the C. psittaci-specific reads generated in the enriched group and the control group were counted, and the number of reads, bases, genome coverage and mean depth of C. psittaci between the two groups were very close (Figure 2 and Supplementary Table 3). After 12 hours of sequencing, the enriched group obtained a total of 895 C. psittaci reads, with a cumulative total base of 696kb, corresponding to 38.59% genome coverage and 0.49× genome sequencing depth; the control group produced 904 C. psittaci reads, with a cumulative total base of 711kb, corresponding to 40.01% genome coverage and 0.49 × genome sequencing depth (Supplementary Table 4). However, of the 895 C. psittaci reads in the enriched group, the proportion of the reads from stop receiving group reached 72.4% (648 reads), which was much higher than that in the unblock (2.01%) and fail to adapt (25.59%) groups. Meanwhile, the read proportion matched to C. psittaci in the stop receiving group was 99.85%, which was also much higher than that of the unblock (<0.01%) and fail to adapt (0.02%) groups, indicating that adaptive sequencing had enrichment effect on C. psittaci reads.




Figure 2 | Comparison of C. psittaci data in enriched group and control group over time with the number of reads (A), the number of bases (B), the breadth of genome coverage (C) and mean depth of genome coverage (D) of C. psittaci.



As adaptive sequencing requires at least 1 second to make the judgement, we evaluated whether there was enrichment effect by removing reads shorter than 450bp and found that the matched data of C. psittaci was not increased in the enriched group (Supplemantary Table 5). The proportion of reads shorter than 450bp in the enriched group (68.52%) and control group (67.93%) were comparable. However, the C. psittaci reads belonging to stop receiving tag in the enriched group raised from 72.4% to 97.0%, indicating that adaptive sequencing selected the targeted reads with higher accuracy after removing short reads (Figure S1). In addition, the proportion of fail to adapt reads less than 450bp reached 99.01%, indicating that these reads may be too short to be detected by adaptive sampling.



Comparison of nanopore adaptive sequencing and mNGS

Compared with the mNGS results of the previous study, the proportion of C. psittaci reads in the enriched group, the control group and mNGS was similar, accounting for 0.035%, 0.035% and 0.036% of the total sequencing reads, respectively. mNGS provided higher data throughput, with a coverage of 99.51% of the reference genome of C. psittaci, and a genome depth of 6.81× (Table 1). The total data throughput of the nanopore sequencing enriched group and the control group is only 11.27% and 11.76% compared with that of mNGS. Although both nanopore adaptive sequencing and standard sequencing can be effectively used for the identification of pathogens, the coverage of the C. psittaci reference genome is less than 40% and the sequencing depth is basically only 1× for most of the sites (Figure S2).


Table 1 | Comparison of C. psittaci data in adaptive sequencing and mNGS.






Discussion

In this study, nanopore adaptive sequencing was performed on a bronchoalveolar lavage fluid sample from a patient with C. psittaci infection. Combined with the results of previous mNGS, the feasibility of adaptive sequencing in clinical sample pathogen identification was evaluated. Adaptive sequencing identified 72.4% C. psittaci reads with high accuracy (99.85%), and ejected 52.69% reads from the sample in real-time. Meanwhile, the proportion of target reads in adaptive sequencing is comparable to that of standard nanopore sequencing and mNGS, which indicates that adaptive sequencing can effectively identify the corresponding target pathogen reads without changing the proportion of species in the sample. Combined with the real-time sequencing advantages of the nanopore sequencing platform, it holds great promise in the rapid identification of pathogens.

Previous studies have found that adaptive sequencing can generate more microbial-related data than standard nanopore sequencing (Ong et al., 2022b), and can achieve a maximum enrichment effect of about 5-fold for mocked microbial community samples (Kovaka et al., 2021; Payne et al., 2021; Martin et al., 2022). In this study, the base yield of C. psittaci in the enriched group was comparable of that in the control group, indicating that adaptive sequencing did not significantly increase the effective data yield of the pathogen. This may be related to the short DNA length of the sample. Previous studies have found that the enrichment effect of adaptive sequencing is correlated to the length of the DNA fragment (Martin et al., 2022). In this study, the fragment size of the sample DNA was quality-controlled and the median length was less than 1000bp. However, the speed of the sequences passing through the nanopore was about 450 bases per second (Payne et al., 2021), and the judgment of adaptive sequencing required at least 1 second. Short fragments of the sample make the alignment tool unable to provide timely feedback, resulting in a large number of fail to adapt reads, which account for 47.28% of the total reads. The proportion of reads less than 300 bases in the control group was 42.66%, which is close to the proportion of fail to adapt reads in the enriched group. Meanwhile, ejecting of short fragments and allowing next read sequencing cost longer time than directly sequencing of the fragments, thus reducing the enrichment efficiency. The integrity of the sample DNA is a key factor to obtain better enrichment performance. It’s recommended to select fresh collected samples and avoid freeze-thaw. In addition, high molecular weight DNA extraction methods (Quick, 2019; Boughattas et al., 2021; Petersen et al., 2022; Trigodet et al., 2022) can be used to maintain longer read length, which may help to improve the enrichment effect of adaptive sequencing.

This study has some limitations. Nanopore sequencing is limited by the low throughput and the amount of effective pathogen-related data, which makes it difficult to assemble the whole genome sequence of the pathogen. The adaptive sequencing generated unbiased data along the C. psittaci genome but lower coverage due to limited output. To compare with mNGS results, we have used a previous sample, which has been stored for a long time. The partially degraded sample resulted in more short fragments and reduced the efficiency of nanopore adaptive sequencing. In addition, only one sample is included in this study, large-scale research should be carried out to further evaluate the utility of adaptive sequencing in clinical pathogen detection.



Conclusions

Our Study highlighted that nanopore adaptive sequencing can effectively identify sequences of target pathogen in real-time, but fail to increase the targeted data of pathogens in this case. Further studies need to address how to enrich pathogens with higher data output, which might be a great obstacle for the application of adaptive sequencing in rapid clinical diagnostics of infectious diseases.
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Background

The aim of the current study was to investigate the clinical value of cellular analysis and metagenomic next-generation sequencing (mNGS) of bronchoalveolar lavage fluid (BALF) in differentiating pulmonary non-infectious and infectious diseases in immunocompetent patients.



Methods

The present retrospective study was conducted from December 2017 to March 2020, and included immunocompetent patients with suspected pulmonary infection. High-resolution computed tomography, total cell counts and classification of BALF, conventional microbiological tests (CMTs), laboratory tests and mNGS of BALF were performed. Patients were assigned to pulmonary non-infectious disease (PNID) and pulmonary infectious disease (PID) groups based on final diagnoses. PNID-predictive values were analyzed via areas under receiver operating characteristic curves (AUCs). Optimal cutoffs were determined by maximizing the sum of sensitivity and specificity.



Results

A total of 102 patients suspected of pulmonary infection were enrolled in the study, 23 (22.5%) with PNID and 79 (77.5%) with PID. The diagnostic efficiency of BALF mNGS for differentiating PID from PNID was better than that of CMTs. Neutrophil percentage (N%) and the ratio of neutrophils to lymphocytes (N/L) in BALF were significantly lower in the PNID group than in the PID group. The AUCs for distinguishing PNID and PID were 0.739 (95% confidence interval [CI] 0.636–0.825) for BALF N%, 0.727 (95% CI 0.624–0.815) for BALF N/L, and 0.799 (95% CI 0.702–0.876) for BALF mNGS, with respective cutoff values of 6.7%, 0.255, and negative. Joint models of BALF mNGS combined with BALF N/L or BALF N% increased the respective AUCs to 0.872 (95% CI 0.786–0.933) and 0.871 (95% CI 0.784–0.932), which were significantly higher than those for BALF mNGS, BALF N%, and BALF N/L alone.



Conclusions

BALF N% ≤ 6.7% or BALF N/L ≤ 0.255 combined with a negative BALF mNGS result can effectively distinguish PNID from PID in immunocompetent patients with suspected pulmonary infection. BALF mNGS outperforms CMTs for identifying pathogens in immunocompetent patients, and the combination of mNGS and CMTs may be a better diagnostic strategy.





Keywords: bronchoalveolar lavage fluid, cellular analysis, metagenomic next-generation sequencing, pulmonary non-infectious disease, pulmonary infectious disease



1 Introduction

Pulmonary infection is one of the most common reasons for hospitalization (Rana et al., 2021). However, a considerable number of patients who are initially diagnosed with pulmonary infectious disease (PID) do not exhibit any signs of recovery after treatment with various antibiotics, and their condition ultimately proves to be a pulmonary non-infectious disease (PNID) (Flament et al., 2016; Cottin and Brown, 2019; Fujita et al., 2020). Patients with PID and PNID usually have similar symptoms and physical signs (Allen and Wert, 2018; Raghu and Meyer, 2021), making it difficult to distinguish between the two based on inquiry and physical examination alone, without auxiliary examinations.

The treatment principles of PID and PNID are quite different. Misdiagnosis can lead to a prolonged recovery time, or worse, result in irreparable losses (Cosgrove et al., 2018). Prescribing antibiotics to patients with PNID leads to abuse-grade resistance, and prolongs the patient’s condition. Rapid and accurate identification of PID and PNID is therefore crucial.

Clinical parameters such as routine blood test results, C-reactive protein (CRP), procalcitonin (PCT), and erythrocyte sedimentation rate (ESR) are often used to assist determination of the severity of infection (Wacker et al., 2013; Prina et al., 2015; Sproston and Ashworth, 2018; Lapic et al., 2020). They can also be used to predict pulmonary infection, and are relatively easy to obtain, particularly in primary settings. However, their predictive role with respect to infectious diseases remains controversial (Ito and Ishida, 2020; Niu et al., 2021).

Bronchoscopy facilitates the examination of airways, and the acquisition of bronchoalveolar lavage fluid (BALF). Bronchoscopy is a recommended method for the diagnosis of PID (Metlay et al., 2019). Early bronchoscopy in immunocompromised patients with pulmonary infiltrates can reportedly improve outcomes (Gonski et al., 2020; Bourne et al., 2021; Saksirisampant et al., 2022). Cellular analysis of BALF is simple and safe, and can reflect some underlying features of disease. Kono et al. (Kono et al., 2021) reported that the ratio of lymphocytes to neutrophils (N/L) in BALF can predict the prognosis of acute exacerbation of interstitial lung disease. BALF can also be used for smears, cultures, and metagenomic next-generation sequencing (mNGS) to identify PID pathogens. Compared with conventional microbial detection methods such as smears and cultures, mNGS is evidently superior with regard to diagnostic efficiency (Wilson et al., 2014; Zhou et al., 2016; Takeuchi et al., 2019; Huang et al., 2020). While most studies emphasize the sensitivity of mNGS, however, its excellent specificity is rarely mentioned.

The aim of the current study was to determine whether cellular analysis and mNGS of BALF, and other infection indexes alone or in different combinations, could differentiate between PID and PNID in immunocompetent patients; and therefore enhance the accuracy of clinical diagnoses.



2 Methods


2.1 Participants and study design

Patients who presented with suspected pulmonary infections at Shanghai General Hospital in Shanghai, China, from December 2017 to March 2020 were retrospectively reviewed. The Ethics Committee of Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine approved the protocol (2021KY066). Due to the retrospective nature of the study, the requirement for written informed consent was waived.

The inclusion criteria were (1) suspected pulmonary infection based on at least one compatible symptom such as new-onset fever, cough, or dyspnea, and new-onset high-resolution computed tomography (HRCT) findings on chest images; (2) the performance of bronchoscopy and bronchoalveolar lavage (BAL), and consent to perform BALF mNGS; (3) BALF and other relevant samples available for standard procedures and BALF mNGS within 48 h after admission; and (4) complete medical data recorded. The exclusion criteria were (1) the presence of an immunosuppressive condition, which was defined as suffering from any of the following: 1) primary immune deficiency diseases; 2) active malignancy excluding patients with early-stage cancers (eg, stage 1 lung cancer); 3) receiving cancer chemotherapy; 4) HIV infection with a CD4 T-lymphocyte count < 200 cells/μL or percentage < 14%; 5) solid organ transplantation; 6) hematopoietic stem cell transplantation; 7) receiving corticosteroid therapy with a dose ≥ 20 mg prednisone or equivalent daily for ≥ 14 d or a cumulative dose > 600 mg of prednisone; 8) receiving biological immune modulators; 9) receiving disease-modifying antirheumatic drugs or other immunosuppressive drugs (eg, cyclosporin, cyclophosphamide, hydroxychloroquine, methotrexate) (Ramirez et al., 2020); (2) BALF samples or detection process failed to pass quality control for mNGS; (3) repeated enrollment of the same patient; and (4) incomplete medical history.

A total of 102 patients were included in the analysis, and categorized into two groups based on final diagnoses: PNID and PID. Samples were subjected to conventional microbiological tests (CMTs), and mNGS of BALF was conducted in a pairwise manner. The CMTs used in this study are detailed in Table S1, and were conducted in accordance with previous studies (Parize et al., 2017; Peng et al., 2021). They including culture, serological diagnosis, antigen detection, PCR, and direct microscopic examination of specimens. The results of CMTs were interpreted in accordance with standard procedures (Patterson et al., 2016; Azoulay et al., 2020). The parameters assessed as infection indices included routine blood tests, high-sensitivity CRP (hs-CRP), PCT, interleukin (IL) 6, endotoxin, and ESR.



2.2 Fiberoptic bronchoscopy

Fiberoptic bronchoscopy was performed within 2 days after the identification of pulmonary infiltrates via HRCT. Most patients underwent fiberoptic bronchoscopy in the bronchoscopy unit. Some were performed at the bedside in the intensive care unit. BALF sampling was performed by experienced physicians in accordance with the American Thoracic Society (ATS) operating guidelines. All BALF samples were obtained from the area of lung infiltration. If there were multiple areas of infiltration, the sample was obtained where the infiltration was most severe. All BALF samples were > 20 mL in volume.



2.3 BALF cell count and cell classification

BALF samples were mixed 10–20 times, then approximately 5–10 μL of the sample was loaded into a Neubauer counting plate. After standing for 1 min, the number of cells was counted. The remainder of the sample was centrifuged at 400 g/min for 10 mins. After discarding the supernatant, the precipitate was pipetted onto a glass slide, spread evenly, then air-dried naturally. The slides were then Wright Giemsa stained. A site with a uniform distribution of cells was then selected by an experienced cytomorphologist under light microscopy, and at least 200 cells were counted and classified as neutrophils, lymphocytes, eosinophils, basophils, macrophages, ciliated columnar cells, or epithelium. Classification results were recorded as percentages.



2.4 mNGS


2.4.1 Sample processing and nucleic acid extraction

BALF samples were collected in accordance with standard procedures. DNA was extracted from the samples using the TIANamp Micro DNA Kit (DP316; Tiangen Biotech, Beijing, China) in accordance with the manufacturer’s protocol.



2.4.2 Construction of DNA libraries

Single-stranded DNA (ssDNA) libraries were constructed after DNA fragmentation, end repair, adapter ligation, denaturation into single strands, and circularization. DNA nanoballs were generated from ssDNA by rolling circle amplification, loaded into the flow cell, and sequenced on a BGISEQ-200 platform (BGI, Beijing, China) and a NextSeq 550 platform (Illumina, California, USA) (Jeon et al., 2014; Miller et al., 2019).



2.4.3 Sequencing and bioinformatic analysis

High-quality sequencing data were generated by removing low-quality and short-length (< 35-bp) reads, followed by a computational subtraction of human sequences mapped to the human reference genome (hg19) via Burrows–Wheeler alignment (Li and Durbin, 2009). After removing low-complexity reads, the remaining data were classified via simultaneous alignment with four NCBI microbial genome databases (ftp://ftp.ncbi.nlm.nih.gov/genomes/). These databases included whole genome sequences of 4061 viral taxa, 2473 bacterial genomes or scaffolds, and genomic sequences for 199 fungi related to human infection and 135 parasites associated with human diseases.



2.4.4 Criteria for a positive mNGS result

Given the lack of a standard method for interpreting mNGS results and the variety of reporting parameters amongst different sequencing platforms, we used the following criteria in this study, which was derived and revised from prior literature (Qian et al., 2020; Peng et al., 2021), to define clinically significant microbes.

The sequencing results of each sample were categorized into 2 tables, each presenting bacteria, fungi and virus, respectively. The specifically mapped read number (SMRN) of each microbial taxonomy was normalized to SMRN per 20 million (M) of total sequencing reads (SDSMRN, standardized SMRN).

SDSMRN = SMNTotal reads × 20 million

A bacterial/fungal species was considered positively detected if: 1) it belonged to the top 10 genera with the highest SDSMRN; 2) it ranked first within its genus; 3) it had a SDSMRN>1; and 4) it was a commonly reported pulmonary infectious pathogen. A virus was considered positively detected if: 1) it was among the top 3 viruses with highest SDSMRN; and 2) it had a SDSMRN > 5.

There were several exceptions for certain pathogens. Because the possibility of Mycobacterium spp., Nocardia spp., etc. contamination and yield rate were low, they were considered positively detected when the SMRN at the species level was more than 3. Given the balance of environmental contamination and the difficulty of DNA extraction, molds, including Aspergillus spp., Rhizopus spp., and Mucor spp., with literature-proven pulmonary pathogenicity, were considered positively when the SMRN at the species level was more than 10.




2.5 Diagnosis of pulmonary infections

The final diagnosis was made by two intensivists with expertise in the management of infection after independently reviewing the medical records including clinical manifestations, laboratory tests, chest HRCT, microbiological tests (including CMTs and BALF mNGS), and treatment responses. Any disagreement between the two intensivists was resolved by in-depth discussion, and another senior intensivist was consulted if a consensus could not be reached.



2.6 Statistical analysis

Data analyses were performed using SPSS version 24.0 (SPSS Inc., Chicago, Illinois, USA) and R version 4.1.1 (Innovative Solutions, St. Louis, MO, USA). Baseline data are presented descriptively. Normality of data distributions was assessed with the Kolmogorov–Smirnov test. Normally distributed data are presented as means ± standard deviation. Non-normally distributed data are presented as medians and interquartile ranges (IQRs). Comparisons between patients with and without infection or organizing pneumonia were performed via the Mann-Whitney U test. With the final diagnosis as the gold standard, the conventional method and BALF mNGS were analyzed and compared. Comparative analysis was conducted via the Pearson χ2 test, Fisher’s exact test, or the McNemar test for discrete variables where appropriate. Receiver operating characteristic (ROC) analysis was performed to determine the optimal cutoff for BALF cell patterns for infection or organizing pneumonia diagnosis. p<0.05 was considered to indicate statistically significant differences.




3 Results


3.1 Demographic and clinical characteristics

A total of 102 patients with suspected pulmonary infection were included in the final analysis. There were 23 patients in the PNID group (22.5%), and 79 patients in the PID group (77.5%) (Table 1). No demographic factors differed significantly in the two groups. Most patients received empiric antibiotic therapy before admission. Conventional infection indicators such as routine blood test results, hs-CRP, PCT, IL-6, endotoxin, and ESR did not differ significantly in the two groups. With respect to HRCT findings there were no significant differences in bilateral lesions, consolidation, ground-glass opacities, solid nodules, tree-in-bud infiltrates, atelectasis, or cavities. Fourteen patients in the PID group had bronchiectasis, and no patients in the PNID group had bronchiectasis (p>0.05).


Table 1 | Demographic data and cytometry and infectious laboratory parameters in noninfectious pulmonary disease and infectious pulmonary disease.





3.2 Distributions of pulmonary infectious pathogens and non-infectious diseases

Among the 79 patients with PID, bacteria were the most common cause of infection (Table 2). Mycobacterium tuberculosis (13.9%) was the most commonly detected pathogen, followed by nontuberculosis mycobacteria (10.1%). Fungal infections occurred in 13.9% of patients, and the most common were Aspergillus and Cryptococcus neoformans. One patient was infected with cytomegalovirus, and three were infected with Mycoplasma pneumoniae. Limited by the sensitivity of current diagnostic techniques and disease progression, there were 26 patients whose specific pathogen was uncertain. The etiologies of PNID are shown in Table 3. The most common was organizing pneumonia (56.5%), followed by lung cancer (17.4%) and eosinophilic pneumonia (13.1%). These three are often mistaken for pneumonia (Rothberg, 2022).


Table 2 | Distribution of pathogens identified in patients with infectious pulmonary disease.




Table 3 | Distribution of non-infectious pulmonary diseases.





3.3 Comparison of BALF mNGS and CMTs


3.3.1 Comparison of diagnostic performance for differentiating PID from PNID

The positivity rates of BALF mNGS and CMTs for pulmonary infectious and noninfectious disease are shown in Figure 1A. The positive predictive value for diagnosing infectious disease via BALF mNGS was 97.8%, and the negative predictive value was 38.6%. The positive likelihood ratio was 12.81, and the negative likelihood ratio was 0.46. BALF mNGS increased the sensitivity rate by approximately 27% in comparison with CMTs (55.7% vs. 29.1%, p<0.01), whereas there was no significant difference in specificity (95.7% vs. 78.3%, p>0.1) (Figure 1A). Additional details are provided in Table S2.




Figure 1 | Positivity rates of BALF mNGS and CMTs for pulmonary infectious and non-infectious diseases (A), and diagnosis assisted by BALF mNGS for PID without identifiable etiology by CMTs (B). The positive predictive value of BALF mNGS for the diagnosis of infectious disease was 97.8%, and the negative predictive value was 38.6%. BALF mNGS increased the sensitivity rate by approximately 27% in comparison with CMTs (55.7% vs. 29.1%; p < 0.01) (A). Thirty patients (38.0%) were BALF mNGS-positive despite comprehensive CMTs being negative. Bacteria constituted the highest proportion of pathogens (74%) (B). BALF, bronchoalveolar lavage fluid; CMT, conventional microbiological test; LR(+), positive likelihood ratio; LR(-), negative likelihood ratio; mNGS, metagenomic next-generation sequencing; NPV, negative predictive value; PPV, positive predictive value; PID, pulmonary infectious disease; PNID, pulmonary non-infectious disease; ROC, receiver operating characteristic.





3.3.2 Diagnosis assisted by BALF mNGS for PID without identifiable etiology by CMTs

Among the 79 patients diagnosed with pulmonary infectious diseases, 44 were confirmed by BALF mNGS and 23 were confirmed by CMTs. Notably 30 (38.0%) were BALF mNGS-positive despite comprehensive CMTs being negative. Bacteria accounted for the highest proportion of confirmed pathogens (74%) (Figure 1B). Antibiotics use was adjusted in these 30 patients based on the results of BALF mNGS, and most patients improved.




3.4 Findings of BALF cellular analysis

BAL was performed safely in all patients, irrespective of whether the patient was intubated. N% and N/L in BALF were significantly lower in the PNID group (both p<0.01) (Table 4).


Table 4 | Characteristics of BALF cellular analysis in non-infectious pulmonary disease and infectious pulmonary disease.





3.5 Diagnostic accuracy of single measurements used for PNID prediction

There were significant differences in N% and N/L in BALF between patients with and without infectious disease, indicating that these measurements may predict PNID. Therefore, ROC curves were constructed to evaluate the prognostic value of these measurements for PNID, and AUCs were calculated. In ROC analysis of BALF N% the AUC was 0.739 (95% CI: 0.636–0.825), and the AUC of BALF N/L was 0.727 (95% CI: 0.624–0.815) (Figure 2A). The AUC of BALF N% and BALF N/L combined was 0.742 (95% CI: 0.640–0.828), which was not significantly higher than that of BALF N% alone. The AUC of BALF mNGS for PNID prediction was 0.799 (95% CI: 0.702–0.876) (Figure 2B).




Figure 2 | ROC curves for predicting PNID with single measurements. AUCs were 0.739 (95% CI 0.636–0.825) for BALF N% (A), 0.727 (95% CI 0.624–0.815) for BALF N/L (A), 0.742 (95% CI 0.640–0.828) for BALF N% combined with BALF N/L (A), and 0.799 (95% CI 0.702–0.876) for BALF mNGS (B). AUC, area under the curve; BALF, bronchoalveolar lavage fluid; mNGS, metagenomic next-generation sequencing; N, neutrophils; N/L, ratio of neutrophils to lymphocytes; PNID, pulmonary non-infectious disease; ROC, receiver operating characteristic.





3.6 Diagnostic accuracy of BALF cellular analysis combined with mNGS for PNID prediction

To determine whether combining measurements would improve PNID prediction binary logical regression of BALF N% and BALF mNGS was performed, and it yielded an AUC of 0.872 (95% CI: 0.786–0.933) (Figure 3A), which was significantly higher than those of BALF N% alone and BALF mNGS alone (both p<0.05). In ROC analysis of BALF N/L combined with BALF mNGS the AUC was 0.871 (95% CI: 0.784–0.932) (Figure 3B), which was significantly higher than that of BALF mNGS alone and BALF N/L alone (both p<0.05).




Figure 3 | ROC curves for predicting PNID with BALF cellular analysis combined with mNGS. AUCs were 0.872 (95% CI 0.786–0.933) for BALF N% combined with BALF mNGS (A) and 0.871 (95% CI 0.784–0.932) for BALF N/L combined with BALF mNGS (B). AUC, area under the curve; BALF, bronchoalveolar lavage fluid; mNGS, metagenomic next-generation sequencing; N, neutrophils; N/L, ratio of neutrophils to lymphocytes; PNID, pulmonary non-infectious disease; ROC, receiver operating characteristic.





3.7 Optimal cutoff values for PNID

Optimal BALF N%, BALF N/L, and BALF mNGS cutoff values for predicting PNID were calculated as the values that gave the highest sum of sensitivity and specificity in the immunocompetent patients. The cutoff values for the measures with the highest AUCs were 7% for BALF N%, 0.25 for BALF N/L, and negative for BALF mNGS results. Using the cutoff values, the continuous test variables were converted to dichotomous state variables by defining BALF N%≤6.7% as “1”, BALF N%>6.7% as “0”, BALF N/L ≤ 0.255 as “1”, BALF N/L>0.255 as “0”, a negative BALF mNGS result as “1”, and a positive BALF mNGS result as “0”. Logistic regression was then performed to generate a predictive equation based on the combination of measurements, followed by multiple logistic regression analyses of BALF N%, BALF N/L, BALF mNGS, BALF N% combined with BALF mNGS (model 1), and BALF N/L combined with BALF mNGS (model 2). The AUC of model 1 was 0.879 (95% CI: 0.793–0.938), the AUC of the model 2 was 0.853 (95% CI: 0.763–0.919), and the AUCs of BALF N%, BALF N/L, and BALF mNGS were 0.737 (95% CI: 0.635–0.824), 0.689 (95% CI: 0.583–0.782), and 0.799 (95% CI: 0.702–0.876), respectively (Figure 4).




Figure 4 | ROC curves of dichotomous state variables of BALF mNGS combined with BALF N% (model 1) or BALF N/L (model 2) for predicting PNID, compared with single variables alone. Dichotomous state variables were separated in accordance with cutoff values of BALF mNGS, BALF N%, and BALF N/L. AUCmodel 1 = 0.879 (95% CI 0.793–0.938); AUCmodel 2 = 0.853 (95% CI 0.763–0.919); AUCBALF N% = 0.737 (95% CI 0.635–0.824); AUCBALF N/L = 0.689 (95% CI 0.583–0.782); AUCBALF mNGS = 0.799 (95% CI 0.702–0.876). AUC, area under the curve; BALF, bronchoalveolar lavage fluid; mNGS, metagenomic next-generation sequencing; N, neutrophils; N/L, ratio of neutrophils to lymphocytes; PNID, pulmonary non-infectious disease; ROC, receiver operating characteristic.






4 Discussion

To our knowledge, our research pioneered the use of the combination of BALF cellular analysis and BALF mNGS to distinguish between PNID and PID. The joint models of BALF N%≤6.7% and BALF N/L ≤ 0.255 combined with a negative BALF mNGS result can predict PNID, and may provide a rapid and precise method for physicians to differentiate between non-infectious and infectious diseases. Compared with CMTs, BALF mNGS had higher diagnostic efficiency and effectively filled the gap when CMT evidence was insufficient.

Pulmonary infection is one of the most common types of infection, and a common cause of hospitalization and death in older adults (Global Burden of Disease Study, 2015). Patients with suspected pulmonary infection who require hospitalization tend to have more complicated conditions (Postma et al., 2017). In the current study more than half the patients exhibited a multilobar distribution of pleomorphic lesions on HRCT, and the vast majority had administered antibiotics before admission. Among the patients diagnosed with pulmonary infection, more than 20% had mycobacterial infections. All these factors indicated that it was not simply a case of community-acquired pneumonia. Given the complexity of hospitalized patients, the diagnoses of PNID and PID were based on clinical manifestations, laboratory tests, chest HRCT, CMTs, BALF mNGS, and treatment responses.

Routine blood tests are the most commonly used diagnostic method, and can reflect the severity of infection to an extent. Physicians in primary hospitals usually diagnose infections based on the results of routine blood tests. In the present study there were no significant differences in routine blood test indexes between the PNID group and the PID group, which is consistent with previous studies (Zhu et al., 2015; Shaddock, 2016). CRP, PCT, and ESR are clinically validated indicators that can be used to assist the diagnosis of infection (Wang et al., 2019; Yin and Mo, 2022). However, many non-infectious conditions such as allergies and autoimmune diseases can dramatically influence CRP and ESR values (Giacomelli et al., 2018; Davis and van der Hilst, 2018; Aringer, 2020), whereas PCT does not change significantly in some Gram-positive bacterial and fungal infections or local infections (Ito and Ishida, 2020; Xu et al., 2021). In the current study these three indicators were poor for distinguishing between PNID and PID. This may be related to the empirical use of antibiotics before admission. The same results were also evident with respect to emerging indicators for infection assessment such as IL-6 and endotoxin. The principles of treatment for non-infectious diseases and infectious diseases are quite different, and patients with suspected pulmonary infection requiring hospitalization tend to have complex medical conditions. Inappropriate treatment can lead to prolonged disease, antibiotic abuse, and even death. It is therefore important to identify an effective method to distinguish PNID from PID.

BAL is a simple and safe procedure. BALF is obtained from deep bronchi which are relatively sterile, and it contains significantly less background microorganisms than sputum, so it can better reflect the local microenvironment of the lungs, and is more suitable for culture and mNGS. The proportion of lymphocytes in BALF can reportedly be used as a prognostic predictor of acute exacerbation of interstitial lung disease (Takei et al., 2017; Kono et al., 2021). The proportion of eosinophils in BALF can constitute evidence for the diagnosis of eosinophil-associated pneumonia and parasitic infection (Ravin and Loy, 2016; Allen and Wert, 2018). Notably however, few studies have investigated whether cellular analysis of BALF can be used to distinguish between PID and PNID. In the current study BALF N% and BALF N/L could effectively differentiate between PNID and PID, and a possible explanation is that neutrophils in BALF are closer to the pulmonary lesions and more capable of responding to local infection and inflammation of lung. Bronchoscopy is now available in most hospitals, and as a safe and convenient examination BAL is receiving increasing attention from respiratory specialists. We recommend routine BAL to help distinguish between PNID and PID, especially in patients with severe illness.

mNGS is an unbiased detection method that can theoretically detect all pathogens in clinical samples (Chiu and Miller, 2019). In this study, the sensitivity of BALF mNGS for detecting pathogens was 55.7% and the sensitivity of CTMs was 29.1%. Most of the patients with typical symptoms were effectively treated in the outpatient department, while the patients hospitalized in tertiary hospitals for pulmonary infection tended to have more complicated conditions and most of them had been empirically treated with broad-antibiotics. 87.3% of the patients included in our study had received empirical antibiotics before admission. In the context of prior antibiotic application, the sensitivity of CMTs is significantly lower than that of mNGS. Our results are consistent with previous study (Miao et al., 2018). To date most research has focused on the ability of mNGS to detect pathogens, and has emphasized its sensitivity. Conversely mNGS is limited by interference from background microorganisms and contamination, so results may be false-positives, leading to overdiagnosis (Simner et al., 2018). However, this feature means that negative mNGS results are more credible. In the present study negative BALF mNGS results were used to exclude pulmonary infection in order to screen for PNID. BALF mNGS could effectively predict PNID, and its diagnostic efficiency was improved when it was combined with cellular BALF analysis. Therefore, we recommend that BALF mNGS should be conducted when economic considerations permit or the patient is severely ill, to help physicians make correct diagnoses in a short time and formulate appropriate treatment plans.

The current study had some limitations. It was a single-centered study with a relatively small sample size, therefore multicenter, large-scale, prospective studies are needed in the future to validate the results. Immunocompetent patients were recruited rather than immunosuppressed patients, which may be associated with significantly different pathogen profiles, as well as diverse diagnostic performance of mNGS and cellular analysis of BALF. Lastly, the lack of RNA sequencing and insufficient PCR methods hindered evaluation of the diagnostic value of CMTs and mNGS with respect to virus infection.

In conclusion, the current study indicates that BALF N% ≤ 6.7% or BALF N/L ≤ 0.255 combined with a negative BALF mNGS result can effectively distinguish PNID from PID in immunocompetent patients with suspected pulmonary infection. It may help physicians to determine the optimal treatment, and avoid the abuse of antibiotics. With regard to primary hospitals without access to complex equipment, BAL is a safe, convenient, and economical method that can improve the accuracy of PNID and PID diagnoses. BALF mNGS outperforms CMTs with respect to identifying pathogens in immunocompetent patients, and the combination of mNGS and CMTs may be a better diagnostic strategy.
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Background

With the development of metagenomic sequencing technologies, more and more cases of pneumonia caused with Chlamydia psittaci (C. psittaci) have been reported. However, it remains unknown about the characteristics of patients with pneumonia caused by different strains of C. psittaci. Here, we shared the clinical characteristics of two cases of pneumonia caused with C. psittaci strains SZ18-2 and SZ15 which were rarely identified in humans.



Case presentation

Case 1: A 69-year-old male farmer who fed ducks presented to hospital for cough, diarrhea and lethargy with the temperature of 39.8°C. Case 2: A 48-year-old male worker who slaughtered ducks was transferred to hospital for high fever, cough, myalgia, diarrhea and loss of appetite. Both patients did not take any protective measures (wearing face masks or gloves) while processing ducks. C. psittaci pneumonia was diagnosed by metagenomic next-generation sequencing and polymerase chain reaction. After treatment with doxycycline and azithromycin individually, they recovered well and discharged from hospital. Through OmpA sequencing, two different strains of SZ18-2 and SZ15 were identified in case 1 and case 2, respectively.



Conclusions

Patients infected with different strains of C. psittaci may own different clinical manifestations. C. psittaci infection should be suspected when pneumonia appears, accompanied by digestive symptoms and multiple organ dysfunction, especially under the exposure of specific birds.
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Background

Psittacosis is a zoonotic infectious disease resulting from the transmission of the bacterium Chlamydia psittaci (C. psittaci) from birds to humans. Humans infected with psittacosis may experience non-specific flu-like symptoms by directly contacting with infected animals or by inhaling their excreta, such as high fever, cough, myalgia, fatigue, and loss of appetite (Knittler and Sachse, 2015; Chen et al., 2020). Human psittacosis is often overlooked by clinicians due to atypical clinical manifestations, low incidence, and limited testing methods. According to a meta-analysis in 2017 (Hogerwerf et al., 2017), approximately 1% of annual community-acquired pneumonia was caused by C. psittaci worldwide. At present, however, there are lack of assays for identification of C. psittaci pathogens in various laboratories, thus it is very difficult and time-consuming for the diagnosis of C. psittaci infection.

C. psittaci is commonly classified into 15 genotypes, including A, B, C, D, E, F, E/B, M56, 1V, WC, 6N, Matl16, R54, YP84 and CPX0308 (Radomski et al., 2016), which are usually identified through the outer membrane protein A (ompA) sequencing. C. psittaci genotypes have some preference for specific species (Zaręba-Marchewka et al., 2021). In recent years, more and more cases of C. psittaci pneumonia have been reported with the development of metagenomic sequencing technologies. However, it remains unknown regarding the characteristics of human pneumonia caused by different strains of C. psittaci. Here, we described the clinical characteristics of two patients with pneumonia caused by different strains of C. psittaci (SZ18-2 and SZ15), which had been previously detected in ducks but rarely reported in human (Beeckman and Vanrompay, 2009; Lin et al., 2019).



Case presentation

Case 1. A 69-year-old man came to our hospital on October 23, 2020 for cough and asthma for 8 days, inflammatory infiltration in multiple lobes, and disturbance of consciousness. He was diagnosed as severe pneumonia, accompanied by septic shock and pleural effusion. Eight days ago, the patient developed cough with sticky sputum, myalgia, loss of appetite and diarrhea for 4-5 times per day, but the symptoms didn’t improve after intravenous transfusion of cefazoxime. On the next day, he began to experience dyspnea and lethargy, with the highest temperature of 39.8°C. He had no history of smoking, alcohol consumption or drug use. Moist rales can be heard in the right lung. Laboratory examinations showed elevated levels of creatine kinase (CK), lactic dehydrogenase (LDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine (Cr) and blood urea nitrogen (BUN). The chest computed tomography (CT) revealed patchy consolidation in both lungs, especially in the right lung (Figures 1A, B).




Figure 1 | Chest CT scan of Case 1 and Case 2 before and after treatment. (A, B) Patchy infiltration and consolidation of both lungs, especially in the right lung in case 1 before treatment. (C, D) Lung shadow absorption after treatment in case 1. (E, F) Patchy high-density shade was seen in the anterior segment of the upper lobe, median lobe and the basal segment of the inferior lobe in the right lung, as well as the anterior segment of the upper lobe in the left lung of case 2 before treatment. (G, H) Lung shadow absorption after treatment in case 2.



Case 2. A 48-year-old man with a long-term history of hypertension presented to our hospital on October 26, 2020 due to high fever, cough, muscle pain in the whole body, diarrhea and loss of appetite for 5 days, and was diagnosed as severe pneumonia. This patient was also treated with intravenous transfusion of cefazoxime, but the symptoms did not improve. No moist rales were heard by the lung auscultation. Laboratory examinations showed elevated levels of CK, LDH, ALT and AST on admission. The chest CT indicated a patchy high-density shade in the anterior segment of the upper lobe, median lobe, and the basal segment of the inferior lobe in the right lung, as well as the anterior segment of the upper lobe in the left lung (Figures 1E, F).

Notably, these two patients both had a history of duck contact, and did not take any protective measures, such as wearing face masks or gloves, while processing the ducks. The clinical features and laboratory indicators of the two patients on admission are summarized in Table 1.


Table 1 | Clinical features and laboratory indicators of two patients with C. psittaci pneumonia on admission.



To explore the possible pathogens of the infection, we obtained the bronchoalveolar lavage fluid (BALF) from two patients by electronic bronchoscope on the 3rd day after admission. The BALF was delivered for culture and metagenomic next-generation sequencing (mNGS). The results of culture were negative, but C. psittaci was identified by mNGS, which was further confirmed by real-time polymerase chain reaction (RT-PCR) assay. PCR primer sequence was F: ATGAAAAAACTCTTGAAATCGG and R: CAAGATTTTCTAGA CTTCATTTT. To determine the genotypes of C. psittaci from 2 cases, 1100 bp fragments of the omp A gene were amplified using the nest PCR (Herrmann et al., 2006) and sequenced using an Applied Biosystems 3130 Genetic Analyzer (ThermoFisher Scientific, https://www.thermofisher.com). We aligned nucleotide sequences using Mafft (https://mafft.cbrc.jp/alignment/software/) and constructed a phylogenetic tree with MEGA5 (https://www.megasoftware.net) according to a previous study (Lu et al., 2019). The results showed 100% identical omp A gene sequences in these two cases, with 100% and 99.81% identical to the sequence of C. psittaci strain SZ15 (GenBank accession no. MK630234.1) and SZ18-2 (GenBank accession no. MK751471.1), respectively (Figure 2). The processes of mNGS and RT-PCR are described particularly in Supplementary Materials.




Figure 2 | Phylogenetic tree of C. psittaci ompA gene sequences. The tree was constructed using the maximum-likelihood method based on GTR model, with 1,000 bootstrap replicates in MEGA5, compared with reference sequences available in the GenBank database (GenBank accession number indicated). C. caviae (AF269282.1) was used as an out-group. Black dots indicate isolates from this study. Numbers at nodes indicate bootstrap values. Scale bar indicates nucleotide substitutions per site.



Two cases of pneumonia were both confirmed to be caused by C. psittaci. Case 1 was treated with oral administration of doxycycline, while case 2 was treated with intravenous injection of azithromycin. The clinical symptoms and laboratory indicators were both improved after treatment. The CT also showed decreased inflammatory exudation after 1-2 months of treatment (Figures 1C, D, G, H). During the treatment, there were no adverse and unanticipated events. The timelines of disease progression and treatment are depicted in Figure 3, and the changes of laboratory indicators are described in Figure S1.




Figure 3 | The timeline of disease progression and treatment of the two patients.





Discussion

C. psittaci is a zoonotic pathogen which can infect avian and mammalian hosts, including humans. In clinical practice, however, C. psittaci infection is very easy to be overlooked because of the difficulty in diagnosis. In this study, we reported the clinical characteristics and laboratory indicators of two patients with pneumonia caused by different strains of C. psittaci, and demonstrated that patients infected with different strains of C. psittaci may own different clinical manifestations, which will need more large-scale studies to further verify.

Patients with C. psittaci infection may experience multiple organ dysfunction, for which several hypotheses have been proposed. It is reported that the nuclear factor-κB signaling pathway is activated and the function of macrophages is inhibited at the time of C. psittaci infection (Chu et al., 2020), and the microRNA expression of inflammatory cytokines in human bronchial epithelial cells is upregulated (Liu et al., 2021). In 2016, Chu et al. found that virulent C. psittaci infection could inhibit the immune response through suppression of humoral responses and adjustment of Th1/Th2 balance, consequently leading to increased mortality in H9N2-infected birds (Chu et al., 2016).

In this study, we reported two patients infected with different strains of C. psittaci (SZ18-2 and SZ15). The SZ15 isolate is closely related to the VS1, 6BC and 84‐55 strains, indicating that the SZ15 isolate belongs to the genotype A, which is usually found in psittacine birds (Lin et al., 2019). Based on Genbank phylogenetic relationship of C. psittaci strains, SZ15 and SZ 18-2 were clustered together. Further analysis is needed to determine whether these two strains belong to the same genotype.

In this study, the two patients suffered from soreness and weakness in the whole body and more pronounced digestive symptoms rather than respiratory symptoms. The white blood cells were in normal range, while the percentage of neutrophils increased consistently in both cases. The high-sensitivity C-reactive protein levels were normal in case 1 on day 9 after symptoms occurred, but significantly elevated on day 14 and were markedly higher than that in case 2 on day 5. In addition, they both had an abnormal rise in liver enzyme and myocardial enzyme, suggesting that the pulmonary infection caused by C. psittaci might damage the liver and heart function to some extent. The concentration of Cr and BUN only increased in case 1, which may be related to the lethargy in case 1. Moist rales were found in case 1 but not in case 2.

C. psittaci infection should be suspected when pneumonia was present, accompanied by digestive manifestations and multiple organ dysfunction, especially under the exposure of specific birds. By means of mNGS, we found the main pathogen and took therapeutic measures in time. Both patients recovered finally. These two cases in our study had close contact with ducks before the onset, suggesting that C. psittaci pneumonia might be associated to prior exposure to ducks. However, the duck samples were not collected and detected to confirm the source of C. psittaci. In the future, this association will need to be further investigated.

In 2019, Lin et al. isolated C. psittaci strain SZ15 (genotype A) in ducks (Lin et al., 2019). The ducks inoculated with SZ15 showed anorexia, depression, and poor laying performance. Besides, hemorrhage in the liver, heart, oviduct, and ovary was also observed. The infected humans and ducks shared some similarity in manifestations. This reminds us to enhance the surveillance of C. psittaci in ducks and proper respiratory protection should be taken for those feeding or slaughtering ducks.

In conclusion, patients with pneumonia caused by different strains of C. psittaci may own different clinical manifestations. C. psittaci infection should be suspected when pneumonia appears, accompanied by digestive symptoms and multiple organ dysfunction, especially under the exposure of specific birds.
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Background

Mucormycosis commonly occurs in immunosuppressed patients with hematological diseases, which can be life-threatening. However, many cases are often misdiagnosed due to lack of specific clinical manifestations. Additionally, the traditional blood culture or serological testing, with a high false-negative rate, is time-consuming. Thus, precise and timely diagnosis of infections is essential for the clinical care of infected patients.



Case presentation

We report a 29-year-old Chinese man with acute myeloid leukemia (AML) who developed febrile neutropenia after the first course of induction chemotherapy. He received empirical antibiotics, which did not relieve his symptoms. No pathogen was detected by traditional microbiologic assays, while Mucor indicus was identified by metagenomic next-generation sequencing (mNGS) in the blood specimen. Liposomal amphotericin B (LAmB) was used, resulting in the patient’s temperature returning to normal. A few days later, abdominal computed tomography (CT) scan showed multiple liver abscesses; fluorescence staining, histopathology, and mNGS identified the causative agent—M. indicus. Posaconazole was combined with LAmB as long-term antifungal treatment. Finally, the patient received allogeneic hematopoietic stem cell transplantation successfully after controlled infection. During follow-up 1 year after transplantation, the number of liver abscesses was reduced to one and remained stable.



Conclusion

This report described the first case of an AML patient diagnosed with culture-negative disseminated infections caused by M. indicus leading to rare hepatic manifestations using mNGS of peripheral blood and liver biopsy. LAmB combined with posaconazole was given in time, resulting in a favorable outcome. mNGS is a new method that assists in detecting the probable pathogen and increases the accuracy of identifying an etiology.





Keywords: mucor indicus, disseminated mucormycosis, metagenomic next-generation sequencing, acute myeloid leukemia, liver abscess, allogeneic hematopoietic stem cell transplantation, case report



Introduction

Mucormycosis, caused by opportunistic pathogenic fungi that belong to the order Mucorales, commonly occurs in immunosuppressed patients with hematological diseases after chemotherapy or hematopoietic stem cell transplantation (HSCT) with a high mortality rate (Kontoyiannis et al., 2005; Roden et al., 2005; Petrikkos et al., 2012). The use of prophylactic and therapeutic drugs, such as glucocorticoids, immunosuppressants, and broad-spectrum antibiotics, has become an important pathogenic factor for mucormycosis infection in patients with acute leukemia, with pulmonary involvement being the most common presentation (Fadhel et al., 2019).

The gold standard for diagnosing mucormycosis is histologic findings and positive culture from blood or affected lesions. However, it is not feasible for vulnerable acute leukemia patients to obtain tissue biopsies. In addition, lack of regular septate in Mucorales species might contribute to fragile hypha; thus, it is difficult to culture in vitro, leading to delayed diagnosis (Spithoven et al., 2020). Metagenomic next-generation sequencing (mNGS), an unbiased approach capable of detecting causative pathogens contained in clinical specimens in a broad-spectrum manner, achieves accurate diagnosis and timely treatment for difficult-to-diagnose clinically moderate and severe infections (Chiu and Miller, 2019). Here, we presented the first case of an acute myeloid leukemia (AML) patient who experienced disseminated infections of Mucor indicus with rare hepatic manifestations, first detected by peripheral blood and liver biopsy through mNGS.

Liposomal amphotericin B (LAmB) and posaconazole are active against mucormycosis, but the required course of treatment for mucormycosis is not clear (Skiada et al., 2013; Liu et al., 2021; Wen et al., 2021). After a long-term follow-up of the case from the first chemotherapy to successful HSCT, for the first time, the total course of target antifungal agents was recorded in detail according to the patient’s condition and imaging manifestations, which provided a reference basis for the treatment of subsequent AML patients with mucormycosis.



Case description

A 29-year-old man with intermediate-risk AML was treated with a standard chemotherapy regimen of 7 + 3 with idarubicin and cytarabine (day 1). Before receiving chemotherapy, the patient’s electrocardiogram, echocardiography, and abdominal ultrasonography did not show any obvious abnormality, except for a thoracic nodule shown in his chest computed tomography (CT) scan. The patient presented with severe neutropenia (0.05 × 109/L after the first course of induction chemotherapy), and consequently, fluconazole (200 mg, daily, orally, days 1–15) and levofloxacin (500 mg, daily, orally, days 1–5) were empirically given as broad-spectrum antifungal and antibiotic prophylaxis, respectively. A timeline with relevant data and treatment from the patient in the course is shown in Figure 1. On day 5, the patient developed acute onset of fever to 38.9°C with abdominal pain, and his inflammation indicators increased. However, an abdominal CT scan revealed no abnormalities in the meantime. Possibly due to early empirical antimicrobial therapy, multiple clinical microbiologic assays including β-D-glucan and galactomannan (G and GM) tests, blood cultures, and stool cultures showed no pathogenic evidence. From day 5 to day 19, broad-spectrum antimicrobial coverage with meropenem combined with vancomycin and tigecycline combined with cefoperazone/sulbactam was empirically administrated for poor immunity, suggestive of potential infection of pathogens. However, there was no significant relief from his symptoms. Therefore, the patient’s peripheral blood samples were sent for mNGS to improve the etiological examination on day 13 (Jing et al., 2021). Within 48 h after receipt of the samples, the presence of M. indicus was examined by mNGS analysis with 1,482 reads. The anti-infection regimen was changed to Liposomal amphotericin B (LAmB) immediately (escalated from 0.1 mg/kg to 3 mg/kg daily, intravenous injection, days 15–34) with subsequent defervescence. On day 19, an abdominal CT scan showed four low-attenuation liver lesions caused by an invasive microorganism (Khim et al., 2019). However, the liver biopsy was not performed immediately owing to thrombocytopenia (20 × 109/L) and leukopenia (0.1 × 109/L).




Figure 1 | The clinical course of the patient (schematic). (A) The abdominal CT scan revealed no abnormalities. (B) The abdominal CT scan showed four low-attenuation liver lesions (marked in the red triangle). (C) Eight enlarged liver lesions were observed by abdominal CT. (D) Mucor-hyphae were found under fluorescence microscopy using CFW staining. (E) The histopathology of the liver showed non-septate, irregular, branched fungal hyphae (black arrow) and spores (red arrow). (F) The number of liver abscesses was reduced to four, revealed by abdominal CT scan, implying that antifungal therapy had been effective. (G) Seven liver abscesses were revealed by the abdominal CT scan, suggesting aggravation of liver infection. (H) The abdominal CT scan showed four liver lesions, implying that antifungal therapy had been effective. (I, J) The number of liver abscesses was reduced to one and remained stable. Chemotherapy IA, idarubicin and cytarabine; CT, computed tomography; G test, (1,3)-β-D-glucan test; GM test, galactomannan antigen test; mNGS, metagenomics next-generation sequencing; MDR, measurable residual disease; HAG, homoharringtonine, cytarabine and G-CSF; VA, venetoclax and azacitidine; HA, homoharringtonine and cytarabine; HSCT, hematopoietic stem cell transplantation; LVX, levofloxacin; FLU, fluconazole; MEM, meropenem; VAN, vancomycin; TGC, tigecycline; CSL, cefoperazone/sulbactam; LAmB, liposomal amphotericin B; Posa-s, posaconazole suspension; Posa-t, posaconazole tablet.



On day 34, the patient achieved complete remission with a negative measurable residual disease (MRD) result and then was discharged from the hospital with instructions to continue his routine treatment with daily oral posaconazole suspension (200 mg, qid, po, days 28–46). After 4 days, the patient was readmitted to the hospital for the first course of consolidation chemotherapy. On admission, due to the enlarged liver lesions observed by abdominal CT, suggesting aggravation of liver infection, we obtained lesion specimens through an ultrasound-guided liver biopsy for pathogenic examinations and administered LAmB (escalated from 1 mg/kg to 3 mg/kg, daily, intravenous injection) as the antifungal agent. Fluorescence staining observed ribbon-like, folded hyphae. No pathogen was cultured from liver biopsy tissues, but histology revealed non-septate, irregular, branched fungal hyphae and spores. Meanwhile, mNGS detected sequence reads corresponding to M. indicus (4 reads), confirming that mucormycosis also occurred in the liver. The diagnoses of disseminated infections caused by M. indicus, including liver and bloodstream infections, should be clear at this point.

Patients received two homoharringtonine, cytarabine, and G-CSF (HAG) consolidation chemotherapy sessions on days 46 and 86, respectively, during which intravenous LAmB was decreased to 1 mg/kg/day due to reduction of liver abscesses to four and adverse effects of LAmB (severe gastrointestinal reaction, hypokalemia, and hepatic and renal insufficiency). The patient suffered from hypotension (80/42 mm Hg) and fever (39.5°C) caused by septic shock and stopped chemotherapy on the 88th day and received meropenem and linezolid administered for 1 week. Coincident with sending peripheral blood samples for mNGS and culture in an attempt to investigate possible etiology, posaconazole suspension (200 mg, qid, po, days 88–248) and a higher dose of LAmB (2 mg/kg, daily, intravenous injection) were used on day 88 for three additional liver abscesses shown on the abdominal CT scan. After 2 days, the mNGS of peripheral blood showed a negative result, which was consistent with the blood culture result 1 day later. However, the liver abscesses were reduced to four on day 124, implying that antifungal therapy had been effective. Given the inactive hepatic abscesses and leukemia treatment, the patient received venetoclax and azacitidine (VA) and homoharringtonine and cytarabine (HA) chemotherapy on days 134 and 248, respectively. Based on the negative mNGS results of peripheral blood, stable liver lesions, and continuous hepatic and renal insufficiency (AST 55 U/L, ALT 45 U/L, blood urea nitrogen 9.9 mmol/L, creatinine 171 μmol/L, GFR 42 ml/min/1.73 m2), the patient stopped using LAmB intravenously on day 188 but continued with oral posaconazole (changed to tablet, days 248–480) as against fungal infection.

On day 360, the patient received peripheral blood stem cells from an unrelated donor. The chimerism rate was 99.5% at day 30 post-HSCT, which meant complete donor chimerism. The total course of LAmB was 8 months, and the cumulative dose was 20.5 g. The entire course of oral posaconazole was almost 1 year, consisting of the whole transplantation period and 4 months post-HSCT. Until now (day 780), the number of liver abscesses remained at one and remained stable. The major problem after HSCT was renal insufficiency (blood urea nitrogen 8.3 mmol/L, creatinine 168 μmol/L, GFR 43 ml/min/1.73 m2) and grade 1 skin graft-versus-host disease. The liver function returned to normal.



Discussion and conclusions

Mucormycosis, caused by opportunistic pathogenic fungi that belong to the order Mucorales, is a difficult-to-diagnose rare disease with high mortality that commonly occurs in patients with impaired immune status, particularly those with diabetes mellitus, hematological malignancy, and neutropenia (Dong et al., 2022). According to literature review, this is the first reported patient with AML who developed disseminated infection caused by M. indicus (Supplementary Table S1). The most frequent clinical presentations of mucormycosis are pulmonary, sinusitis, and cutaneous (Roden et al., 2005). The hepatic manifestations presented in our case are rare and may arise from hematogenous dissemination from an infected vascular catheter (Weng et al., 1998).

Due to the rapidly progressive infection, mucormycosis requires urgent diagnosis and intervention to reduce mortality. Culture is highly recommended to confirm the diagnosis of mucormycosis in tissues, but it is time-consuming, with a high false-negative rate. Microscopic identification is often used clinically for rapid presumptive diagnosis of mucormycosis, but this method does not allow identification to the genus or species level, which is important to guide antifungal therapy, because of the different clinical picture depending on the species (Abela et al., 2013). Clinical mNGS, an unbiased approach capable of detecting causative pathogens at the species level, has fundamentally changed the management of mucormycosis, which can achieve accurate diagnosis and timely treatment for difficult-to-diagnose fatal infections. As far as we know, this is the first report wherein mNGS can detect M. indicus from peripheral blood and liver biopsy tissue, with culture and serological testing yielding negative results (Supplementary Table 1). Moreover, the low sequence reads of M. indicus detected in liver biopsy tissue were caused by formalin-fixed, paraffin-embedded tissue samples we used for sequencing, as formalin damages DNA (Cornely et al., 2019).

Global guidelines for the diagnosis and management of mucormycosis strongly support early and complete surgical treatment of mucormycosis, in addition to systemic antifungal therapy (Cornely et al., 2019). Considering the deteriorating systemic condition and multiple infected lesions in this case, surgical debridement was not possible. We treated the patient with an empirical combination of LAmB and posaconazole, which is regarded as the most common treatment for mucormycosis. However, the duration of treatment required to treat mucormycosis is not clear (Cornely et al., 2019). In this case, continuous medication adjustments were made based on the patient’s condition, medication side effects, and imaging manifestations until substantial radiographical improvement of the liver. The patient then successfully underwent HSCT.

In conclusion, we diagnosed disseminated infections caused by M. indicus in an AML patient with rare hepatic manifestations using mNGS. LAmB combined with posaconazole was given, and the patient received allogeneic HSCT successfully after controlled infection. This report suggests that mNGS is a new method that assists in finding the causative pathogens with no other specific diagnostic basis and in helping to cure the patient.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://ngdc.cncb.ac.cn/, PRJCA012925.



Ethics statement

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

MS designed the study, analyzed and interpreted the patient data, and wrote the manuscript. QL contributed to data collection and analysis, and manuscript writing. XL performed data collection, manuscript review, and revision. DH contributed to manuscript review. ZZ provided data acquisition, analysis, and interpretation. All authors read and approved the final manuscript.



Acknowledgments

The authors would like to thank the patient involved in this article. We thank Han Xia of Department of Scientific Affairs, Hugobiotech Co. Ltd. for the help of technical assistance in mNGS assay and BGI for their assistance in detection methodology.



Conflict of interest

Authors QL and DH are employed by Genskey Medical Technology Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1089196/full#supplementary-material



References

 Abela, L., Toelle, S. P., Hackenberg, A., Scheer, I., Gungor, T., and Plecko, B. (2013). Fatal outcome of rhino-orbital-cerebral mucormycosis due to bilateral internal carotid occlusion in a child after hematopoietic stem cell transplantation. Pediatr. Infect. Dis. J. 32, 1149–1150. doi: 10.1097/INF.0b013e31829e69e7

 Chiu, C. Y., and Miller, S. A. (2019). Clinical metagenomics. Nat. Rev. Genet. 20, 341–355. doi: 10.1038/s41576-019-0113-7

 Cornely, O. A., Alastruey-Izquierdo, A., Arenz, D., Chen, S. C. A., Dannaoui, E., Hochhegger, B., et al. (2019). Global guideline for the diagnosis and management of mucormycosis: An initiative of the European confederation of medical mycology in cooperation with the mycoses study group education and research consortium. Lancet Infect. Dis. 19, e405–e421. doi: 10.1016/S1473-3099(19)30312-3

 Dong, N., Jordan, A. E., Shen, X., Wu, X., Guo, X., Zhao, H., et al. (2022). Rhino-orbital cerebral mucormycosis in a patient with diabetic ketoacidosis: A case report and literature review. Front. Neurol. 13. doi: 10.3389/fneur.2022.815902

 Fadhel, M., Patel, S. V., Liu, E., Fune, L., Wasserman, E. J., and Asif, A. (2019). Disseminated pulmonary with isolated muscular mucormycosis in an acute myeloid leukemia patient: A case report and literature review. Am. J. Case Rep. 20, 1210–1215. doi: 10.12659/AJCR.916864

 Jing, C., Chen, H., Liang, Y., Zhong, Y., Wang, Q., Li, L., et al. (2021). Clinical evaluation of an improved metagenomic next-generation sequencing test for the diagnosis of bloodstream infections. Clin. Chem. 67, 1133–1143. doi: 10.1093/clinchem/hvab061

 Khim, G., Em, S., Mo, S., and Townell, N. (2019). Liver abscess: diagnostic and management issues found in the low resource setting. Br. Med. Bull. 13, 245–252. doi: 10.1093/bmb/ldz032

 Kontoyiannis, D. P., Lionakis, M. S., Lewis, R. E., Chamilos, G., Healy, M., Perego, C., et al. (2005). Zygomycosis in a tertiary-care cancer center in the era of aspergillus-active antifungal therapy: A case-control observational study of 27 recent cases. J. Infect. Dis. 191, 1350–1360. doi: 10.1086/428780

 Liu, Y., Zhang, J., Han, B., Du, L., Shi, Z., Wang, C., et al. (2021). Case report: Diagnostic value of metagenomics next generation sequencing in intracranial infection caused by mucor. Front. Med. (Lausanne). 8. doi: 10.3389/fmed.2021.682758

 Petrikkos, G., Skiada, A., Lortholary, O., Roilides, E., Walsh, T. J., and Kontoyiannis, D. P. (2012). Epidemiology and clinical manifestations of mucormycosis. Clin. Infect. Dis. 54 (Suppl 1), S23–S34. doi: 10.1093/cid/cir866

 Roden, M. M., Zaoutis, T. E., Buchanan, W. L., Knudsen, T. A., Sarkisova, T. A., Schaufele, R. L., et al. (2005). Epidemiology and outcome of zygomycosis: a review of 929 reported cases. Clin. Infect. Dis. 41, 634–653. doi: 10.1086/432579

 Skiada, A., Lanternier, F., Groll, A. H., Pagano, L., Zimmerli, S., Herbrecht, R., et al. (2013). European Conference on infections in, diagnosis and treatment of mucormycosis in patients with hematological malignancies: Guidelines from the 3rd European conference on infections in leukemia (ECIL 3). Haematologica 98, 492–504. doi: 10.3324/haematol.2012.065110

 Spithoven, E. M., Bruns, A. H. W., Petri, B. J., Haas, P. J., Nguyen, T. Q., Hagen, F., et al. (2020). Renal transplant patient survives a donor-derived abdominal invasive mucormycosis (Lichtheimia ramos a). Med. Mycol Case Rep. 30, 39–42. doi: 10.1016/j.mmcr.2020.10.002

 Wen, B., Cai, L., Cai, Y., and Du, X. (2021). Case report: Metagenomics next-generation sequencing for diagnosing cerebral infarction and infection caused by hematogenous disseminated mucormycosis in a patient with acute lymphoblastic leukemia. Front. Med. (Lausanne). 8. doi: 10.3389/fmed.2021.779981

 Weng, D. E., Wilson, W. H., Little, R., and Walsh, T. J. (1998). Successful medical management of isolated renal zygomycosis: Case report and review. Clin. Infect. Dis. 26, 601–605. doi: 10.1086/514562



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 © 2023 Shen, Li, Zeng, Han and Luo. 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: 01 March 2023

doi: 10.3389/fcimb.2023.1089919

[image: image2]


Optimization and standardization of mNGS-based procedures for the diagnosis of Mycoplasma periprosthetic joint infection: A novel diagnostic strategy for rare bacterial periprosthetic joint infection


Yuanqing Cai 1,2,3†, Haiqi Ding 1,3†, Xiaoqing Chen 4†, Yang Chen 1,3, Changyu Huang 1,3, Chaofan Zhang 1,3, Zida Huang 1,3, Ying Huang 1,3, Wenbo Li 1,3, Wenming Zhang 1,3* and Xinyu Fang 1,3*


1Department of Orthopedics, National Regional Medical Center, Binhai Campus of the First Affiliated Hospital, Fujian Medical University, Fuzhou, Fujian, China, 2Department of Orthopedics, The Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an, Shaanxi, China, 3Department of Orthopedics, The First Affiliated Hospital, Fujian Medical University, Fuzhou, Fujian, China, 4Department of Orthopedics, Quanzhou First Hospital Affiliated to Fujian Medical University, Quanzhou, China




Edited by: 

Xin Zhou, Stanford University, United States

Reviewed by: 

Yinzhou Zhu, 10x Genomics, United States

Ning Hu, First Affiliated Hospital of Chongqing Medical University, China

*Correspondence: 

Wenming Zhang
 zhangwm0591@fjmu.edu.cn

Xinyu Fang
 fangxinyu0417@foxmail.com



†These authors have contributed equally to this work



Specialty section: 
 This article was submitted to Clinical Microbiology, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 04 November 2022

Accepted: 07 February 2023

Published: 01 March 2023

Citation:
Cai Y, Ding H, Chen X, Chen Y, Huang C, Zhang C, Huang Z, Huang Y, Li W, Zhang W and Fang X (2023) Optimization and standardization of mNGS-based procedures for the diagnosis of Mycoplasma periprosthetic joint infection: A novel diagnostic strategy for rare bacterial periprosthetic joint infection. Front. Cell. Infect. Microbiol. 13:1089919. doi: 10.3389/fcimb.2023.1089919




Introduction

The diagnosis of Mycoplasma periprosthetic joint infection (PJI) is rather difficult due to its rarity and difficult in isolation, there are not standardized diagnostic procedure for Mycoplasma PJI presently. This study aimed to reported a metagenomic next-generation sequencing (mNGS)-based diagnostic strategy for Mycoplasma PJI.



Methods

In the present study, we have reported the largest number of Mycoplasma PJI that were precisely diagnosed by mNGS and verified by optimized microbial culture methods and (or) 16S PCR polymerase chain reaction (PCR).



Results

The positive rate of optimized microbial culture methods and 16S PCR in the detection of Mycoplasma PJI was 57.14% and 71.43%, respectively. The infections were well controlled by targeted treatment in all cases.



Conclusion

The standardized and optimized procedure based on mNGS presented in this study is useful for the diagnosis of Mycoplasma PJI, which might also be provided as a novel diagnostic strategy for rare bacterial PJI. 





Keywords: Mycoplasma, periprosthetic joint infection, metagenomic next-generation sequencing, procedure, rare bacteria



Introduction

Periprosthetic joint infection (PJI) is one of the serious complications after joint arthroplasty, multiple debridement operations and extended period antibiotic treatment are need (Rajput et al., 2022). PJI is often caused by gram positive or negative bacteria such as Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli and Pseudomonas aeruginosa through surgical incision infection or hematogenous infection (Bjerke-Kroll et al., 2014; McCulloch et al., 2022). With the increasing number of patients undergoing joint arthroplasty, as well as the use of antibiotics and the increase of medical-related invasive procedures (such as arthrocentesis, urinary catheterization, etc.), PJI caused by rare bacteria are becoming more common (Escolà-Vergé et al., 2018; Spanyer et al., 2018; Brzezinski et al., 2021). Rare bacterial PJI might be easily missed diagnosed because they could not be effectively isolated, therefore the antibiotics used might not cover pathogenic bacteria, resulting in persistent infection. Therefore, it is necessary to establish a standardized and optimized diagnostic procedure for PJI caused by such rare bacteria.

Mycoplasma is the smallest prokaryotic organisms, widely exists in people and animals, and most of them are not pathogenic. Mycoplasma is a common causative agent in pulmonary and genitourinary tract infections, so clinicians usually use microbial culture and polymerase chain reaction (PCR) for pathogen detection (Volsky, 1990; Nadal et al., 2001). However, the incidence rate of Mycoplasma PJI is relatively low, it could be easily overlooked by surgeons. In recent years, Mycoplasma has been increasingly reported in osteoarticular infection (Chen et al., 2020) and PJI, especially those caused by Mycoplasma hominis, but mostly as case reports and incidental positive cultures (Qiu et al., 2017; Rieber et al., 2019; Xiang and Lu, 2019; He et al., 2020; Muramatsu et al., 2022). Therefore, it is necessary to determine whether Mycoplasma PJI cases are underdiagnosed, or whether these cases are false positives caused by specimen contamination. A more efficient, optimal, and standardized diagnostic procedure is needed.

Our center has been applying metagenomic next-generation sequencing (mNGS), a new molecular diagnostic tool, in the diagnosis of osteoarticular infection for long time (Huang et al., 2019; Cai et al., 2020; Fang et al., 2021; Fang et al., 2022). It is a culture-independent, unbiased pathogen detection tool which offers additional advantages in the detection of pathogenic bacteria that cannot be isolated by routine microbial culture methods. By this method, we have detected Mycoplasma from many PJI cases (Fang et al., 2021). In order to eliminate the clinician’s doubts about whether Mycoplasma detected by mNGS is a real pathogenic bacterium, based on the largest number of Mycoplasma PJI cases reported in this study, we have established a standardized and novel diagnosis procedure of Mycoplasma PJI, and this procedure can be generalized to the diagnosis of other rare bacterial PJI.



Materials and methods


Participants

This study included the suspected PJI patients who were admitted in our hospital from 2015 to 2021. The diagnosis of PJI was based on Musculoskeletal Infection Association (MSIS) criteria: at least one of following three criteria should be met: 1) sinus tract was communicating with the prostate; 2) pathogen was isolated by culture from two separate tissue or fluid samples obtained from the affected prosthetic joint; and 3) patient met four of the following six criteria: (a) elevated ESR and CRP; (b) elevated synovial fluid WBC count; (c) elevated synovial fluid neutrophil percentage; (d) presence of purulence in the affected joint; (e) isolation of a microorganism in one periprosthetic tissue or fluid culture; and (f) > 5 neutrophils per high-powered field in 5 high-power fields observed from histologic analysis of periprosthetic tissue at ×400 magnification. Inclusion criteria were as follows: 1) patients who were suspected of Mycoplasma PJI according to microbial culture and mNGS results; 2) patients with complete medical data. Exclusion criteria were as follows: 1) insufficient clinical and laboratory data to diagnose PJI; 2) contamination or suspected contamination of samples; 3) infections at other sites or in the body.



Routine microbial culture

Specimens were collected and transported to the microbiology laboratory within 30 minutes. For the synovial fluid, 100μL was inoculated on the blood agar, 1000μL was used for mNGS, and the rest was injected into the blood culture bottles for microbial culture, when the culture results were positive, they were transferred to the blood agar. For the tissue specimens, they were ground in sterile tryptic soy broth Ep tubes and then the homogenate was inoculated on the blood agar. For the removed prosthesis, they were immersed with sterile saline, sonicated, supernatant was removed after centrifugation, resuspended with sterile saline, and then injected into blood culture bottles for microbial culture.



mNGS

The mNGS was performed according to previous describe methods (Cai et al., 2020; Huang et al., 2020; Fang et al., 2021). In brief, the procedure including: 1) nucleic acid extraction: the total DNA was extracted by TIANamp Micro DNA Kit (DP316, Tiangen Company, China) from homogenate or synovial fluid; 2) library construction: after DNA was randomly fragmented into 200-300bp nucleic acid fragments, constructed DNA libraries by end repair, specific splice ligation, purification, PCR amplification and cyclization reactions to generate single-stranded DNA loops. 3) sequencing: the DNA libraries were processed for 50 bp single-end sequenced by BGISEQ-500 platform (Huada Zhizhi, China). 4) Bioinformatics analysis: remove the data with low quality and less than 35bp from the raw sequencing data, and then remove the Human reference genome sequence (Hg19) by Burrows-Wheeler alignment (http://biobwa.sourceforge.net). The remaining sequence alignment to the microbial reference database, obtained from National Center for Biotechnology Information (NCBI) and classified as viruses, fungi, bacteria, parasites, etc. 5) Interpretation of mNGS results: the interpretation was conducted by the PJI panel, including at least one senior microbiologist, infectious disease expert and orthopedic expert dedicated to PJI research.



Verification by optimized culture methods

For PJI cases with Mycoplasma reported by mNGS preoperatively, liquid combined with solid culture method (optimized culture method) was used for validation after sufficient samples were collected intraoperatively (Fang et al., 2021). Liquid sample were cultured by Mycoplasma ICS Kitliquid (Zhuhai Livzon Reagent Co., Ltd.). In the liquid medium, micropores were closed with paraffin, after which samples were immersed and cultured at 37°C with 5% CO2, and the results were recorded at 24, 48 and 72 hour (h). When the bacteria concentration ≥ 104 cfu/ml, the micropores became red and were confirmed to be positive; for solid medium, samples were directly incubated in elective solid medium and cultured at 37°C in a 5% CO2 incubator for 24, 48, and 72 h, observed under low magnification (10×10) to confirm that the colonies were Mycoplasma if they were small and fried egg-like.



Verification by 16S PCR

For PJI cases with Mycoplasma reported by mNGS preoperative, sufficient samples were collected intraoperatively and verified by 16S PCR. Briefly, 200 μL specimen was placed in a disposable 2 mL sterile centrifuge tube, and the total DNA was extracted by DNeasyBlood & Tissue kit (QIAGEN, Germany) as per manufacturer’s instructions. Digested with protease K for 4 h, and the extracted DNA was dissolved in 100 μL double distilled deionized water. The bacterial/fungal genomic DNA Mix was used as the positive control. The PCR conditions are: pre-denaturation at 94°C for 2 min, denaturation at 94°C for 20 s, annealing at 55°C for 30 s and extension at 72°C, with 30 cycles, extension at 72°C for 10 min and preservation at 4°C. The product was subjected to agarose gel electrophoresis and judged as negative amplification if no band was shown or if the band was not recognized by two PCR lab technicians. If positive, the PCR products were sent for sequencing and analysis (Shanghai Tianhao Biotechnology Co., Ltd.), and the sequencing results alignment to Gen Bank to determine the species.



Verification by targeted treatment

For acute PJI, surgical treatment was performed with debridement, antibiotic irrigation and implant retention (DAIR), while for chronic PJI, two-stage revision was selected. After surgical treatment, PJI cases received intravenous antibiotic treatment for 2 weeks and oral antibiotic therapy for 1-3 months after discharge. PJI panel re-formulated the antibiotics regimen for Mycoplasma based on the results of mNGS and other verification methods, combined with the clinical efficacies, and the accuracy of mNGS and other verification methods were also confirmed according to the clinical efficacies of Mycoplasma targeted treatment. All these cases were followed up regularly and the clinical data like CRP, ESR, infection recurrence and the incidence of antibiotic-related complications were recorded.




Results


Demographic characteristics

A total of 7 Mycoplasma PJI cases were included in this study, which was the largest sample of Mycoplasma PJI cases so far (Table 1 for details). The average age was (72.57 ± 14.06) years old, including 4 male cases and 3 female cases, there were 4 knee PJI cases and 3 hip PJI cases. Interestingly, one of them was a case with PJI in bilateral knee. Among these patients, 5 cases were PJI infected by single bacterium, and among the other two patients, case 1 was mixed infection, case 2 was mixed infection in the right knee and single bacterium infection in left knee. In terms of subtypes of Mycoplasma, most patients were infected with Mycoplasma hominis, while case 1 with Mycoplasma hyorhinis, and case 7 with Ureaplasma urealyticum. Most of these patients received the two-stage revision surgery, and only the case with bilateral knee PJI were treated with DAIR.


Table 1 | Periprosthetic joint infection cases caused by Mycoplasma.





The positive rates of various Mycoplasma detection methods

In this study, all cases were precisely diagnosed by mNGS. Although some case reports demonstrated that Mycoplasma could be isolated by conventional microbiological culture methods, however, Mycoplasma could not be isolated by routine microbial culture methods in this study. Based on mNGS results preoperatively, both the optimized microbial culture methods and 16S PCR were used to verify the accuracy of mNGS. The results showed that although the optimized microbial culture method work in the Mycoplasma isolation, only 4 cases (case 2(right),3,4,6) could be successfully isolated with a positive rate of about 57.14% (4/7), while the positive rate further increased to 71.43% (5/7) by 16S PCR (Case 2 (left), 3, 4,6,7), but was still lower than that of mNGS. However, the relatively small number of Mycoplasma PJI cases and the lack of controls prevented comparison of positivity rate between mNGS and other validation methods.



Clinical efficacies of targeted treatment

Based on mNGS, routine and optimized microbial culture and 16S PCR results, PJI panel judged whether Mycoplasma was the true pathogenic bacteria combined with the patient’s medical history, symptoms, and other examination results. In this study, although Mycoplasma was only detected from 5 patients (case 2, 3, 4, 6, 7), the panel still diagnosed the other 2 patients as Mycoplasma PJI (case 5) or Mycoplasma complicated with other bacterial infections PJI (case 1) according to the poor clinical efficacies of routine microbial culture results oriented or empirical antibiotics treatment. Therefore, after surgical treatment (DAIR or two-stage revision), all patients received doxycycline or tetracycline for anti-infection treatment. All patients responded well to the targeted treatment and eventually controlled the infection. At the last follow-up, all patients had good joint mobility and functional scores, no patients need surgical debridement or long-term antibacterial therapy due to recurrence of infection, only one patient (case 1) developed antibiotic-related complications (slight allergic reaction), which was relieved after symptomatic treatment. Thus, based on the results of mNGS and various validation methods, Mycoplasma PJI can be successfully diagnosed and cured with targeted treatment.



Cases information

Case 1 was a 77-year-old woman who underwent total hip arthroplasty (THA) for femoral neck fracture 5 years ago. Her hip pain had worsened for about 2 weeks, and she was admitted with a C-reactive protein (CRP) of 7. 38 mg/L and an erythrocyte sedimentation rate (ESR) of 36 mm/h. A synovial fluid aspiration and test was performed preoperatively, the synovial fluid white blood cell (SF-WBC) was 56367×106/L and the synovial fluid polymorphonuclear neutrophils (SF-PMN) percentage was 89.9%. To better identify the pathogenic organisms, routine microbial culture and mNGS were both performed preoperatively. About 48 hours later, the mNGS results indicated that it was a multiple infection caused by Staphylococcus epidermidis (S. epidermidis) and Mycoplasma hyorhinis, while microbial culture and 16S PCR only showed the potential infection by S. epidermidis. Unfortunately, CRP and ESR remained at high levels and the infection could not be controlled after microbial culture results oriented antibiotics treatment. Based on symptoms, physical examination and medical history, the PJI panel reconsidered that the Mycoplasma hyorhinis was also the true pathogen rather than background bacteria. Therefore, a two-stage revision was performed and a modified antibiotic regimen (levofloxacin + doxycycline) was adopted, and finally the inflammatory indexes decreased to normal and the infection was well controlled.

Case 2 was an 88-year-old male who received total knee arthroplasty (TKA) on the right knee due to osteoarthritis. Five days post-operation, his right knee had been swollen and painful, and a small amount of pus was exuded from the incision on admission. Laboratory tests showed elevated CRP (>90 mg/L), ESR (120 mm/h), SF-WBC (23177×106/L) and SF-PMN% (90.8%), a diagnosis of acute PJI was made. In order to timely identify the pathogen, routine microbial culture and mNGS were both performed preoperatively. mNGS showed Staphylococcus aureus (S. aureus) and Mycoplasma hominis infection, while the culture only indicated S. aureus. The diagnosis of acute PJI was made and DAIR was performed. Samples were also collected intraoperatively for optimized culture and 16S PCR, the 16S PCR results was negative while optimized microbial culture indicated the infection by Mycoplasma hominis. Therefore, this case was treated as mixed infection with a combination antibiotic regimen (levofloxacin+ doxycycline) determined by the PJI panel for about six weeks and the infection was controlled well. One year later, the patient underwent a total knee arthroplasty (TKA) on another knee for severe osteoarthritis. Unfortunately, his left knee was swollen and painful again after surgery, with elevated inflammatory indexes on admission. At this time, mNGS showed that this might be a Mycoplasma hominis PJI case, while the microbial culture results were negative. Interestingly, 16S PCR also indicated that the pathogenic bacteria might be Mycoplasma hominis, validating the accuracy of mNGS. Therefore, the patient was treated with DAIR and doxycycline, and the clinical outcome was satisfactory.

Case 3-7 were all PJI cases caused by Mycoplasma (case 3-6 were Mycoplasma hominis; case 7 was Ureaplasma urealyticum). The pathogens were identified by mNGS and routine microbial culture results were all negative, but optimized microbial culture results were positive in cases 3,4, 6, and 16S PCR results were positive in case 3,4,6,7. Among these cases, case 5 was a patient who underwent UKA on the left knee 4 years ago (Figure 1A) and was admitted with knee pain for about 1 month and a sinus tract behind the knee (Figure 1B). Purulent synovial fluid was obtained from preoperative aspiration (Figure 1C). Mycoplasma hominis was reported as a pathogen for preoperative mNGS (Figure 1D), but routine microbial culture results were negative. The verification by optimized microbial culture and 16S PCR were both negative. Two-stage revision was performed for this case, and there were a large amount of neutrophils in periprosthetic tissues showed by intraoperative pathological test (Figure 1E). And this case was treated as culture negative PJI with empiric antibiotics regimen but resulting in infection control failure. Thus, the PJI panel concluded that the Mycoplasma hominis was the true pathogenic bacteria and doxycycline was used to control the infection with good clinical outcome.




Figure 1 | The clinical data of case 5. (A) the imaging data of case 4; (B) there was a sinus tract behind the knee; (C) purulent synovial fluid was obtained from preoperative aspiration; (D) mNGS indicated Mycoplasma hominis infection; (E) intraoperative pathological test showed there were a large amount of neutrophils in periprosthetic tissues.





The optimized and standardized mNGS based diagnosis procedure for Mycoplasma PJI

Based on above results, we concluded an mNGS based optimized and standardized diagnosis procedure for Mycoplasma PJI (Figure 2). Patients with autoimmune diseases, hypogammaglobulinemia, other potential immunosuppression, and recent invasive operation in genitourinary tract are risk factors of Mycoplasma PJI. At our center, preoperative joint aspiration fluid of mNGS was usually used as an auxiliary diagnostic method, these results would be informative once the routine microbial culture results of specimen collected intraoperatively were negative, or failure in infection control with empirical antibiotic treatment even the culture results were positive. Thus, Mycoplasma detected by mNGS preoperatively could provide a good reference for clinicians. Because sufficient samples could be easily obtained intraoperatively, various methods can be used to validate the mNGS results. These methods include: 1) optimized microbial culture method; 2) after DNA extraction from samples, 16s PCR amplification and sequencing could be performed. Finally, the PJI panel comprehensively judged the results of these methods, and decided whether to modify the antibiotic regimens according to Mycoplasma reported by mNGS based on the therapeutic effect of the primary antibiotics. The final diagnosis of Mycoplasma PJI was made by the clinical efficacy of targeted treatment (Figure 2). It should be note that this procedure might also be generalized to PJI caused by rare bacteria.




Figure 2 | The  optimized  and  standardized  procedure  based  on  mNGS  for  Mycoplasma  PJI.  mNGS,  metagenomic  next-generation  sequencing;  PCR, polymerase  chain  reaction;  PJI,  periprosthetic  joint  infection; -,  microbial  culture  negative; +, microbial  culture  positive. Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/).






Discussion

Mycoplasma is one of the normal colonized flora of genitourinary tract and is usually non-pathogenic (Ahmed et al., 2021). However, previous literature reported that Mycoplasma PJI after arthroplasty was transmitted to the surgical site primarily through the bloodstream (Xiang and Lu, 2019). The most common reason for this was that urethral catheterization during arthroplasty disrupted the genital tract mucosa and Mycoplasma entered the bloodstream through the broken mucosa, causing bacteremia, which was then transmitted through the bloodstream to the joint undergoing arthroplasty (Xiang and Lu, 2019). Although Mycoplasma was less pathogenic, it can lead to serious complications such as sepsis and even death (MacKenzie et al., 2010; Xiang and Lu, 2019). A patient was previously reported to be die of disseminated infection of Mycoplasma hominis and Ureaplasma parvum in the hip after arthroplasty (MacKenzie et al., 2010). Therefore, improving the detection rate of pathogenic bacteria in Mycoplasma PJI was clinically important to improve treatment outcomes and avoid serious complications.

mNGS can detect all pathogenic bacteria in samples without bias, and has significant advantages in detecting some rare bacteria, fastidious bacteria and other rare pathogenic bacteria (Thoendel et al., 2017; He et al., 2020). Wang et al. (Wang et al., 2021) reported a case of knee PJI infected by Mycoplasma hominis, in which Wang et al. innovatively introduced mNGS to detect pathogenic bacteria (Wang et al., 2021). mNGS results indicated that the pathogenic bacteria might be Mycoplasma hominis for twice. Therefore, this case was treated with anti-Mycoplasma hominis antibiotics, and finally got good clinical efficacy. In this study, we successfully detected Mycoplasma in all seven patients with mNGS and treated them with antibiotics based on the results of mNGS, which eventually controlled the infection. Although the number of cases of Mycoplasma PJI was small, it still indicated that mNGS is a potential tool for the diagnosis of Mycoplasma PJI.

Although this method provided the reference for physicians, we should be cautious to interpret the results, as Mycoplasma required targeted antibiotic therapy that might cause adverse events. Therefore, further validation of the mNGS results through appropriate procedures was necessary. Currently, the effective isolation of pathogenic organisms remained a challenging problem for Mycoplasma PJI. Many papers had been reported various methods, including microbial culture, 16S PCR, mass spectrometer, etc. Xiang et al. (Xiang and Lu, 2019), Sneller et al (Sneller et al., 1986) and Muramatsu et al. (Muramatsu et al., 2022) reported a case of Mycoplasma PJI after joint arthroplasty, respectively. They all isolated Mycoplasma by routine microbial culture methods. The difference was that Xiang et al. (Wang et al., 2021) and Sneller et al. (Sneller et al., 1986) isolated Mycoplasma from blood agar, but Muramatsu et al. (Muramatsu et al., 2022), on the other hand, isolated pathogenic bacteria from the blood bottles. Notably, Mycoplasma can be easily missed because its small well-defined colonies on agar. In the present study, we used both blood agar and bottles for microbiological culture; however, pathogenic bacteria could not be isolated by these conventional microbiological culture methods. When the optimized culture method was applied, we successfully detected Mycoplasma in 4 cases. So, when mNGS is unavailable in some centers, the optimized culture methods could be taken into consideration. Rieber et al. (Rieber et al., 2019) reported a case of Mycoplasma PJI in a patient with normal immune function. This patient underwent total knee arthroplasty for osteoarthritis of the knee. Ten days before admission, urinary catheterization was performed due to prostatic hypertrophy and dysuria, which eventually led to disseminated Mycoplasma PJI. In this case, Rieber et al. (Rieber et al., 2019) successfully detected the pathogen by 16S PCR. 16S PCR is the earliest and most widely used in PJI pathogenic microorganism isolation, which could simply and quickly amplify the genes or fragments by specific or non-specific primers, and the amplified products could be sequenced, then the species of pathogenic bacteria could be obtained (Saglani et al., 2005; Fida et al., 2021). This was an effective tool for detecting Mycoplasma and widely used in recent years (Jensen et al., 2003; McAuliffe et al., 2005; Kim et al., 2022). However, this method could not effectively detect true pathogenic bacteria when there was mixed infection, and it could not distinguish contaminated bacteria from true pathogenic bacteria. In this study, we also used 16S PCR to detect Mycoplasma, but only successful in 5 patients. It was worth mentioning that Mycoplasma could be detected in case 2 (left knee), 3, 4, 6, 7 by 16s PCR, and failed in case 1 (mixed infection), case 2 (right knee, mixed infection) and case 5. This suggested the limitation of 16S PCR in mixed infection.

Based on previous reports and the results of this study, we proposed a standardized and optimized diagnostic procedure for Mycoplasma PJI, and all cases in this study were treated successfully after following this procedure. This procedure can also be used as a novel strategy for the diagnosis of PJI caused by other rare pathogenic bacteria.

This study had some limitations: 1) Although the largest number of Mycoplasma PJI cases were included in this study so far, the sample size was still far from adequate, so it was necessary to further expand the sample size by combining multiple centers to verify the true clinical value of this procedure; 2) Because Mycoplasma was difficult to culture and isolate, there might be other cases of Mycoplasma PJI that existed during the study, but were missed diagnosis due to the absence of mNGS test or negative mNGS results; 3) It was important to state that mNGS could only detected the nucleic acid of the microorganism, so it was impossible to determine whether the microorganism was alive or not. Therefore, it was necessary to consider and modify the antibiotic regimen according to the clinical reality.



Conclusions

In conclusion, we reported the largest number of cases of Mycoplasma PJI and then summarize a mNGS based standardized and optimized procedure for the diagnosis of Mycoplasma PJI, which might also be offered as a new diagnostic strategy for rare pathogenic bacteria PJI.
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Objective

The purpose of this study was to evaluate the clinical diagnostic value of metagenomic next-generation sequencing (mNGS) for tuberculosis (TB).



Methods

This retrospective study included 52 patients with suspected TB infection. mNGS, targeted PCR, acid-fast staining and, T-SPOT.TB assay were performed on the specimen. The positive rate of mNGS and traditional detection methods was statistically analyzed. Pathological tests were performed when necessary.



Results

In total, 52 patients with suspected of TB in this study were included in the analysis, and 31 patients were finally diagnosed with TB. Among 52 patients, 14 (26.9%) cases were positive for acid-fast staining. The positive rate of T-SPOT.TB assay in 52 patients was 73.1% (38/52). Among 52 patients, 39 (75%) were detected positive for Mycobacterium tuberculosis (MTB) by mNGS. Regarding the detection rate of MTB, mNGS were as high as 75% (39/52), whereas acid-resistant staining was only 26.9% (14/52), which showed a statistically significant difference (p<0.05). The positive rates of T-SPOT.TB assay and mNGS were not statistically significant (p>0.05). Of the 52 suspected TB patients, 24 had targeted PCR, of which 18 were PCR positive. In 24 patients, the positive rate of PCR was 75%, and the positive rate of mNGS was 100%, with statistical difference between them (p<0.05).



Conclusions

The detection rate of MTB by mNGS was higher than that by conventional acid-fast staining and PCR, but not statistically significant compared with T-SPOT.TB assay. As an adjunctive diagnostic technology, mNGS can be combined with traditional detection methods to play a guiding role in the diagnosis and treatment of TB.
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Introduction

TB remains one of the infectious diseases with high incidence and mortality worldwide, with about 10 million new TB cases worldwide each year, of which 1 million are children. In the World Health Organization’s global progress report on eliminating TB, the death rate from TB is the highest of any infectious disease, surpassing that of AIDS. New and recurrent cases are on the rise, with drug-resistant TB patients making up the main part of the new cases. TB control remains a huge challenge (Furin et al., 2019; Reuter et al., 2019; Suárez et al., 2019; Harding, 2020; MacNeil et al., 2020).The common diagnostic methods of TB include tuberculin skin tests, T-SPOT.TB assay, acid-fast staining, mycobacterial culture, molecular diagnosis, where molecular diagnostics include PCR, Xpert MTB/RIF. The tuberculin skin test can produce false positives in people vaccinated with Bacille Calmette-Guerin (BCG) or infected with nontuberculous mycobacteria (NTB), and sensitivity is very low in people with immune deficiency (Acharya et al., 2020). T-SPOT.TB assay, as a commonly used method to assist the diagnosis of TB, has better sensitively and specificity than culture method, but is also susceptible to some factors, such as older patients, overweight and longer hospitalized patients prone to false negative and cannot distinguish between active and latent infected TB (Pan et al., 2015; Luo et al., 2021). Although the acid-fast staining is quick and effective in diagnosing TB, it has a false negative rate of 30%-65%, which makes TB often missed. However, the culture method is time-consuming, usually taking 2to 8 weeks to produce results, so it is not useful for clinical guidance (Campos et al., 2016; Khadka et al., 2019).The new molecular diagnostic technique Xpert MTB/RIF can detect MTB and its resistance to rifampicin in less than 2 hours, improving TB diagnosis. However, Xpert MTB/RIF could not identify new resistant mutations and could not distinguish whether the mutations led to changes in the amino acid sequence (Opota et al., 2019; Acharya et al., 2020).

Less than 1% of all microorganisms in the environment are culturable, and some are not culturable. Metagenomes hold the promise of providing information on all microbiota, especially for previously unrecognized and unculturable microorganisms (Borroni et al., 2019). The Human metagenomic Project mainly covers the skin, gastrointestinal tract, urogenital tract, oral and nasal mucosa, but there is also an emerging field of research - ophthalmology (Gallon et al., 2019; Parekh et al., 2019).Clinical mNGS has been widely used in the diagnosis of infectious diseases by providing comprehensive and rapid analysis of the genetic material of the microbe and host in patient samples. mNGS can be used for routine identification, genotyping and virulence detection of pathogenic microorganisms (Gautam et al., 2018; Guthrie et al., 2018; Chiu and Miller, 2019). Many studies have demonstrated the value of mNGS in diagnosing pathogenic microorganisms and guiding faster and better antimicrobial therapy, including central nervous system infections, lung infections, bloodstream infections, eye disease, infections in immunocompromised patients and so on (Wilson et al., 2018; Crawford et al., 2020; Shi et al., 2020; Thakur, 2020; Borroni, 2021a; Borroni, 2021b; Gu et al., 2021). The diagnosis of TB faces great challenges, but most of the studies on the diagnostic role of mNGS in TB are case reports, and there are few clinical studies. Therefore, we conducted a retrospective study to evaluate the diagnostic value of mNGS in TB.



Methods


Study design and participants

We included suspected TB patients admitted to Henan Gene Hospital, The First Affiliated Hospital of Zhengzhou University, from January, 2020 to March 31, 2021. We conducted a retrospective study to evaluate the role of mNGS in the diagnosis of TB. Samples from all patients were tested for mNGS, T-SPOT.TB assay and acid-fast staining, and some patients underwent pathological examination and targeted PCR. We counted the patient’s baseline information, including patient age, sex, highest body temperature on the day of admission, whole blood cell count, specimen types, specimen smear, pathological results, etc.

Suspected TB included met the following criteria (include at least one of the following): 1) TB exposure history. 2) Symptoms of TB poisoning such as cough, fever, night sweats or weight loss. Extrapulmonary TB has corresponding symptoms. 3) Imaging features of tuberculosis. The final clinical diagnostic criteria for tuberculosis include: 1) positive for pathogens (including acid-fast staining smears or specimen cultures). 2) Imaging and clinical manifestations excluded other diseases and histopathological confirmed tuberculosis foci. 3) After 3 months of anti-tuberculosis treatment, the tuberculosis changes abated or disappeared.

We have established the mNGS Professional Committee consisting of expert groups. This professional evaluation team evaluated our cases, and the existence of the expert team ensured the reliability of our original data and the correctness of our clinical diagnosis. The final clinical diagnosis of suspected TB, including TB and extrapulmonary TB, will be made after the determination of the expert panel.



Sample preparation, DNA extraction, library construction and sequencing

BALF, biopsy tissue, CSF, blood, pus, lymph node puncture, sputum, and joint fluid samples were collected from patients according to the standard clinical procedure. Blood samples were centrifuged at 4°C at 1500 rpm for 10 minutes. Then the plasma layer was carefully collected and transferred to a new tube and centrifuged at 4°C at 12000 rpm for 10 minutes. Cell-free DNA (cfDNA) from plasma samples was extracted by using the TIANamp Micro DNA DP316 Kit (Tiangen Biotech, Beijing, China) following the manufacturer’s protocol. DNA from other samples was extracted using the QIAamp® UCP Pathogen Kit (Qiagen, Germany) according to the manufacturer’s recommendations. The extracted cfDNA and DNA samples were quantified with a Qubit Fluorometer (Thermo Fisher Scientific, CA, USA).

The extracted cfDNA samples were used to construct DNA libraries by using the VAHTS Universal DNA Library Prep Kit V3 for Illumina® (Vazyme, Nanjing, China). For other samples, DNA libraries were prepared by using the TruePrep DNA Library Prep Kit V2 for Illumina® (Vazyme, Nanjing, China) according to the manufacturer’s manuals. The Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA) was used for library quality control. All libraries were pooled with other libraries by using different index sequences and sequenced on an Illumina NextSeq 550Dx platform with the single end 75bp sequencing option. For each run, no template control (NTC) samples (Nuclease-free H2O) were also pooled to monitor reagent and laboratory background.



Bioinformatics analysis

Fastq-format data were generated for each sample by using bcl2fastq software (v2.20.0.422, parameters used: –barcode-mismatches 0 –minimum-trimmed-read-length 50). Adapt sequences and low-quality reads were removed using cutadapt v2.10 (-q 25, 25 -m 50). The remaining high-quality reads were first depleted for human sequences by mapping to the human genome (hg38, https://hgdownload.soe.ucsc.edu/downloads.html#human) using bwa-mem 2 v2.1 with default parameters, all unmapped reads were then aligned to the NCBI nt database (https://ftp.ncbi.nlm.nih.gov/genomes/) by using BLAST v2.9.0+ (-task megablast -num_alignments 10 -max_hsps 1 -evalue 1e-10). Alignments were required to be full-length with an identity of at least 95%. A customized Python script was used to identify species-specific alignments. Only the alignments that fulfill the above-mentioned criteria were used for further pathogen identification. The remaining microorganisms were defined as credible if the following criteria were met: (1) the microbe had at least 2 non-redundant, mapped reads per million (RPM) raw sequence reads (except for the Mycobacterium tuberculosis), and the microbe was not detected in corresponding NTC sample or the RPM(sample)/RPM(NTC) ≥ 5, which was our empirical cutoff for differentiating true-positive from background contamination, (2) for Mycobacterium tuberculosis complex(MTBC), due to the difficulty of detection, when at least one taxon-specific, high-quality aligned read were identified, the sample were reported as MTBC positive.



Statistical analysis

All data were analyzed by SPSS software (release26.0). Continuous data are considered nonparametric. Continuous variables were expressed as median and interquartile range (IQR), and the Shapiro-Wilk test (p<0.05) was used for continuous variables that were not normally distributed. The classified data were represented by case number (n) and percentage (%). Chi-square test (McNemar test) was used for comparison. P <0.05 was statistically significant without multiple testing adjustment.




Results


Clinical Characteristics of the patients

A total of 52 suspected TB patients and 53 specimens were collected for statistical analysis. The baseline information for the patients was shown in Table 1. The median age of patients was 50.0 years (IQR,34.8;66.0), 51.9% (27/52) of whom were male. The median number of hospital days for the 52 patients was 11 (IQR,5;16), and the median hospital cost was $2659.23(IQR, 281;6161) (Table 1). When discharged from hospital, 39 (75%) improved,7(13.5%) cured and 2 (3.8%) with poor efficacy (Table 1).53 specimens were sent for mNGS, including 16(30.2%) of alveolar fluid (BALF), 25 (47.2%) of biopsy tissue, 5 (9.4%) of cerebrospinal fluid (CSF),3 (5.7%) of blood,1 (1.9%) of pus, 1(1.9%) of lymph node puncture, 1 (1.9%) of sputum, and 1(1.9%) of joint fluid (Table 2). The 31 mNGS TB positive patients were consistent with the clinical diagnosis, including 20 cases of pulmonary TB, 2 cases endobronchial TB,4 cases of tuberculous meningitis,1 case of chest wall tissue infection, 1 case of mediastinal lymph node infection, 2 cases of joint TB, and 1 case of tuberculous pleurisy. The remaining 8 mNGS positive cases had insufficient evidence to determine tuberculosis infection.


Table 1 | Baseline characteristics of the study population.




Table 2 | Sample type.





Diagnostic performance of mNGS and targeted PCR

We randomly selected 24 samples from 52 patients for PCR to validate the mNGS results. Of the 24 patients who underwent PCR, 18(18/24,75%) specimens were positive. Of the 24 patients tested by mNGS, 24 (24/24,100%) were positive. In 24 patients, the positive rate was 75% for PCR and 100% for mNGS, indicating statistical significance between the two assays (100% vs 75%; P =0.009). In 24 patients, mNGS and clinical diagnosis were consistent in 19 cases (79.2%), PCR and clinical diagnosis were consistent in 17 cases (70.8%), and there was no statistical significance between them (p=0.505).



Comparative analysis of mNGS and acid-fast staining pathogen detection rate

In the detection rate of MTB, mNGS detection rate was as high as 75% (39/52), while acid-fast staining only 26.9% (14/52), the difference was statistically significant (P<0.05). Acid-fast staining, mNGS and T-SPOT were positive in 25% (13/52) of the patients. One patient was positive for acid-fast staining and mNGS but negative for T-SPOT (Figure 2). With clinically confirmed tuberculosis as the reference standard, mNGS had clinical sensitivity of 100%, clinical specificity of 61.9%, positive predictive value of 79.5%, and negative predictive of 100% (Figure 1A). Similarly, the clinical sensitivity of acid-fast staining was 45.2%, the specificity was 0, the positive predictive value was 100%, and the negative predictive value was 75% (Figure 1B).




Figure 1 | Diagnostic results of mNGS, acid-fast staining, and the T-SPOT.TB assay in suspected TB. (A–C) performance of different methods for diagnosis of tuberculous.





Comparative analysis of mNGS and T-SPOT.TB assay pathogen detection rate

Among all cases, 38 cases were detected by T-SPOT.TB, with a positive rate of 73.1%. Although 39 cases were detected by mNGS, a positive rate of 75%, the detection rates of mNGS and T-SPOT were not statistically different. The percentage of patients with positive T-SPOT and mNGS but negative acid-fast staining was 34.6% (18/52). T-SPOT.TB assay alone detected 13.5% (7/52) of MTB, the same as mNGS. In contrast to mNGS and T-SPOT, acid-fast staining did not detect MTB alone (Figure 2). With clinically confirmed tuberculosis as the reference standard, T-SPOT.TB assay had clinical sensitivity of 90.3%, clinical specificity of 52.4%, positive predictive value of 73.7%, and negative predictive of 78.6% (Figure 1C).




Figure 2 | Venn diagram of patients with mNGS, acid-fast staining, and the t-spot. TB assay positive staining.





Diagnostic performance of mNGS, acid-fast staining, and T-SPOT.TB assay in confirmed TB

Of the 52 patients, 31 were eventually diagnosed with TB. Of the 31 patients with confirmed TB, 31 were mNGS positive, 14 were acid-fast staining positive, and 28 were T-SPOT.TB assay positive. Among the 31 patients with confirmed TB, the positive rate of mNGS was 100% (31/31), acid-fast staining was 45.2% (14/31), and T-SPOT.TB assay was 90.3% (28/31). There were 13 TB patients with positive mNGS, acid-fast staining and T-SPOT.TB assay. In other words, of the 14 patients with positive acid-fast staining and mNGS, one patient had a negative T-SOPT.TB assay, and the remaining 13 patients had positive mNGS and T-SPOT.TB assay. In these 31 patients, the positive rates of mNGS and acid-fast staining were statistically significant (p<0.05), while the positive rates of mNGS and T-SPOT were not (p>0.05).

Of the 31 confirmed TB cases, 20 were pulmonary TB and 11 were extrapulmonary TB. In 20 cases of TB, the positive rate of mNGS was 100% (20/20), while that of T-SPOT.TB assay was 95% (19/20). The positive rate of acid-fast staining was only 50% (10/20), which was significantly lower than mNGS and T-SPOT.TB assay. In 20 cases of pulmonary TB, the positive rates of mNGS and acid-fast staining were statistically significant(p<0.05). In 11 cases of extrapulmonary TB, the positive rate of mNGS was 100% (11/11). In all extrapulmonary TB, the positive rates of acid-fast staining and T-SPOT were36.4% (4/11) and 81.8% (3/11) respectively. mNGS were statistically significant with acid-fast staining and T-SPOT.TB assay in extrapulmonary TB.




Discussion

TB is a major public health problem worldwide, placing a heavy economic burden on people around the world, especially in poor areas. The high treatment cost of TB makes most TB families heavily in debt, especially multidrug-resistant TB longer hospitalization time, longer treatment time, aggravating poverty. Early timely and correct diagnosis of TB is a necessary condition to cure TB, especially latent TB infection. Although case studies demonstrate the great potential of mNGS in diagnose disseminated TB and extrapulmonary TB, there are few studies of overall TB (Zhang et al., 2019; Ye et al., 2021). This cohort study applied mNGS to clinical samples to assess its diagnostic efficacy for TB and extrapulmonary TB. We chose the use of clinical diagnosis rather than conventional testing as a comparison because of the limitation of routine methods to extrapulmonary specimens, which are the majority of extrapulmonary TB specimens in our study. Despite the lack of culture for clinical diagnosis, pathologic results and follow-up greatly reduced the possibility of misdiagnosis.

The smear method is a relatively simple, inexpensive and convenient procedure that is suitable for a variety of hospitals. However, the level of hospital equipment and the level of inspectors is not consistent, so the diagnostic value of smear method cannot be standardized, the difference between hospitals is very significant. Acid-fast staining relies on the high number of bacteria present in the sputum to give accurate results. Several studies have shown that the sensitivity of acid-fast staining can be as low as 8% or as high as 55.68% (Qiu et al., 2022; Stadelman et al., 2022; Uddin et al., 2022; Zhang et al., 2022). Although mNGS is slightly more sensitive than T-SPOT.TB assay, for TB, a trade-off from a cost/time perspective would be beneficial. In China, the MNGS test costs about $450 per sample, while T-SOPT.TB assay costs about $73.05 to $100. The detection period for mNGS is one day, while the detection time for T-SPOT.TB assay is about 12 hours. However, studies have shown that mNGS can detect drug-resistant genes or detect mixed pathogens, changing the clinical treatment of TB patients and reduce the cost effectiveness.

In the diagnostic efficacy of TB, mNGS is better than anti-acid staining, even in some patients with negative pathological TB-DNA tests. Especially in tuberculous meningitis, all five patients were negative for acid-fast staining but positive for mNGS. This suggests that mNGS plays a significant role in the diagnosis of tuberculous meningitis. In a retrospective study, mNGS was significantly more effective in diagnosing tuberculous meningitis than acid-fast staining, PCR, and culture. Studies have shown that mNGS can be recommended as a first-line test for tuberculous meningitis (Wang et al., 2019). As the most widely used method of diagnosis TB, acid-fast staining has the advantages of fast, convenience and low cost, but its detection rate is low and easy to cause missed diagnosis of TB. According to the literature, the diagnosis of extra-pulmonary TB is very difficult. This study demonstrates great potential for diagnosis of extrapulmonary TB. For areas with a high incidence of TB, the application value of mNGS is very valuable for smear-negative TB. Conventional PCR is restricted to gene sequences of known pathogenic microorganisms, and mNGS can sequenced the whole microbial genome in the sample, especially for emerging resistance genes, etc. (Sun et al., 2021).In addition, our study showed the advantage of mNGS meeting mixed infections with multiple pathogens. One case of Klebsiella pneumoniae and Candida albicans detected by mNGS was consistent with blood culture results. mNGS detected not only M. tuberculosis but also different types of viruses in the samples from the four patients. All of these indicate the potential of mNGS for the diagnosis of mixed infections.



Limitations

Because MTB is an intracellular bacterium, this may result in reduced susceptibility to mNGS. But mNGS can detect mutations in drug-resistant genes and type strains. Compared to traditional culture methods, mNGS detection is faster and unbiased, required no prior suspicion of certain pathogens. This retrospective study has some drawbacks. Firstly, the sample size we include was relatively small, only 52 cases. Prospective studies with a larger sample size are needed to further evaluate the diagnostic value of mNGS in TB. Second, the patients we included did not undergo traditional culture, so prospective studies are needed to compare mNGS with traditional detection methods.



Conclusions

This study demonstrates that mNGS has high value for TB diagnosis, especially for tuberculous meningitis that can be recommended as a first-line diagnostic approach. For smear-negative TB, mNGS showed good diagnostic effects. This is of great significance for the prevention and control of TB.
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Introduction

Early and accurate identification of pathogens is essential for improved outcomes in patients with viral encephalitis (VE) and/or viral meningitis (VM).



Methods

In our research, Metagenomic next-generation sequencing (mNGS) which can identify viral pathogens unbiasedly was performed on RNA and DNA to identify potential pathogens in cerebrospinal fluid (CSF) samples from 50 pediatric patients with suspected VEs and/or VMs. Then we performed proteomics analysis on the 14 HEV-positive CSF samples and another 12 CSF samples from health controls (HCs). A supervised partial least squaresdiscriminant analysis (PLS-DA) and orthogonal PLS-DA (O-PLS-DA) model was performed using proteomics data.



Results

Ten viruses in 48% patients were identified and the most common pathogen was human enterovirus (HEV) Echo18. 11 proteins overlapping between the top 20 DEPs in terms of P value and FC and the top 20 proteins in PLS-DA VIP lists were acquired.



Discussion

Our result showed mNGS has certain advantages on pathogens identification in VE and VM and our research established a foundation to identify diagnosis biomarker candidates of HEV-positive meningitis based on MS-based proteomics analysis, which could also contribute toward investigating the HEV-specific host response patterns.





Keywords: viral encephalitis (VE), viral meningitis (VM), human enterovirus (HEV), metagenomic next-generation sequencing (mNGS), MS-based proteomics, diagnostic biomarkers




Background

Viruses are the most prevalent cause of central nervous system (CNS) infections in pediatric patients; encephalitis and meningitis caused by viruses are called viral encephalitis (VE) and viral meningitis (VM), respectively (Hasbun et al., 2019; Li et al., 2022). The incidence rate of VE and/or VM is 10–20 cases/100,000 children/year globally (Hviid and Melbye, 2007; Michos et al., 2007). Although VE and/or VM are considered to be self-limiting, severe and even death cases of uncontrolled inflammation could occur. Thus, a viral infection of the CNS is potentially life-threatening in pediatric patients because of the associated mortality and morbidity (Okike et al., 2018; Ramchandar et al., 2021). To diagnose CNS infections, traditional laboratory methods, including culture, serological testing, and polymerase chain reaction (PCR) assay, rely on a series of tests. Moreover, the culture method for viable microorganisms takes at least 48 h to assess virulent colonies. Furthermore, pathogens of ~50% of patients with CNS infection remain unidentified (Ai et al., 2017; Anh et al., 2021). Therefore, a rapid and sensitive pathogen identification approach is essential to improve therapeutic measures and outcomes in patients with VE and/or VM. The primary pathogens responsible for VE and VM are associated with regional differences, seasonal variations, and detection methodology (Anh et al., 2021). Metagenomic next-generation sequencing (mNGS) can identify a broad range of pathogens, including bacteria, viruses (Miller et al., 2019; Wilson et al., 2019; Xing et al., 2020), parasites (Wang et al., 2015), and fungi (Christopeit et al., 2016) by means of a single test, and it is a promising approach for the diagnosis of infectious diseases (Goldberg et al., 2015; Forbes et al., 2017). Nonetheless, the low relative abundance of the virus genome compared with high noise (mainly reads from host-derived material) in clinical specimens presents a challenge to viral mNGS (Bukowska-Ośko et al., 2016). Recently, significant methodological improvements in mNGS assay have been achieved to help save time and cost (Manso et al., 2017; Schlaberg et al., 2017; Manso et al., 2020).

CSF contains proteins, enzymes, and other substances that can help detect infections in the CNS (Sathe et al., 2018). The molecular mechanism of a viral infection is dependent on the structure and biology of the virus. The variability of the virus and the complex virus-host interaction make studying viral infections difficult, and a novel and accurate technique is urgently needed (Milewska et al., 2020). MS, using a peptide-level amino acid sequence, provides unbiased identification and quantification of proteins in human samples (Domon and Aebersold, 2006). It is proving valuable in identifying pathogen type–specific CSF protein profiles and for providing insights into specific virulence mechanisms. MS-based proteomics could be important diagnostic biomarkers for infectious CNS diseases (Bakochi et al., 2021).

mNGS has been widely studied in infectious diseases of the central nervous system, but few in proteomic analysis (Piantadosi et al., 2021; Zhu et al., 2022; Li et al., 2023; Lin et al., 2023). In our research, we collected 50 CSF samples from children with suspected VE and/or VM in Zhejiang Province in 2021. Pathogens were identified by using mNGS from both RNA and DNA, then mass spectrometry (MS)-based proteomics and data-independent acquisition (DIA) analyses were used to generate CSF proteome maps of HEV-positive group. Our study aimed at examining the utility of cerebrospinal fluid mNGS in identifying potential viral etiologies in suspected VE and/or VM patients and finding useful diagnosis biomarker candidates for HEV-positive meningitis based on the results of the MS-based proteomics analysis which may also contribute toward investigating the HEV-specific host response patterns.



Methods




Patients and CSF sample collection

We selected 50 pediatric patients with suspected VEs and/or VMs from the Children’s Hospital of Zhejiang University School of Medicine, who were hospitalized between January 1, 2021, and November 30, 2021. We performed mNGS on the CSF samples of the selected patients. Written informed consent was obtained from the children’s guardians. Subsequently, we performed proteomics analysis of HEV-positive CSF samples and CSF samples of HCs. The inclusion and exclusion criteria for performing mNGS are provided in the Supplementary Material (Kneen et al., 2012; Venkatesan et al., 2013). To collect CSF, we performed a lumbar puncture; the CSF specimens were sent for routine laboratory biochemical analysis and subjected to mNGS within 24 h. The remaining (0.3–0.8 mL) of the CSF sample was centrifuged at 4°C for 10 min at 1,000 g and stored at −80°C until assayed.




DNA and RNA extraction, library preparation, and sequencing

All samples were extracted with QIAamp® UCP Pathogen DNA Kit (Qiagen). Tween 20 and Benzonase (Qiagen) are used to remove DNA from human samples according to the manufacturer’s instructions (Amar et al., 2021). A QIAamp® Viral RNA Kit was used to extract RNA, and a Ribo-Zero rRNA Removal Kit (Illumina) was used to remove ribosomal RNA. cDNA was synthesized with reverse transcriptase and dNTP (Thermo Fisher). The construction of the selected DNA and cDNA library was done using Nextera XT DNA Library Prep Kit (Illumina, San Diego, CA) (Miller et al., 2019). Quality control for the library was performed using a Qubit dsDNA HS Assay Kit and a High Sensitivity DNA kit (Agilent) on an Agilent Bioanalyzer 2100. Then, the library pools were loaded onto an Illumina NextSeq CN500 sequencer for 75 cycles of single-end sequencing of 20 million reads for each library. Negative control (NC) is a peripheral blood mononuclear cell sample of 105 cells/mL prepared alongside each batch with the same protocol (Amar et al., 2021), and sterile deionized water was used as a nontemplate control (NTC) alongside the specimens (Li et al., 2018).




Bioinformatics analyses of mNGS

We used Trimmomatic to eliminate adapter contamination, poor-quality reads, duplicated reads, and those <50 bp. Around 20 million read pairs were produced per sample. K-complexity with default parameters was used to remove low-complexity reads. Human DNA sequence was distinguished and excluded using Burrows-Wheeler Aligner software, and human gene hg38 was used as a reference. Kraken2 v2.0.8 beta was used to build reference databases, and the taxonomy of sequences was achieved using Kraken2 v2.0.8 beta. The number of mapped reads was extracted from Bracken using default parameters. When mapping against a reference genome, the presence of a virus was deemed positive if three or more nonoverlapping sequences from the genome were identified. A read per million ratio (RPM-r) of ≥10 is defined as a positive detection. The RPM-r is named RPM sample/RPMNC (i.e., the RPM of a certain species or genus in CSF samples divided by the RPM of the NC). In addition, to minimize cross-species amplification among closely related microorganisms, we considerably reduced 5% and 10% RPM of species and genus, respectively, when microbes appeared in NTC to minimize misalignment of cross-species and false positive rate. All aligned reads were assembled by MEGAHIT using default parameters. Resulting contigs were aligned to HEV reference genome (E9: GCA_008766535.1; E18: GCA_008800315.1; E30: GCA_008800595.1; Coxsakie B3: GCF_002816685.1) using BLASTn with an e-value of 1e-10 and processed using homemade Perl script.




CSF Peptide preparation, liquid chromatography–mass spectrometry analysis, and identification and quantitation of protein

Extraction, quantification, and digestion of CSF proteins were performed before liquid LC-MS analysis according to standard protocols. LC-MS/MS was performed on targeted proteins in CSF and serum samples for data-dependent acquisition (DDA) mode and DIA mode according to the method used in our previous study (Wang et al., 2022). Using Proteome Discoverer 2.2 (PD 2.2; Thermo Fisher Scientific), we searched the MS/MS spectra separately against homo_sapiens_uniprot_2021_7_15. Precursor mass tolerance was set to 10 ppm 0.02 Da for both product ions and precursors. Methionine (M) oxidation was set as a dynamic modification, whereas carbamidomethyl (C) was fixed. N-terminal acetylation was set as a modification in PD 2.2. The cleavage specificity was trypsin, with a maximum of two missed cleavage peptides allowed. The credibility of peptide–spectrum matches (PSMs) was set to >99% for PSM identifications, and identifying proteins required at least one unique peptide. We set the false discovery rate (FDR) threshold at 1.0% for identifying PSMs and proteins. According to the peptide and ion pair selection criteria, the qualified peptides and product ions were chosen from the resulting spectra to create a target list. In accordance with the target list, DIA data were imported to obtain the ion-pair chromatographic peaks. To determine the qualitative and quantitative properties of peptides, peak areas and ions were matched. The protein quantification results were analyzed by performing a t-test. The Q value cut-off for the precursor ion was set at 0.01.




Data analysis

In order to compare the protein content of each sample, principal component analysis (PCA) was used as a pre-processing dimension reduction method. A value of p <0.05 and fold change (FC) ≥ 1.5 or FC ≤ 0.67 were considered significant for differentially expressed proteins (DEPs) between experimental and control groups. The DEPs were visualized with a heatmap produced using the R packages pheatmap and ggplot2. The potential of a specific protein biomarker was then determined using supervised partial least squares-discriminant analysis (PLS-DA) and orthogonal PLS-DA (O-PLS-DA) using R scripts (Ropls package). Using the variable importance projection (VIP) score, the relative magnitude of the changes observed between the experimental and control groups was assessed and proteins with VIP values ≥ 1 were considered the best classifiers. Candidate biomarkers were defined as proteins overlapping between the top 20 DEPs (defined as FC >1.5 or or ≤ 0.67 and P < 0.05) and the top 20 proteins in the O-PLS-DA VIP list. All values are presented as means ± SEM. Student t-test was performed using Prism 8.4.3 software. A value of p <0.05 is considered statistically significant.




Functional analysis of protein and DEPs

Gene Ontology (GO) and InterPro (IPR) analyses were performed to characterize DEPs against the nonredundant protein database (Pfam, SMART, ProDom, ProSite, and PANTHER). Kyoto Encyclopedia Genes and Genomes (KEGG) and Clusters of Orthologous Groups (COG) analyses were performed to predict the possible pathway and family.




Results




Clinical characteristics of participants

Clinical characteristics and outcomes of the hospitalized participants are summarized in Table 1. The median age of this group was 4.6 years (interquartile range [IQR], 2.4–7.5 years) with 27 men and 23 women, and the median length of hospital stay was 11 days (IQR, 7-15 days), 86% of the patients had fever, 52% had headaches, 50% had vomiting, and 68% of the patients had altered mental status. Regarding the CSF parameters, the median time from onset to CSF collection was 4 days (IQR, 3-7 days), the median WBC level was with 35 cells/μL (IQR, 7.5-89.8 cells/μL), the median level of protein was 268.7 mg/L (IQR, 204.1–340.6 mg/L), and the median glucose level was 3.5 mmol/L (IQR, 3.3-3.8 mmol/L). All patients underwent a cranial magnetic resonance imaging (MRI) examination, 38% of them were abnormal. Of 50 children, 5 have their spinal checked by MRI, and 3 of them were abnormal and all were diagnosed with autoimmune encephalitis. Twenty-three out of 50 children underwent the conventional electroencephalogram (EEG) examination and 10 (43%) of them were abnormal. Forty-three patients underwent visual electroencephalogram (VEEG), and 18 (42%) of them were abnormal. In terms of the therapy situation, almost all patients were treated with Acyclovir except one. Of the children, 40% received glucocorticoid therapy, 22% used intravenous immunoglobulin. Regarding the prognosis, 80% of the patients made full recovery when leaving the hospital, while 20% got partial improvement, 12% left the sequela and 8% were treated the ICU.


Table 1 | Demographics and clinical statistics of research subjects (n = 50).






mNGS analysis of CSF samples

mNGS was applied to 50 CSF samples. As shown in Table 2 and Figure 1A, 10 virus types were identified in 23 of 50 (48%) patient CSF samples: Echo18, the leading pathogen, was detected in 26.09% of CSF samples tested, followed by Echo30 (17.39%), CB3 (13.04%), human herpes virus (HHV) 7 (13.04%), HHV-4 (13.04%), herpes simplex virus 1 (HSV-1; 8.70%), HHV-6 (4.35%), Echo 9 (4.35%), human immunodeficiency virus (HIV; 4.35%) and cytomegalovirus (CMV; 4.35%). Echo18, Echo30, Coxsackie B3, and Echo 9 all belong to the HEV species. As shown in Figure 1B, the mean number of reads for HEV was 258.9 per sample (range, 2–1565); the number of reads for HEV was similar to that of other viruses (p > 0.05), and there was no significant difference in the number of reads between Echo 30 and Echo 18 (p > 0.05). The combined analysis of mNGS assay results and clinical diagnosis showed that 86% of HEV-positive participants (n = 14) were diagnosed with VM, whereas 78% of HHV-positive participants (n = 9) were diagnosed as VE. Simultaneously, 46 of the 50 CSF samples were sent to clinical laboratories for routine HEV PCR analysis. The results of HEV-specific PCR testing showed that 6 of the 46 CSF samples were HEV-positive, whereas mNGS assay results showed that 14 of the 46 CSF samples were HEV-positive, indicating a significant improvement in HEV detection rate with mNGS (Figure 1C).


Table 2 | Presentation of subjects for which CSF testing was positive by any method.






Figure 1 | mNGS analysis results of the CSF samples. (A) Total number (besides the bars) of samples with a positive result for each pathogen (x-axis). (B) Comparison of the number of reads between HEV and HHV. (C) Comparison of detection rate between mNGS and PCR analysis. NS, no significant differences.






Proteomics analysis of patients with HEV-positive meningitis

The mNGS assay results revealed that HEV was the primary causative pathogen of VE and/or VM in participants. To better understand the specific virulence mechanisms of HEV in pathogen type–specific host response patterns, we performed proteomics analysis on the 14 remaining HEV-positive CSF samples and another 12 CSF samples from HCs. A PCA analysis was performed on CSF proteomics data to visualize the overall trend in protein expression levels. It demonstrated that HEV-positive meningitis patients and HCs expressed proteins differently (Figure 2A). Subsequently, we identified 816 proteins, including 66 upregulated proteins and 108 downregulated proteins, in the CSF samples of the patients in the HEV-positive group, compared with HCs by analysis with DIA mode (Figures 2B–D). The top 10 upregulated or downregulated proteins are illustrated in a bar chart (Figures 2E, F). The top 20 DEPs with the top-ranked P value and FC are demonstrated in Figure 3C.




Figure 2 | Comparison of protein expression profiles between patients with encephalitis and normal controls. (A) PCA of whole proteins from proteomics data. (B) Expression heatmaps of differentially expressed proteins. (C) Volcano plot of differentially expressed proteins between two groups: ∣log2FC∣ > 2, FDR < 0.01. (D) The up- and downregulated fold changes (log2) of proteins are colored according to each panel key. (E) Names of the top 10 up- (red) or downregulated (green) proteins between patients with HEV-positive meningitis and normal controls are listed in a bar chart. (F) Comparison of top 10 up- (B1) or downregulated (B2) protein abundance is shown by dot plots between patients with EV-positive encephalitis (red) and normal controls (blue). Relative expression levels (2−ΔΔCt) of these DEPs are shown according to the log scale. Corresponding protein names are listed at the bottom of the chart. *p<0.05, **p<0.01, ***p<0.001.






Figure 3 | (A) O-PLS-DA analysis of DEPs between children with with HEV-positive meningitis and normal controls. (B) Top 20 DEPs identified with most importance using O-PLS-DA. (C) Top 20 DEPs identified with P value and FC. (D) 11 DEPs identified with top-ranked P value, FC and VIP scores.



To identify the potential functions of DEPs, we conducted GO, KEGG, IPR, and subcellular localization analyses. The GO enrichment analysis revealed that the upregulated proteins were primarily associated with serine-type endopeptidase activity, endopeptidase activity, proteolysis, ossification, and endopeptidase inhibitor activity (Figure 4A1). Alternatively, the downregulated proteins were primarily involved in carboxypeptidase activity, membrane, homophilic cell adhesion via plasma membrane adhesion molecules, serine-type carboxypeptidase activity, and plasma membrane protein complex (Figure 4A2). According to the KEGG pathway analysis results, the upregulated proteins are principally involved in infections such as pertussis, Staphylococcus aureus infection, and systemic lupus erythematosus, as well as in complement and coagulation cascades, NF-kappa B signaling pathway, and toll-like receptor signaling pathway (Figure 4B1), whereas the downregulated proteins are primarily enriched in the lysosome, cAMP signaling pathway, and Ras signaling pathway, as well as in conditions such as alcoholism and arrhythmogenic right ventricular cardiomyopathy (Figure 4B2). In addition, results of the IPR annotation analysis showed that DEPs were primarily enriched in CUB, C-cadherin cytoplasmic domain, the peptidase S10 family of serine carboxypeptidase, and the N-terminal domain of intercellular adhesion molecule (Figure 4C). Subcellular localization assay results revealed that DEPs are mainly related to extracellular protein (47.26%), plasma membrane protein (23.29%), and lysosome protein (10.27%) (Figure 4D).




Figure 4 | Functional analysis of DEPs between patients with encephalitis and normal controls. (A) GO enrichment bar chart of DEPs presents the number and percentage of DEPs enriched in a biological process (BP), cellular component (CC), and molecular function (MF) between the patients with encephalitis and normal controls. (A1) upregulated expressed proteins; (A2) downregulated expressed proteins. (B) The bubble chart shows the KEGG pathway enrichment analysis of DEPs between two groups. (B1) upregulated expressed proteins; (B2) downregulated expressed proteins. (C) InterPro (IPR) annotation of DEPs between patients with encephalitis and normal controls and the top 10 domain annotations represented in the chart. (D) Subcellular localization of DEPs between patients with encephalitis and normal controls.



In order to reduce data dimensionality, PLS-DA and O-PLS-DA were implemented in consideration of model fit and predictability. As showed in Figure 3A, the total variation between MOG patients and HCs divided into two components (R2 X = 0.636, R2 Y = 0.863, Q2 Y = 0.728), Demonstrating the value of CSF proteome change in identifying HEV-positive meningitis patients from healthy controls. In the O-PLS-DA model, the corresponding VIP score was calculated to measure protein identification performance. There were 82 differentially abundant proteins identified with VIP scores >1 and the top 20 proteins with highest VIP scores in O-PLS-DA were listed in Figure 3B. 11 proteins including Mimecan (OGN), Complement-activating component of Ra-reactive factor (CRARF), Alpha-1-acid glycoprotein 1 (ORM1), Homo sapiens I factor, Calsyntenin-3 (CLSN3), UPF0764 protein C16orf89 (C16orf89), Monocyte differentiation antigen CD14 (CD14), Extracellular matrix protein 2 (EFEMP2), Complement C4-B (C4B), Latent-transforming growth factor beta-binding protein 4 (LTBP4), Sparc/osteonectin, cwcv and kazal-like domains proteoglycan (Testican) 3 (SPOCK3) overlapping between the top 20 DEPs (defined as FC >1.5 or ≤ 0.67 and P < 0.05) and the top 20 proteins in the O-PLS-DA VIP list were defined as candidate proteins (Figure 3D).




Discussion

Viruses are the leading causative pathogens in pediatric CNS infections. Viral infection of the CNS in pediatric patients is often associated with high mortality rates and long-term neurological consequences. The pathogenic virus types of pediatric VE and/or VM are geographically dependent: in Sweden, HEV, HSV-2, varicella zoster virus (VZV), and HHV-6 are the primary pathogens of CNS infections (Lindström et al., 2021); in France, HSV and VZV are the most frequent causative pathogens in patients with acute encephalitis (Le Maréchal et al., 2021); and in Vietnam, HEV is the most common virus followed by hepatitis B virus (Anh et al., 2021). However, many patients with suspected viral infection of the CNS do not present with clear infectious etiologies. The mNGS is a promising tool for identifying such pathogens. In our research, mNGS was used to study the epidemiology of VE and/or VM in Zhejiang Province in 2021. Similar to the results of previous studies (Chen et al., 2018; Sun et al., 2019), our data showed that HEV remains the primary pathogen of pediatric VE and/or VM based on the evidence that 28% (14 of 50) of CSF samples of all enrolled patients in Zhejiang Province in China were HEV-positive. Moreover, Echo 18 replaced Echo 30 as the most frequent serotype. In our research, the HEV-specific PCR test results showed that six of the 46 CSF samples were positive, whereas 14 of the 46 CSF samples were positive according to the mNGS detection analysis, indicating a significant improvement in the detection rate when using mNGS compared with traditional PCR analysis, a conclusion consistent with that of previously published reports (Wilson et al., 2019; Anh et al., 2021).

Three patients, among the 14 patients whose CSF samples were HEV-positive, presented with abnormal white matter lesions in their cranial MRI report. This outcome is consonant with that of previous work (Chen et al., 2020). The MRI reports of two HSV1-positive patients suggested abnormal signal intensity in the temporal and/or frontal lobes, a result in accordance with the published guidelines (Tunkel et al., 2008). Two of four HHV-7-positive patients were admitted to the ICU, indicating a poor prognosis of HHV-7 infection (Schwartz et al., 2014). Despite the encouraging results obtained from both previous work and this study on mNGS usefulness in identifying pathogens in infectious diseases, mNGS is also considerably expensive for many families. This cost may be mitigated by covering mNGS costs in health insurance plans.

Based on the proteomic analysis of the CSF samples obtained from children with HEV-positive meningitis, we found that a large number of upregulated proteins in the CSF, including C2, C9, C4B, C1RL, ADIA, LAIR1, ADIB, C1R, VCAM1, ADA2, SERPINA1, C5, CD14, SPP1, epididymal secretory sperm binding protein, ICAM2, and IGHV2–26, were related to complement and coagulation cascades, NF-kappa B signaling pathway, and toll-like receptor signaling pathway. C9 ADIA, LAIR1, and ADIB, all of which are associated with complement and coagulation cascades, were profoundly overexpressed in the CSF samples of patients with HEV-positive meningitis. Inflammatory glycoproteins chitinase-3-like protein 1, and chitinase-3-like protein 2 (YKL-39) have emerged as biomarkers for multiple sclerosis (MS), demyelinating diseases, VM, and acute bacterial meningitis. In our study, CSF samples from patients with HEV-positive meningitis showed obviously elevated expression levels of YKL-40 and YKL-39. The expression level of GM2A, CTSF, ARSA, GNS, GAA, CTSD, LAMP2, BDNF, GRIA4, and ATP1B1, all of which are relevant to lysosome and cAMP signaling pathway, was downregulated in HEV-positive CSF samples.

In order to reduce data dimensionality, PLS-DA and O-PLS-DA were implemented to access model fit and predictability. 11 proteins including Mimecan (OGN), Complement-activating component of Ra-reactive factor (CRARF), Alpha-1-acid glycoprotein 1 (ORM1), Homo sapiens I factor, Calsyntenin-3 (CLSN3), UPF0764 protein C16orf89 (C16orf89), Monocyte differentiation antigen CD14 (CD14), Extracellular matrix protein 2 (EFEMP2), Complement C4-B (C4B), Latent-transforming growth factor beta-binding protein 4 (LTBP4), Sparc/osteonectin, cwcv and kazal-like domains proteoglycan (Testican) 3 (SPOCK3) overlapping between the top 20 DEPs and the top 20 proteins in the O-PLS-DA VIP list were identified. Mimecan, Complement-activating component of Ra-reactive factor and Alpha-1-acid glycoprotein 1 acts as the most important variable to differentiate HEV-positive meningitis patients from HCs. Mimecan, also known as osteoglycin (OGN), is a class III small leucine-rich proteoglycans (SLRPs) member (Iozzo, 1997). OGN has been shown to be an NFκB/IKK-dependent gene related to the immunity in mice embryonic fibroblasts (Zandi et al., 1997). In another lipopolysaccharide (LPS)-treated rat model, OGN expression was increased in the regulation of Toll-like receptor (TLR) 4 pathway (Haglund et al., 2008). Thus, we can assume that differentially expressed OGN between HEV-positive group and HCs participates in inflammatory immune responses and has potential as a therapeutic target candidate. Complement-activating component of Ra-reactive factor (CRARF), a C-dependent bactericidal factor binding specifically to Ra chemotype Salmonella strains, is present in a wide variety of vertebrates. CRARF was mapped to human 3q27-q28 and demonstrated to be essential in resisting infections by enteric microorganisms (Kawakami et al., 1984). In a hemolysis model system of LPS-coated E (ELPS), complement cascade was found to be activated by CRARF through the activation of C2 and C4 (Ji et al., 1988). Interestingly, our study also found C4B expression increased in CSF from HEV-positive group. Alpha-1 acid glycoprotein (AGP) is a serum protein expressed by the orosomucoid genes (ORM1 and ORM2) in the acute phase of inflammation responses (Treuheit et al., 1992; Fournier et al., 2000). The liver is the primary organ that produces AGP, which is also secreted by monocytes and alveolar macrophages (Fournier et al., 1999). Previous studies show that AGP1 is involved in the cellular initiation of inflammation and coagulation, and its plasma concentration could increase two to five fold during inflammation (Martyn et al., 1984; Sumanth et al., 2019). AGP in serum is a potential candidate biomarker for the diagnosis of HEV-71 infection (Wang et al., 2015). In our study, we found that the two subtypes of AGP were significantly elevated in the CSF sample obtained from patients with HEV-positive meningitis; this outcome can be a potential candidate biomarker panel for diagnosis of HEV-positive meningitis.

In general, our study provided etiological and epidemiological features of children diagnosed with acute VM and/or VE in Zhejiang Province in 2021 and showed that mNGS has certain advantages over traditional PCR assay to identify pathogens that cause VE and/or VM. We also established a foundation to identify diagnosis biomarker candidates of HEV-positive meningitis based on the results of the MS-based proteomics analysis, which could also contribute toward investigating the HEV-specific host response patterns.

Our research still has several limitations. This was a single-center study, the study cohort was relatively small, the investigation period was relatively short. Further validation of the potential protein biomarkers was impeded by insufficient CSF sample capacity. In terms of the guidelines, special immunoglobulin M (IgM) antibody tests in CSF samples of patients with encephalitis are helpful in diagnosis, but we did not conduct routine special IgM antibody tests of CSF samples, leading to the possible omission of pathogen diagnosis because of the rapid degeneration of pathogen nucleic acid before sample collection or the availability of very few viral sequences to be detected (Tunkel et al., 2008). Furthermore, several CSF samples were not sent for HEV-specific PCR tests as the physician’s judgment, which may influence the comparison results between PCR and mNGS. We will focus on and try to overcome these limitations in our next research.



Conclusion

Overall, the present study yielded two interesting results. First, mNGS analysis revealed that HEV is the primary pathogen present in the CSF samples of children diagnosed with VE and/or VM in our hospital. Second, proteomics analysis could lead to the development of new biomarker candidates for HEV-positive VEs or VMs. This study might contribute toward improving the diagnosis of VE and/or VM and provide therapeutic targets for VE and/or VM.
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Survivors (N=75) Non-survivors (N=49) /N P
Age 56.00 (51.00,62.00) 66.00 (51.00,75.00) 1300.000 0.006
Female 19 (33.93%) 24 (48.98%) 7.316 0.007
Fever 52 (69.33%) 38 (77.56%) 1.006 0.316
Heart rate 101.00 (85.00,118.00) 102.00 (80.00,120.00) 1561.500 0.158
Medical history
immune-related diseases 14 (18.67%) 16 (32.65%) 3.161 0.075
Coronary heart disease 1(14.67%) 6(12.25%) 0.147 0.701
Hypertension 30 (40.00%) 18 (36.74%) 0.133 0.715
Diabetes 3 (17.33%) 11 (22.45%) 0.497 0.481
Hemodialysis 15 (20.00%) 9(18.37%) 0.051 0.822
Surgery 32 (42.67%) 28 (57.14%) 2.487 0.115
Disease and severity assessment scores
Admission APACHE Il score 18 (13,21) 18 (17,21) 1551.000 0.141
Biochemical indicators
WBC 11.14 (8.355,14.465) 10.26 (3.64,17) 1709.000 0.511
Procalcitonin 1.19 (0.39,11.35) 3.6(0.57,10.00) 1747.000 0.644
C-reactive protein 73.20 (10.80,145.09) 88.47 (28.00,162.45) 1622.000 0.271
Platelets 179.00 (123.5.00,247.50) 114.00 (30.00,193.00) 1204.000 0.001
Neutrophil% 87.00 (78.85,90.85) 84.20 (64.80,92.30) 1662.500 0.145
Aspartate 29.00 (16.50,56.50) 283.00 (17.00,47.00) 1642.500 0.319
Bilirubin 11.90 (6.95,19.55) 13.92 (10.00,21.30) 1611.000 0.247
Creatinine 80.00 (65.00,124.50) 85.00 (57.10,156.00) 1588.500 0.203
Myoglobin 70.75 (37.29,251.15) 700.00 (350.50,1052.00) 410.500 <0.001
Cholinesterase 4.20 (3.00,6.45) 3.90 (2.50,6.00) 1651.000 0.340
Brain natriuretic peptide 549.00 (161.30,3636.00) 1063.00 (411.00,3713.00) 1511.500 0.096
Prothrombin time 12.60 (11.40,14.70) 12.70 (11.20,15.30) 1781.000 0.773
Fibrinogen 3.70 (2.82,5.02) 3.45 (2.52,4.42) 1650.000 0.338
ICU treatment
Use of vasoactive drugs 63 (84.00%) 42 (85.71%) 0.067 0.796
Hemodialysis 15 (20.00%) 9(18.37%) 0.051 0.822
Tracheotomy 63 (81.33%) 42 (85.71%) 0.404 0.525
Virus positive (MNGS) 6 (8.00%) 8(16.3%) 2,052 0.152
Sequence number
Negative 24 (32.00%) 16 (32.65%) 6.817 0.227
0-50 27 (36.00%) 9(18.37%)
51-100 6 (8.00%) 4(8.16%)
100-500 9 (12.00%) 9(18.37%)
500-1000 3 (4.00%) 2 (4.08%)
>1000 6 (8.00%) 9(18.37%)
Pathogen detection (MNGS)
Negative 24 (32.00%) 16 (32.65%) 3.284 0.194
Infection with a single pathogen 45 (60.00%) 24 (48.98%)
Mixed infection 6 (8.00%) 9(18.37%)
Blood culture positive 15 (20.00%) 9(18.37%) 0.051 1.000
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Characteristic Value

Age, years, mean (SD) 513 (17.1)
Sex-female, n (%) 38 (65.5)
Type of rheumatic disease, n (%)
Systemic lupus erythematosus 19 (32.8)
Systemic vasculitis 11 (19.0)
Idiopathic inflammatory myopathies 12 (20.7)
Rheumatoid arthritis 5 (8.6)
Others’ 11 (19.0)

Specific therapy for rheumatic disease, n (%)
Systemic corticosteroids 58 (100)
Cytotoxic or immunosuppressants 19 (32.8)

Disease severity at admission

APACHE II score, mean (SD) 18.8 (5.3)
SOFA score, mean (SD) 7.1 (2.6)
Pa0,/FiO, ratio, mmHg, median (IQR) 167 (103, 215)
HFNC or noninvasive ventilation, n (%) 7 (12.1)
Invasive mechanical ventilation, n (%) 51 (87.9)
Vasopressor, n (%) 28 (48.3)
Laboratory findings
White blood cell, 10°/L, median (IQR) 7.1 (3.2,12.0)
Lymphocyte, 10%/L, median (IQR) 470 (235,770)
CD4" T cell, 10°/L, median (IQR) 99 (55, 204)
Outcomes
ICU death, n (%) 34 (58.6)
ICU LOS, days, median (IQR) 12.5 (6.3, 23.8)
Hospital death, n (%) 35 (60.3)
Hospital LOS, days, median (IQR) 22 (9, 31)

APACHE, Acute Physiology and Chronic Health Evaluation; HFNC, high-flow nasal cannula; ICU, intensive care unit; IQR, interquartile range; LOS, length of stay; SD, standard deviation;
SOFA, Sequential Organ Failure Assessment.

'Including adult-onset Still’s disease (n = 3); interstitial pneumonia with autoimmune features (n = 3); Sjégren’s syndrome (n = 2); mixed connective tissue disease (n = 1); systemic sclerosis
(n = 1); undifferentiated connective tissue disease (n = 1).





OPS/images/fcimb.2022.905132/table1.jpg
Patient characteristic

All patients (N=124)

Age

Female

Fever

Heart rate

Medical history
immune-related diseases
Coronary heart disease
Hypertension

Diabetes

Surgery

Disease and severity assessment scores
Admission APACHE Il score

Biochemical indicators
WBC

Procalcitonin

C-reactive protein
Platelets

Neutrophil%

Aspartate

Bilirubin

Creatinine

Myoglobin
Cholinesterase

Brain natriuretic peptide
Prothrombin time
Fibrinogen

ICU treatment

Use of vasoactive drugs
Hemodialysis
Tracheotomy

Use of Ventilator
28-day mortality

56.50 (32.00,70.00)
43 (34.68%)
90 (72.58%)
87.00 (80.00,94.00)

30 (24.19%)
17 (18.71%)
48 (38.71%)
24 (19.35%)
64 (51.61%)

23.00 (18.00,23.00)

8.30 (6.23,15.30)
16.00 (3.60,100.00)
160.00 (150.00,170.00)
67.00 (10.00,171.00)
75.20 (12.30,89.90)
25.00 (12.00,43.00)
16.35 (8.60,80.60)
136.00 (42.00,154.00)
406.00 (112.00,700.00)
3.20 (2.00,5.50)
2084.00 (501.00,3195.00)
16.50 (12.50,18.60)
6.56 (4.98,12.97)

105 (84.68%)
24 (19.35%)
103 (83.06%)
93(75%)
49 (39.52%)

WBC represents white blood count.
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mNGS results and clinical characteristics of patients ~ Negative (N=40)  Single pathogen infection (N=69)  Mixed infection (N=15)  x*/H P

Female 16 (40%) 19 8 4358  0.113
Age 56.00 58.00 68.00 1.363  0.506
(51.00,66.00) (561.00,66.00) (40.00,80.50)
Fever 27(67.50%) 50(72.46%) 13(86.67%) 2015 0365
Heart rate 92.00 102.00 112.00 2.068  0.356
(84.50,119.00) (89.00,120.00) (96.50,119.50)
Medical history
immune-related diseases 4 22 4 6.669  0.033
(10.00%)" (31.88%)" (26.67%)
Surgery 22 33 9 2315  0.901
(65.00%) (47.83%) (60%)
Coronary heart disease 6 8 3 0.819  0.662
(15.00%) (11.59%) (20.00%)
Hypertension 11 32 5 4.011 0.135
(27.50%) (46.38%) (33.33%)
Diabetes 5 16 3 1.858  0.417
(12.50%) (28.19%) (20.00%)
Disease and severity assessment scores
Admission APACHE Il score 17.50 18.00 18.00 1.656  0.437
(16.50,19.50) (16.00,23.00) (16.00,20.50)
Biochemical indicators
WBC 11.58 11.14 10.10 0.045 0978
(9.14,13.20) (6.40,17.20) (3.20,17.80)
Procalcitonin 3.40 1.19 1.20 0.081 0.961
(0.36,17.00) (0.52,8.06) (0.71,5.55)
C-reactive protein 113.00 76.00 49.00 1.663  0.458
(27.61,233.52) (16.20,149.17) (26.00,93.65)
Platelets 179.00 149.00 110.00 4.030 0.133
(127.00,268.00) (86.00,239.00) (47.00,162.00)
Neutrophil% 85.55 86.70 81.50 0.736  0.692
(73.45,90.60) (73.10,91.90) (61.95,90.60)
Aspartate 23.00 26.00 24.00 0.021 0.989
(17.50,72.50) (17.00,53.00) (19.50,40.50)
Bilirubin 12.25 13.92 10.50 0.703  0.704
(6.75,23.41) (8.60,20.50) (8.00,16.95)
Creatinine 91.00 83.00 65.00 1.417 0.492
(58.00,145.00) (55.00,131.00) (40.50,165.50)
Myoglobin 272.50 160.00 350.00 1.882 0.39
(43.18,708.05) (45.00,553.00) (236.15,546.65)
Cholinesterase 4.30 4.20 3.60 1.466 0.48
(2.95,7.05) (2.70,56.80) (2.85,4.85)
Brain natriuretic peptide 411.00 969.00 1667.00 4.005 0.135
(240.00,2143.00) (278.40,4206.00) (582.00,3969.50)
Prothrombin time 11.95 12.80 14.00 0.794 0.672
(10.85,15.20) (11.40,14.70) (11.75,14.75)
Fibrinogen 3.92 3.60 3.12 1.166  0.558
(2.78,5.01) (2.78,4.56) (2.39,4.23)
ICU treatment
Use of Ventilator 32(80.00%) 49(71.01%) 12(80.00%) 1.318  0.517
Use of vasoactive drugs 32(80.00%) 59(85.51%) 14(93.33%) 1.577  0.454
Hemodialysis 7(17.50%) 14(20.29%) 3(20.00%) 0.131 0.937
Tracheotomy 36(90.00%) 53(76.81%) 14(93.33%) 4.41 0.11
28-day mortality 16(40.00%) 24(34.78%) 9(60.00%) 3284 0.194

*Compared with patients without immune-related diseases, there was a statistical difference, P<0.05.
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mNGS and culture-negative (N=38) mNGS or culture-positive (N=86) /U P
Age 56.00 (51.00,68.00) 58.00 (51.00,67.00) 1526.000 0.558
Female 14 (36.84%) 29 (33.72%) 0.113 0.838
Fever 12 (31.58%) 22 (25.58%) 0.476 0.517
Heart rate 92.00 (84.00,120.00) 102.50 (90.00,120.00) 1432.000 0.273
Medical history
immune-related diseases 4 (10.53%) 26 (30.23%) 5.580 0.022
Coronary heart disease 6 (15.79%) 11 (12.79%) 0.200 0.778
Hypertension 10 (26.32%) 38 (44.19%) 3.647 0.073
Diabetes 4 (10.53%) 20 (23.26%) 2736 0.139
Surgery 16 (42.11%) 44 (51.16%) 0.866 0.436
Disease and severity assessment scores
Admission APACHE Il score 17.00 (16.00,19.00) 18.00 (16.00,23.00) 1309.000 0.077
Biochemical indicators
WBC 11.58 (8.87,13.20) 10.48 (6.31,17.34) 1589.000 0.807
Procalcitonin 3.40 (0.36,17.00) 1.20 (0.57,8.06) 15690.000 0.812
C-reactive protein 113.00 (27.61,249.10) 74.50 (16.20,149.17) 1419.000 0.244
Platelets 179.00 (127.00,268.00) 145.50 (65.00,223.00) 1287.000 0.060
Neutrophil% 84.30 (71.50,90.60) 86.75 (73.10,91.90) 1538.000 0.584
Aspartate 23.00 (16.00,50.00) 26.50 (17.00,54.00) 1539.000 0.606
Bilirubin 11.90 (6.50,21.70) 13.86 (8.50,20.50) 1443.000 0.301
Creatinine 91.00 (58.00,145.00) 78.50 (54.00,134.00) 1440.000 0.293
Myoglobin 272.50 (43.04,707.50) 228.15 (60.00,553.30) 1623.500 0.955
Cholinesterase 4.20 (2.90,7.00) 4.10 (2.70,5.80) 1530.000 0.573
Brain natriuretic peptide 411.00 (240.00,2202.00) 1026.00 (278.40,4206.00) 1316.000 0.085
Prothrombin time 11.70 (10.80,15.30) 12.85 (11.40,14.80) 1444.000 0.303
Fibrinogen 3.92 (2.83,5.06) 3.46 (2.50,4.50) 1415.500 0.236
ICU treatment
Use of vasoactive drugs 30(78.95%) 75(87.21%) 1.387 0.239
Hemodialysis 32 (84.21%) 68 (79.07%) 0.446 0.625
Tracheotomy 34 (89.47%) 69 (80.23%) 1.600 0.300
Use of Ventilator 30(78.95%) 63(73.26%) 0.455 0.500
28-day mortality 14 (36.84%) 35 (40.70%) 0.164 0.697
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jirovecii

Other fungi
Atypical pathogen

Mycoplasma

pneumoniae

Other

McNemar
NGS vs. Sensitivity

CMTs,p  %(95%
CI)
0.000 886 (78.0-
99.1)
0.625 833 (53.5-
100)
0219 100 (100-
100)
0.146 727 (46.4-
99.0)
0.001 875 (71.3-
100)
0.000 100 (100-
100)
0.001 9538 (87.7-
100)
0.002 947 (84.7-
100)
0.000 100 (100-
100)
0.125 100 (100-
100)
0.007 857 (56.2-
97.5)
0.000 909 (73.9-
100)
0.000 875 (64.6-
100)
0219 750 (32.6-
100)
NA 100 (100~
100)
0.250 NA
0077 458 (25.9-
65.8)
0.002  42.1 (20.0-
64.3)
NA 600 (17.1-
100)

mNGS
Specificity PPV%

%(95% (95%
CI) CI)
86.8 (78.7-  77.5
94.8) (64.6-
90.4)

100 (100- 10
100) (100~
100)

100 (100- 100
100) (100~
100)

98.9 (96.8-  88.9
100) (68.4-
100)

874 (80.4-  56.0
94.3) (36.5-
75.5)

64.1 (49.0- 821
79.2) (73.5-
90.6)

98.7 (96.3-  95.8
100) (87.7-
100)

96.4 (92.5- 857
100) (70.7-
100)

84.9 (777- 417
922) (21.9-
61.4)

100 (100- 100
100) (100-
100)

933 (88.0- 667
98.5) (44.9-
88.4)

750 (66.2-  30.3
83.8) (14.6-
46.0)

832 (75.6- 304
90.7) (11.6-
49.2)

97.0 (93.6- 50
100) (10.0-
90.0)

91.9 (86.6- 333
97.3) (6.7-
60.0)
95.1 (91.0- 0 (0-0)

99.3)

97.5 (94.0- 846
100) (65.0-
100)

98.8 (96.5-  88.9
100) (68.4-
100)

99.0 (97.0-  75.0
100) (32.6-
100)

NPV Accuracy Sensitivity

%
(95%
CI)

93.7
(87.6—
9.7)

99.0
(97.0-
100)

100
(100-
100)

96.8
(93.2-
100)

97.4
(93.9-
100)

100
(100-
100)

98.7
(96.3-
100)

98.8
(96.4-
100)

100
(100-
100)

100
(100-
100)

97.6
(94.4-
100)

98.6
(95.8-
100)

98.7
(96.3-
100)

99.0
(97.0-
100)

100
(100-
100)
100
(100-
100)
85.6
(78.3-
92.8)
88.9
(68.4-
100)
98.0
(95.2-
100)

(95% CI)  %(95%
CI)

874 257 (11.2-
(81.0- 40.1)
93.8)

990 50.0 (10.0-
(97.1- 90.0)

100)

100 (100- 0 (0-0)
100)

96.1 273 (1-
(924 53.6)
99.8)

87.4 18.8 (0-
(81.0- 37.9)
93.8)

864 484 (362-
(79.8- 60.7)
93.2)

981 458 (25.9-
(95.4- 65.8)

100)

9.1 368 (152-
(92.4- 58.5)
99.8)

86.4 40.0 (9.6-
(79.8- 70.4)
93.0)

100 (100~ 20.0 (0-
100) 55.1)
922 429 (169-

(87.1- 68.8)

97.4)

767 45.5 (16.0-
(68.5- 74.9)
84.9)

83.5 25.0 (0-
(76.3- 55.0)
90.7)

9.1 50.0 (10-
(92.4- 99)
99.8)

922 0 (0-0)
(87.1-

97.4)

95.1 NA
(91.0-

99.3)

854  83.3 (68.4-
(78.6- 98.2)
92.2)

88.3 100 (100-
(88.2- 100)
94.5)

97.1 0 (0-0)
(93.8-

100)

CMTs
Specificity PPV%

%(95% (95%
CI) CI)
94.1 (885-  69.2
99.7)  (44.1-
94.3)
100 (100- 100
100) (100~
100)
96.0 (97.0- 0 (0-0)
100)
100 (100- 100
100) (100~
100)
95.4 (91.0- 429
99.8) (6.2-
79.5)
100 (100- 100
100) (100~
100)
100 (100- 100
100) (100~
100)
98.8 (965-  87.5
100) (64.6-
100)
100 (100- 100
100) (100~
100)
100 (100- 100
100) (100-
100)
98.9 (96.7- 857
100) (59.8-
100)
100 (100- 100
100) (100~
100)
97.9 (95.0- 500
100) (10.0-
99.0)
100 (100- 100
100) (100~
100)
100 (100-  NA
100)
98.1 (95.4- 0 (0-0)
100)
98.7 (963- 952
100) (86.1-
100)
97.6 (944- 905
100) (77.9-
100)
100 (100-  NA
100)

NPV
%
(95%
CI)

71.1
(61.7-
80.5)

97.0
(93.7-
100)

95.81
(90.9-
99.3)

92.0
(86.7-
97.3)

86.5
(79.6-
93.3)

54.2
(42.7-
65.7)

85.9
(78.8-
93.0)

874
(80.7-
94.4)

93.9
(89.2-
98.6)

96.1
(923-
99.8)
91.7
(86.1-
97.2)
939
(89.1-
98.6)
936
(89.2-
98.6)
98.0
(953-
100)
96.1
(92.4-
99.8)
100
(100-
100)
95.1
(90.5-
99.8)
100
(100-
100)
95.1
(91.0-
99.3)

Accuracy
%(95%
CI)

70.9
(62.1-
79.6)

97.1
(93.8-100)

94.2
(89.7-
98.7)
922
(87.1-
97.4)
83.5
(76.3-
90.7)
68.0
(58.9-
77.0)
87.4
(81.0-
93.8)
87.4
(81.0-
93.8)
94.2
(89.7-
98.7)
96.1
(92.4-
99.8)
913
(85.8-
96.7)
942
(89.7-
98.7)
922
(87.1-
97.4)
98.1
(95.3-100)

96.1
(92.4-
99.8)

98.1
(95.4-100)

95.1
(91.0-
99.3)
98.1
(95.4-100)

95.1
(91.0-
99.3)

CMTs, conventional microbiological tests; mNGS, metagenomics next-generation sequencing; NPV, negative predictive value; PPV, positive predictive value; CI, confidence interval.
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Variables 24 h before ECMO 48 h within ECMO ECMO weaned

Group D Group | Group D Group | Group D Group |
wsc? ('109/L) 14.05 + 5.44 10.16 + 4.78 11.15 + 5.68 10.25 + 3.94 16.45 + 12.11 12.16 £ 6.19
Neutrophils (“109L) 9.46 £ 6.17 8.67 + 4.46 9.64 + 5.65 9.20 £ 3.57 18.82 + 11.32 10.60 + 5.66
ALT (UL) 42 (29-84) 69 (24-137) 43 (33-78) 50 (18-101) 44 (27-665) 31 (17-87)
AST (U/L) 73 (36-122) 91 (37-181) 68 (37-133) 65 (33-160) 56 (40-111) 51 (33-90)
Albumin (g/L) 29.99 + 4.24 2948 + 497 28.65 + 5.67 30.51 + 4.62 35.51 + 8.69 34.45 + 4.36
Globulin (g/L) 28.49 + 6.41 26.63+7.15 27.25 £8.22 27.95 + 6.93 31.29 + 11.01 30.68 + 11.57
TB¥ (umol/L) 13.7 (8.8-23.8) 16.8 (13-25.1) 25 (10.8-43.4) 222 (15-33) 33.5 (15-101) 21.9 (17.7-33.9)
DB* (umol/L) 6(1.2-16.5) 9.2 (5-15) 10.1 (4-25.1) 10.3 (3.4-16.4) 17.1 (6.7-75.5) 9.4 (2-11.8)
LDH (U/) 788 (387-1,299) 682 (408-1,112) 935 (443-1,764) 605 (381-840) 733 (432-1,500) 667 (388-980)
NT-pro-BNP (pg/ml) 680 (201-3,324) 1,908 (532-3,061) 1,872 (312-3,336) 1,603 (905.2-2,763) 867 (300-3,160) 630 (199.9-1,001)
PT () 12.34 + 2.56 12.76 + 2.69 13.49 + 3.41 13.23 + 2.54 16.56 + 11.22 12.43 + 1.63
INR 1.14 +0.30 1.283 +0.32 1.22 +0.31 117 £ 0.24 1.40 +1.03 117 £ 0.25
APTT% (s) 35 (29.5-40.5) 29.8 (27-33.2) 41.9 (36-81.7) 34.8 (29.8-122) 46.1 (36.8-62.6) 37.5 (31.1-47)
Fibrinogen (g/L) 4.09 £1.57 4.26 +1.58 3.56 + 1.65 4.30 £ 1.63 349+ 1.70 329+ 1.21
D-dimer (mg/L) 3.32 (1.03-6.42) 2.7 (1.1-3.61) 2.42 (1-6.25) 3.27 (0.7-5.24) 2.97 (1.4-8.4) 7.52 (1-14.22)
Procalcitonin (ng/ml) 1.21 (0.4-3.32) 2.78 (0.58-4.89) 2.39 (1.1-14.4) 3.31 (1.8-32.6) 2,52 (0.61-17.7) 2.9 (0.48-3.14)
CRP (mg/L) 113 (67-200) 100 (70.11-266) 97 (43-187) 137.5 (61-206) 86 (56-196) 108 (63-132)
ESR (mm/h) 43.31 + 25.47 37.37 + 26.39 40.64 + 31.03 45.32 + 33.08 36.83 + 32.76 33.42 + 26.48
Pa0, (mmHg) 50 (45-59) 63 (47-87.3) 80 (67-90) 79 (59-103) 69.8 (60-96.5) 88 (68-116)
PaCO, (mmHg) 37 (33.7-46) 36 (29.9-48) 38 (34-43) 38 (33-44) 39 (35.5-45) 40 (33.9-46)
Lactate (mmol/L) 16 (1.2-2.5) 2.1(1.3-3) 2(1.4-3.2) 2.1(1.3-35) 2(1.5-8.1) 1.8 (1.2-2.4)

Group D, deterioration group; Group |, improvement group; ECMO, extracorporeal membrane oxygenation; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TB, total
bilirubin; DB, direct bilirubin; LDH, lactic dehydrogenase; PT, prothrombin time; INR, international normalized ratio; APTT, activated partial thromboplastin time; CRP, C-reactive protein;
ESR, erythrocyte sedimentation rate; WBC, white blood cells.

The data are shown as mean + SD, median (interquartile 25-75), or n (percentage).

"Statistical significance in 24 h before ECMO.

&Statistical significance when ECMO was weaned.
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Group D(n = 31) Group I(n = 15)
Positive patients Pathogens Strains Positive patients Pathogens Strains

24 h before ECMO (routine test)

BALF culture 5(16.1) 6 10 3(20.0) 3 3
Blood culture 2(6.5) 3 3 1(6.7) | 1
48 h within ECMO (routine test)

BALF culture 8(25.8) 8 hilrg 4 (26.7) 6 6
Blood culture 3(9.7) 3 4 2(13.9) 3 3
48 h within ECMO (mNGS test)

BALF culture 9(29.0) 27 47 5(33.3) 17 21
Blood culture 3(9.7) 6 6 2(13.3 3 3

mNGS, metagenomic next-generation sequencing; ECMO, extracorporeal membrane oxygenation; BALF, bronchoalveolar lavage fluid; vw-ECMO, veno-venous extracorporeal
membrane oxygenation.
The data are shown as n (percentage).
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Antibiotics Before mNGS test

Group D Group |
Vancomycin 0(0) 1(6.7)
Linezolid 5(16.1) 1(6.7)
Teicoplanin 132 2 (133
Tigecycline 6 (19.4) 4 (26.7)
Polymyxin B 2(6.5) 0(0)
Meropenem and Imipenem® 22 (71.0) 9 (60.0)
Ceftazidime/avibactam 1(3.2) 1(6.7)
Caspofungin 6(19.4) 1(6.7)
Voriconazole* 17 (54.8) 8(53.3)
Fluconazole 8(25.8) 3(20.0)

Group D

000
132
30.7)

5 (16.1)
5(16.1)
24 (77.4)
5(16.1)
12(38.7)
16 (51.6)
00

After mNGS test

Group D, deterioration group; Group |, improvement group; mNGS, metagenomic next-generation sequencing; w-ECMO, veno-venous extracorporeal membrane oxygenation.

The data are shown as n (percentage).
Statistical significance between Group D and Group | before mNGS test.
&Statistical significance between Group D and Group | after mNGS test.
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Total(n = 46)
Male gender, n (%) 27 (68.7)
Age** (year) 42.63 + 17.68
BMI (kg/m?) 22,79 + 3.03
Comorbidities, n (%)
COPD* 11 (23.9)
Hypertension 6(13)
Type 2 diabetes 3(6.5)
Coronary heart disease 5(10.9)
Primary disease, n (%)
Connective tissue disease 30 (65.2)
IgA nephropathy 6 (13)
Other nephropathy types 10 (21.7)
Murray Lung Injury Score 3.14 £ 0.38
SOFA Score 1202+28
CURB-65 Score 2.02 +0.91
APACHE Il Score 21.59 + 7.77
Heart rate 111.41 £21.12
Mean arterial pressure (mmHg) 84.67 + 17.23
Respiratory rate 2541 £7.77
Pa0,/FiO, before ECMO 47 (41-55)
Pa0,/FiO, after ECMO 160 (132-210)
PEEP before ECMO (cmH,0) 10.54 + 4.93
PEEP after ECMO (cmH,0) 9.15 + 3.42
Vasoactive drug, n (%) 33(71.7)
Pneumothorax, n (%) 9 (19.6)
Prone position ventilation, n (%) 11 (23.3)
MODS, n (%) 17 (37)
CRRT, n (%) 25 (54.3)
Mechanical ventilation time before ECMO (h) 31 (4-60)
Mechanical ventilation time (h) 222 (154-323)
ECMO support time (h) 300 (162-425)
ICU stay time*** (days) 17 (10-32)

Group D(n =31)

16 (561.4)
47.77 £ 16.72
23 +3.4

10(32.9)
4(129)
307)
4(129)

21(67.7)
30.7)
7(226)

319+0.36
12,23 £ 3.11
2.16 +0.90
2223 +8.02
111.29 + 21.67
86.13 +19.2
2671 +8.28
49 (41-54)
173 (140-219)
10.74 £ 5.27
9.42 +3.71
23(74.2)
5 (16.1)
8(25.8)
13 (41.9)
14 (45.2)
43 (5-75)
212 (122-312)
264 (144-378)
13 (7-18)

Group I(n = 15)

1(78.3)
32 +15.05
22.35 +2.08

167)
2(18.3)
0(0)
1(67)

9 (60)
3(20)
3(20)

3.03 + 0.41

11.6 +2.06

1.73 088

2027 £7.32

111.67 = 20.65

81.67 + 12.22
22783 £ 5.95
43 (38-60)
139 (127-191)
10.13 + 4.27
86275
10 (66.7)
4(26.7)
3(20)
4(26.7)

11(73.3)

21 (3-56)
266 (210-384)
432 (216-520)

32 (20-38)

Group D, deterioration group; Group I, improvement group; BMI, body mass index; COPD, chronic obstructive pulmonary disease; SOFA, sequential organ failure assessment score;
PEEP, positive end-expiratory pressure; MODS, multiple organ dysfunction syndrome; CRRT, continuous renal replacement therapy; ECMO, extracorporeal membrane oxygenation; ICU,

intensive care unit; vv-ECMO, veno-venous extracorporeal membrane oxygenation.
The data are shown as mean + SD, median (interquartile 25-75), or n (percentage).
Significant difference (**p < 0.01 and ***p < 0.001).
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Causative All Single pathogen Mixed pathogens P Detected by both Detected by Detected by

pathogen (n=43) (n=16) (n=27) value methods CMTs alone mNGS alone
Bacteria 17 (40) 4 (25) 13 (48) 0.328 15 0 2
A. baumannii 6 (14) 1(6) 5(19) 0.386 6 0 0
P. aeruginosa 6 (14) 2(13) 4 (15) 1.000 6 0 0
M. tuberculosis 2(5) 0(0) 2(7) 0.522 2 0 0
Other bacteria” 7 (16) 1(6) 6 (22) 0.229 5 0 2
Fungi 33(77) 10 (63) 23 (85) 0.137 20 6 7
P. jirovecii 24 (56) 9 (56) 15 (56) 1.000 17 2 5
Aspergillus spp. 15 (35) 1(6) 14 (52) 0.003 10 5 0
Cryptococcus 1(2) 0(0) 1(4) 1.000 1 0 0
Rhizopus spp. 2(5) 0(0) 2(7) 0.522 0 0 2
Viruses 23 (54) 2(13) 21 (78) <0.001 13 0 10
Cytomegalovirus® 17 (40) 1(6) 16 (59) 0.001 16 0 1
Influenza A/B 4(9) 0(0) 4 (15) 0.279 2 0 2
Parainfluenza 1(2) 1(6) 0 (0) 0.372 0 0 1
RSV 1(2) 0(0) 1(4) 1.000 0 0 1
Other viruses* 8 (19) 0 (0) 8 (30) 0.036 0 0 8

Data are presented as numbers (%) or numbers.

CMTs, combined microbiological tests; mNGS, metagenomic next-generation sequencing; RSV, respiratory syncytial virus.

"Including K. pneumoniae (n = 2), E. faecium (n = 1), Salmonella (n = 1), M. Pneumoniae (n = 1), S. pneumoniae (n = 1), and H. influenzae (n = 1).
* Including human herpes virus type 1 (HHV-1) (n = 5), HHV-6 (n = 1), human coronavirus 229 E (n = 1), and human coronavirus OC 43 (n = 1).
SThe median cytomegalovirus (CMV) load was 2.52 x 10° (7.4 x 10%, 5.5 x 10°) copies/ml in 17 CMV pneumonia patients.
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Characteristics

Sex, No. (%)

Male

Female

Age (year)

Median (range)
Disease classification
ALL

AML

allo-HSCT®
Neutropenia
Respiratory support
Mechanical ventilation
Face mask

Nasal catheter

None

Chest CT scan
Abnormal

Antibiotic use before mMNGS

Clinical outcome
Relieved
Deceased

Count

39
16

6 (1-16)

23
9
23
31

9
1
22
13

55
55

51
4

Ratio

70.9%
29.1%

41.8%
16.4%
41.8%
56.4%

16.4%
20.0%
40.0%
23.6%

100%
100%

92.7%
7.3%

BALF, Bronchoalveolar lavage fluid; ALL, Acute lymphoblastic leukemia; AML, Acute

myelogenous leukemia.

“allo-HSCT: hematopoietic stem cell transplantation (three for ALL, seven for AML, eleven
for aplastic anemia, one for myelodysplastic syndrome and one for chronic myelocytic

leukemia).
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Subgroup Number of studies Pooled sensitivity (95% Cl) Pooled specificity (95% CI) P 2

Ethnicity
Asians 8 0.94 (0.90-0.96) 0.95 (0.89-0.97) 0.001/0.948 72%/0.0%
Caucasians 2 0.77 (0.73-0.81) 0.96 (0.92-0.98) 0.008/0.341 85.9%/0.0%
Sample type
Sonication fluid 2 0.816 (0.770-0.856) 0.963 (0.926-0.983) 0.001/0.506 90.2%/0.0%
Synovial fluid 3 0.709 (0.629-0.781) 0.932 (0.857-0.975) 0.001/0.976 86.8%/0.0%
Multiple samples 5 0.961 (0.916-0.985) 0.943 (0.871-0.981) 0.778/0.743 0.0%/0.0%
Reference standard
IDSA 3 0.787 (0.747-0.823) 0.956 (0.925-0.977) 0.000/0.617 88.5%/0.0%
Mis! g 0.930 (0.886-0.961) 0.939 (0.879-0.975) 0.251/0.902 24.0%/0.0%
Study design
Prospective 8 0.832 (0.800-0.860) 0.953 (0.926-0.972) 0.00/0.859 86.9%/0.0%
Retrospective 2 0.805 (0.651-0.912) 0.882 (0.636-0.985) 0.00/0.138 92.0%/54.4%

Cl, confidence interval; MSIS, Musculoskeletal Infection Society; IDSA, Infectious Disease Society of America guidelines.
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Study Country Patients Study design Sample site(s) Reference Sample type Antibiotics* TP FP FN TN

standard

Thoendel et al., USA 408 Prospective Hip and knee IDSA Sonication fluid Yes 251 7 62 188
2018

lvy et al., 2018 USA 168 Prospective Knee IDSA Synovial fluid Yes 72 4 36 57
Zhang et al., 2019  China 37 Prospective Hip and knee MSIS Sonication fluid Yes 24 1 0 12
Huang et al., 2019  China 35 Retrospective  Hip and knee MSIS Synovial and sonication fluid Yes 20 1 0 14
Cai et al.,, 2020 China 44 Prospective Hip and knee MSIS periprosthetic tissue and synovial No 21 2 1 2

fluid

Wang et al., 2020  China 63 Prospective Hip and knee IDSA Synovial and sonication fluid No 43 1 2 17
Huang et al., 2020  China 70 Prospective Hip and knee MSIS Synovial fluid Yes 47 1 2 20
Fang et al., 2020 China 38 Prospective Hip and knee MSIS Synovial and sonication fluid Yes 24 0 1 13
He et al., 2021 China 59 Prospective Hip and knee MSIS Synovial, sonication fluid and tissues Yes 38 1 2 18
Yu et al., 2021 China 33 Retrospective  Hip and knee MSIS Synovial fluid Yes 183 1 8 1

TP, true positive; FP, false positive; FN, false negative; TN, true negative; MSIS, Musculoskeletal Infection Society; IDSA, Infectious Disease Society of America guidelines.
*Only antibiotics before sampling are considered here.
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Study CP-PJI Organisms identified by metagenomics CN-PJI Organisms identified by metagenomics
Cai et al., 2020 16 16 (100%) 6 5 (83.3%)
Wang et al., 2020 35 33 (94.3%) 10 10 (100%)
Huang et al., 2019 13 12 (92.3%) 7 6 (85.7%)
Thoendel et al., 2018 115 109 (94.8%) 98 43 (43.9%)
vy et al., 2018 82 69 (84.1%) 25 4 (16.0%)
Huang et al., 2020 39 37 (94.9%) 10 10 (100%)
Zhang et al., 2019 17 17 (100%) 7 7 (100%)
He et al., 2021 34 34 (100%) 6 4 (66.7%)
Fang et al., 2020 18 18 (100%) 6 6 (100%)
Yuetal, 2021 6 5 (83.3%) 15 8 (53.3%)
Total 375 340 (90.1%) 190 103 (54.2%)

Listed are the numbers of samples that were detected by metagenomics in culture-positive and culture-negative PJl samples. CP-PJI, culture-positive prosthetic joint infection. CN-PUJI,

culture-negative prosthetic joint infection.
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Characteristics Total (n = 94) PTB (n = 71) NTM-PD (n = 23) p

Age, years 52.02 +17.81 50.56 + 18.82 58.13 + 12.96 0.076
Gender, n (%)

Male 44 (46.8) 38 (53.0) 6(26.1) 0.026
Female 50 (53.2) 33 (47.0) 17 (73.9)

Symptoms, n (%)

Fever 47/94 (50.0) 37/71 (52.1) 10/23 (43.5) 0472
Cough 64/94 (68.1) 48/71 (67.6) 16/23 (69.6) 0.861
Expectoration of phlegm 43/94 (45.7) 33/71 (46.5) 10/23 (43.5) 0.802
Hemoptysis 15/94 (16.0) 11/71 (15.5) 4/23(17.4) 1.000
Chest pain 10/94 (10.6) 8/71(11.3) 2/23(8.7) 1.000
Dyspnea 7/94 (7.4) 571 (7.0) 2/23(8.7) 1.000
Symptom duration, days 175.54 + 199.09 170.77 £ 179.96 190.262 + 53.39 0.245
Complications, n (%)

Interstitial lung disease 2/94 (2.1) 0/71 (0.0) 2/23(8.7) 0.058
Bronchiectasis with non-cystic fibrosis 16/94 (17.0) 7/71(9.9) 9/23(39.1) 0.003
Chronic obstructive pulmonary disease 7/94 (7.4) 4/71 (5.6) 3/23(13.0) 0.185
Diabetes 16/94 (17.0) 13/71 (18.3) 3/23(13.0) 0.791
Connective tissue disease 8/94 (8.5) 7/710.9) 1/23 (4.3) 0.694
Kidney disease 3/94 (3.2) 37142 0/23(0.0) 1.000
Hematologic diseases 4/94 (4.3) 2/71(2.8) 2/23(8.7) 0.250
Hematological malignant tumor 19/94 (20.2) 18/71(25.4) 1/23 (4.3) 0.060
Hematopoietic stem cell transplantation 10/94 (10.6) 971 (12.7) 1/23 (4.3) 0.461
Malignant tumor of the lung 2/94 (2.1) 271 2.8) 0/23(0.0) 1.000
Combined with immunosuppression, n (%) 36/94 (38.9) 31/71 (43.7) 5/23(21.7) 0.060
Combined with structural lung disease, n (%) 29/94 (30.9) 15/71 (21.1) 14/23 (60.9) <0.001
Imaging features, n (%)

Tree-in-bud 42/94 (44.7) 28/71 (39.4) 14/23 (60.9) 0.072
Consolidation 47/94 (50.0) 36/71 (50.7) 11/23 (47.8) 0810
Ground glass opacity 28/94 (29.8) 20/71 (28.2) 8/23(27.3) 0.547
Nodule shadows 45/94 (47.9) 31/71 (43.7) 14/23 (60.9) 0.151
Cavitary lesions 25/94 (26.6) 19/71 (26.8) 6/23 (26.1) 0.949
Emphysema 6/94 (6.4) 2/71 (2.8) 4/23(17.4) 0.046
Bronchiectasis with non-cystic fibrosis 20/94 (21.3) 11/71 (15.5) 9/23(39.1) 0.030
Pathological features of biopsy tissue, n (%)

Granulomatous lesion 34/94 (36.2) 26/71 (36.7) 8/23(34.8) 0.873
Necrotizing granuloma 18/94 (19.4) 17/71 (23.9) 1/23 (4.3) 0077
Necrosis 33/94 (35.1) 27/71 (38.0) 6/23 (26.1) 0.297
Acute and chronic non-specific inflammation 22/94 (24.0) 16/71 (20.3) 6/23(26.1) 0.727
Laboratory index

CRP, ng/dL. 1.07 (0.29-3.57) 1.09 (0.30-3.68) 1.02 (0.24-2.60) 0.704
Ferritin, ng/mL. 156.80 (87.56-457.04) 198.16 (92.32-567.81) 102.35 (85.49-189.90) 0.081
PCT-positivity, 1 (%) 3/94 (3.2) 271 (2.8) 1/23(4.3) 1.000
Albumin, g/L. 3591 £5.29 36.35 + 5.42 34.65 + 4.80 0.187
Leukocyte, 109/L 6.40 £+ 3.03 6.10+3.15 7.24 £255 0.122
Types of antibiotics used, n (%)

Antifungal agents 22/94 21/ 1/23 NA
Fluoroguinolones 56/94 44/71 12/23 NA
pB-Lactams and enzyme containing inhibitors 56/94 43/71 13/23 NA
Carbapenems 14/94 1871 1/23 NA
Linezolid 12/94 17 1/28 NA
Sulfonamides 5/94 3/71 2/23 NA
Macrolides 7/94 3 47 NA
Tigecycline 2/94 2/71 0/23 NA

Data are expressed as the mean =+ standard deviation, median (P25-P75), and number of cases (%). Statistical methods, t-test, corrected t-test, and Mann-Whitney test
were used for the comparison of the measurement data corresponding to the two groups, and the Chi? test and Fisher probability method were used for the comparison
of the counting data corresponding to the two groups. NA, not applicable.
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Primary immunodeficient diseases 0(0) 3 (2.48%) >0.05
Time of incidence of PJP after transplantation
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Application of immunosuppressants
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30-day mortality 28 (36.36%) 43 (35.53%) 5005





OPS/images/fcimb.2022.881489/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2022.872813/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2022.892087/fcimb-12-892087-g004.jpg
2nd

hospitalization 3
hospitalization
(24 bone biopsy)

1stbiopsy  Antimicrobial
1st hospitalization treatment

Antitumor
treatment
-——

Mar. Apr.
2020 2020)

Oct. Nov. Dec. Jan Feb

Sep. ; k
2019 2019 2019 2020 2020

2019

Pain on right 1t Onco-  Paralysis and 2nd Onco- 3rd Onco-
chest and back mNGS ifficulty in mNGS mNGS
urination

. . —
1st , g‘“f"”‘ 0

v B 3 i B . 7 . s o v R EEEEEE

| z 3 ‘ B B 7 . s ° " R EEEE I






OPS/images/fcimb.2022.892087/table1.jpg
Characteristic Value
Age (years) (mean + SD) 55.8 + 20.5
Male sex [n (%)] 95 (67.9)
History of malignancy [n (%)] 33 (23.6)
Immunocompromised status [n (%)) 14 (10.0)
Neutropenia [n (%)] 5(3.6)
Symptom [n (%)]

Fever or hypothermia 109 (77.9)
Change in mental status 31 (22.1)
Focal pain or dysfunction 26 (18.6)
Cough 24 (17.1)
Ordering medical team [n (%)]

ICU 90 (64.3)
Infectious disease 40 (28.6)
Hematology 8(5.7)
Other 2(1.4)
Prior antimicrobial agents exposure [n (%)] 130 (92.9)
Anti-bacteria 129 (92.1)
Anti-virus 17 (12.1)
Anti-fungi 26 (18.6)
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58 vertebrae cell ymphoma  back pain Chrs® large B cell lymphoma
lesion Del/Dup
2 Male, None Liver Lung cancer; Fever; Meropenem; None Chr2 None Bronchoscope:
67 abscess Liver occupation; Changein  Ciprofloxacin; Linezolid; Dup neoplasm in superior
Pneumonia metal segmental bronchus
status Pathology:
adenocarcinoma
3 Male, None Fever of NK T cell Fever; Meropenem; Doxycycline;  Blood: Bacillus Multiple  None Bone marrow smear:
23 unknown lymphoma Vomit Vancomycin; thuringiensis Chrs NK T cell ymphoma
origin Cefoperazone; Sulbactam Del/Dup
4 Female, None Lung lesion  Lung cancer Cough; None None Multiple  None Lung biopsy:
71 Sputum Chrs adenocarcinoma
Del/Dup
5 Male, None Pericardial ~ Lung cancer None Moxifloxacin None Multiple  None Lung biopsy:
7 and pleural Chrs adenocarcinoma
effusion Del/Dup
6 Male, None Encephalitis  Central Fever; Ceftriaxone; CSF: Chroq None -
69 possible lymphoma Changein  Metronidazole Elizabethkingia  Dup
possible metal anophelis
status

AChr, chromosome; Dup, duplication; Del, deletion.
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Species Relative abundance (%) Gram stain Tolerance to oxygen
Prevotella oris 21.04 G- Anaerobic
Streptococcus constellatus 10.14 G+ Aerobic

Prevotella intermedia 6.35 G- Anaerobic
Prevotella buccae 5.81 G- Anaerobic
Streptococcus anginosus 5.62 G+ Part-time anaerobic
Peptostreptococcus stomatis 5.02 G+ Anaerobic
Parvimonas micra 4.67 G+ Anaerobic
Bacteroides heparinolyticus 4.43 G- Anaerobic
Mogibacterium timidum 4.23 G+ Anaerobic
Streptococcus sp. NSJ-72 4.15 G+ Aerobic
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Species

Prevotella oris

Parvimonas micra

Prevotella baroniae
Streptococcus constellatus
Peptostreptococcus stomatis
Mycolicibacterium houstonense
Porphyromonas endodontalis
Prevotella buccae

Prevotella intermedia
Bacteroides heparinolyticus

Relative abundance (%)

18.59
8.41
6.36
5.67
5.02
4.76
4.56
4.52
4.03
3.12

Gram stain

G
G+
G
G+
G+

Tolerance to oxygen

Anaerobic
Anaerobic
Anaerobic
Aerobic

Anaerobic
Anaerobic
Anaerobic
Anaerobic
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Anaerobic
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ref-S. Thyphimurium_zhang ref-TW14359

Microbial strain GenBank assembly norV (gene) FIRd (protein) norV (gene) FIRd (protein)
name accession Coverage  Identity Coverage Identity Coverage Identity Coverage  Identity
(%) (%) (%) (%) (%) (%) (%) (%)
E. coli TW14359 GCA_000022225.1 100 84.02 100 92.90 100 100 100 100
NCTC74 GCA_015565735.1 100 99.93 100 97.91 100 83.97 100 93.32
ATCC13311 GCA_000743055.1 100 99.93 100 99.79 100 84.02 100 93.11
ATCC25241 GCA_019990605.1 100 99.93 100 99.79 100 84.02 100 93.11
NCTC13348 GCA_900706765.1 100 99.93 100 99.79 100 84.02 100 93.11
S. Typhimurium_LT2 ~ GCF_000006945.2 100 99.93 100 99.79 100 84.02 100 93.11
S. GCA_021399255.1 100 100 100 100 100 84.02 100 92.90
Typhimurium_zhang
ATCC14028 GCA_003864015.1 100 100 100 100 100 84.02 100 92.90
NCTC12023 GCA_900457195.1 100 100 100 100 100 84.02 100 92.90
NCTC13347 GCA_900456925.1 100 99.93 100 100 100 84.02 100 92.90

FIRd stands for anaerobic nitric oxide reductase flavorubredoxin. BLAST stands for Basic Local Alignment Search Tool.
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Microbial strain name
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Salmonella enterica subsp.
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Salmonella enterica subsp.
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Salmonella enterica subsp.
Salmonella enterica subsp.
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Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
ATCC 9120

Salmonella enterica subsp.
ATCC 43845

Salmonella enterica subsp.
ATCC 10717

Salmonella enterica subsp.
ATCC 51960

Salmonella enterica subsp.
ATCC 35640

Salmonella enterica subsp.
ATCC 39184

Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
ATCC 10729

Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
ATCC 49284

Salmonella enterica subsp.
ATCC 51958

Salmonella enterica subsp.
ATCC 11997

Salmonella enterica subsp.
ATCC 10708

Salmonella enterica subsp.
ATCC BAA-1592
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
ATCC 9150

Salmonella enterica subsp.
ATCC 11511

Salmonella enterica subsp.
ATCC 7378

Salmonella enterica subsp.
ATCC BAA-1673
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.
Salmonella enterica subsp.

enterica serovar Typhimurium
enterica serovar Typhimurium
enterica serovar Typhimurium
enterica

enterica serovar Thompson str.

enterica serovar Sloterdijk str.

enterica serovar Thompson
enterica serovar Thompson
enterica serovar Goldcoast
enterica

enterica serovar Inverness str.

enterica serovar Entel
enterica serovar Java
enterica serovar Heidelberg
enterica serovar Daytona
enterica

enterica serovar Havana
enterica serovar Pullorum str.

enterica serovar Senftenberg str.
enterica serovar Rubislaw str.
enterica serovar Albany str.
enterica serovar Abaetetuba str.
enterica serovar Dublin str.

enterica serovar Stanley
enterica serovar Aberdeen
enterica serovar Infantis
enterica serovar Pomona str.

enterica serovar Tennessee
enterica serovar Senftenberg
enterica serovar Montevideo
enterica serovar Carmel
enterica serovar Sundsvall
enterica serovar Senftenberg
enterica

enterica

enterica serovar Minnesota str.

enterica serovar Mbandaka str.
enterica serovar Chester str.
enterica serovar Choleraesuis str.
enterica serovar Anatum str.

enterica serovar Senftenberg
enterica serovar Typhimurium
enterica serovar Bredeney
enterica serovar Menston
enterica

enterica serovar Sanjuan
enterica

enterica

enterica serovar Paratyphi A str.

enterica serovar Paratyphi A str.
enterica serovar Panama str.
enterica serovar Poona str.

enterica serovar Give
salamae serovar Greenside
salamae

enterica serovar Poona

arizonae
arizonae

salamae

arizonae

enterica

enterica

enterica serovar Florida
salamae

houtenae

houtenae serovar Houten
arizonae

diarizonae

enterica

salamae

enterica

GenBank assembly
accession

GCA_003864015.1
GCA_016864495.1
GCA_000743055.1
GCA_900635565.1
GCA_000486365.2

GCA_000486445.2

GCA_900475825.1
GCA_900478375.1
GCA_900635695.1
GCA_900636155.1
GCA_000487155.2

GCA_003031995.1
GCA_900086565.1
GCA_900478405.1
GCA_900635085.1
GCA_900635515.1
GCA_900635855.1
GCA_000330485.2

GCA_000486525.2
GCA_000486585.2
GCA_000487515.2
GCA_000487915.2
GCA_001953035.1

GCA_900475965.1
GCA_900477885.1
GCA_900478235.1
GCA_000240905.3

GCA_003031875.1
GCA_003864035.1
GCA_003864055.1
GCA_900477895.1
GCA_900477905.1
GCA_900478065.1
GCA_9006356555.1
GCA_900636165.1
GCA_000486855.2

GCA_000486915.2
GCA_000487255.2
GCA_000487295.3
GCA_000487575.2

GCA_001457675.1
GCA_015565735.1
GCA_900478205.1
GCA_900478345.1
GCA_900635525.1
GCA_900635545.1
GCA_900635615.1
GCA_900635645.1
GCA_000011885.1

GCA_000486725.2
GCA_000486765.2
GCA_000493295.2

GCA_900477925.1
GCA_900478195.1
GCA_900478225.1
GCA_900478385.1
GCA_900478435.1
GCA_900635595.1
GCA_900635075.1
GCA_900475895.1
GCA_900477985.1
GCA_900478105.1
GCA_900635575.1
GCA_900635585.1
GCA_900477995.1
GCA_9006356535.1
GCA_900635725.1
GCA_900478215.1
GCA_900635675.1
GCA_900478155.1
GCA_900635605.1
GCA_900635655.1
GCA_900635865.1

S. Typhimurium_zhang

norV (gene)
Coverage Identities

(%) (%)

100 100

100 100

100 99.93
100 98.96
100 99.24
100 99.03
100 99.24
100 99.24
100 99.24
100 99.24
100 99.24
100 99.1

100 98.82
100 99.1

100 98.96
100 98.68
100 98.68
100 98.96
100 98.89
100 98.4

100 98.26
100 98.33
100 98.89
100 98.89
100 98.82
100 98.89
100 98.12
100 98.61
100 98.82
100 98.61
100 98.54
100 98.12
100 98.82
100 98.54
100 99.03
100 98.4

100 98.89
100 98.47
100 98.4

100 98.54
100 98.4

100 98.26
100 98.33
100 98.33
100 98.82
100 98.68
100 98.26
100 99.03
100 98.33
100 98.33
100 98.33
100 98.4

100 98.19
100 96.32
100 97.08
100 98.4

100 97.22
100 97.29
100 97.16
100 97.08
100 96.94
100 97.01
100 98.4

100 98.12
100 98.4

100 96.94
100 97.01
100 97.01
100 96.32
100 96.25
100 98.89
100 96.18
100 98.41

FIRd stands for anaerobic nitric oxide reductase flavorubredoxin. BLAST stands for Basic Local Alignment Search Tool.

FIRd (protein)

Coverage
(%)

100
100
100
60
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100
100
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Sample ID

21
26
35
38
118
120
153
178
186
203
248
266

Type

BALF
Tissue
BALF
Sputum
BALF
Drainage fluid
Pleural fluid
Tissue
Ascitic fluid
Pleural fluid
Blood
Tissue

Culture result

mNGS result

Culture result

Pseudomonas aeruginosa
Mycobacterium tuberculosis
M. tuberculosis
Staphylococcus aureus

P. aeruginosa

P. aeruginosa
Staphylococcus hominis
Actinomyces

M. tuberculosis
Staphylococcus epidermidis
Cryptococcus humicolus
Corynebacterium afermentans

CovRate

0.2029
0
0
0.0017
0.0081

0.0044
0.0016
0
0.0019
0
0

Depth

O4 02204200 =

=}

Re_Abu Genus_Re_Abu
2.59 37.36
0 0
0 0
0.01 0.07

0.46 0.9
0 0
0.58 1.6
0.31
0 0
1.51 6.44
0 0
0 0

SMRN
232
0
0
1
10

0
1

oo -=o

SMRNG

1855
0
0
1

1

>
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mNGS, metagenomics next-generation sequencing; BALF, bronchoalveolar lavage fluid; CovRate, coverage rate; Re_Abu, relative abundance; SMRN, stringent mapped reads number at
species level: SMRNG, stringent mapped reads number at genus level,
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Sample type Negative mNGS cases Positive mNGS cases

Blood 130 (42.2%) 211 (29.6%)
Tissue 63 (20.45%) 136 (19.1%)
BALF 33 (10.7%) 125 (17.5%)
Sputum 28 (9%) 131 (18.4%)
Pleural fluid 24 (7.79%) 20 (2.8%)
CSF 12 (3.9%) 26 (3.6%)
Ascitic fluid 6 (1.95%) 8 (1.12%)
Pericardial fluid 4 (1.3%) 3 (0.42%)
Pus 3(1%) 28 (3.92%)
Swab 3(1%) 8 (1.12%)
Joint fluid 1(0.3%) 0 (0.00%)
Drainage fluid 1(0.3%) 3 (0.42%)
Bile 0 (0.00%) 5(0.7%)
Stool 0 (0.00%) 1(0.14%)
Urine 0 (0.00%) 8(1.12%)
Total 308 713

mNGS, metagenomics next-generation sequencing; BALF, bronchoalveolar lavage fluid;
CSF, cerebrospinal fluid.





OPS/images/fcimb.2022.892076/table2.jpg
Definition Number of cases

True negative Laboratory negative in all sample types and all assays 167 (58.6%)
False negative Laboratory positive in some sample types or some assays 118 (41.4%)
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False-negative classification Cases

Culture and smear of same specimen

Culture positive in the same specimen 12
Other sample types

Culture positive in other sample types 26
Smear positive in other sample types 1

mNGS positive in other sample types 22
Other assays

TSPOT 48
CrAg 3
Immunoassay 25
G test 2
GM test 8

mNGS, metagenomics next-generation sequencing; TSPOT, TSPOT.TB; CrAg,
cryptococcal antigen; G test, 1-3-B-p-glucan test; GM test, galactomannan test.
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Factors

Gender
Male
Female
Age
Smoking
Yes

No
Drinking
Yes

No
Diabetes
Yes

No

WBC
PLT
Neut%
Lymph%
Mono%
CRP
PCT
GLU

Ml (n =21)

12
9
56.67 + 16.30

10
"
16.45 £ 5.16
227.53 + 111.04
85.61 + 8.74
6.82 + 4.88
5.52 +2.60
173.74 £ 108.74
8.89 +20.99
8.65 + 5.89

DNM (n = 8)

7
1
48.75 + 11.89

4
4
17.20 £ 7.22
182.00 + 85.86
88.13 + 7.54
4.23 + 2.66
6.85+ 7.35
212.01 + 86.756
10.32 £ 12.43
11.06 + 8.84

P-value

0.27

0.28
0.21

0.13

0.79

0.94
0.46
0.55
0.18
0.49
0.46
0.15
0.39

WBC, White blood cell; PLT, blood platelet count; Neut%, percentage of neutrophilic granulocyte; Lymph%, Percentage of lymphocytes; Mono%, Percentage of Monocyte; CRP, C-
reactive protein; PCT, procalcitonin; GLU, Glycated hemoglobin.
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Name

Patient 1

Patient 2
Patient 3

Patient 4

Patient 5

Patient 6
Patient 7
Patient 8
Patient 9
Patient 10
Patient 11
Patient 12

Patient 13
Patient 14
Patient 15
Patient 16

Sample

BALF
Blood
BALF
BALF
Blood
BALF
Blood
BALF
Blood
BALF
BALF
BALF
BALF
BALF
BALF
BALF
Blood

qPCR

Positive
Negative
Positive
Negative
Negative
Negative
Negative
Positive
Negative
Positive
Positive
Negative
Negative
Negative

Negative

mNGS

Positive
Negative
Positive
Positive
Negative
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

The reads number and the reads per million (RPM) of detected Chlamydophila psittaci were calculated.

Pathogen read number

20
[¢]
338
23
0
4
37
659
3
3,293
10,127
285
375

871

74

137
14
98

RPM

20.75

390.43
30.2

3.88
16.42
339.55
0.79
9,327.1
557.16
21.93
17.71
0.49
0.53
131.08
0.36
4.88
2137
0.83
29.81
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No. Pathogen type

1 Fungi

2 Bacteria
3 Bacteria
4 Bacteria
5 Bacteria
137 Bacteria
200 Bacteria
229 Bacteria
267 Bacteria
297 Bacteria
308 Bacteria
353 Bacteria

IE, infective endocarditis; mNGS, metagenomic next-generation sequencing; TDM, traditional diagnostic method; Neg, negative.

mNGS

Histoplasma capsulatum
Streptococcus
Streptococcus pharyngitis
Staphylococcus aureus
Streptococcus
Staphylococcus warneri
Streptococcus salivarius
Streptococcus mitis
Streptococcus sanguis
Streptococcus
Streptococcus sanguis

Granulicatella adiacens,
Streptococcus infantarius

TDM

Fungus

Streptococcus
Streptococcus pharyngitis
Staphylococcus aureus
Streptococcus
Staphylococcus warneri
Neg

Neg

Streptococcus sanguis
Streptococcus
Streptococcus sanguis

Neg
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Basic situation

IQR

Age 53.40 + 13.11
Height(m) 1.72 + 0.06
Weight(kg) 71.30 £ 14.08
BMI 23.86 +3.70
Laboratory index
WBC x 10°/L 12.85(11.40,16.40)
NEU x 10°/L 10.39(9.07,13.95)
LYM x 10°/L 1.37 £0.48
MON x 10°/L 111 +031
HB(g/L) 129.30 +24.72
PLT x 10°/L 3222 +121.88
Serum total protein(g/L) 66.41 + 8.57
Serum LDH(U/L) 162.70 +31.19
Pleural effusion total protein (g/L) 53.35(44.63,57.23)
Pleural effusion LDH(U/L) 1443.50(979.50,3367.75)

Pleural glucose level(mmol/l)
Pleural chlorine(mmol/l)
Pleural WBC count(10%/L)
ADA(U/L)

CRP(mg/L)

PCT(ng/ml)

ESR(mm/s)

Hospitalization days

The days of the disease

98.48 + 4.72

56.04 +10.21

68.75 + 1632

0.73(0.07,2.26)

3013.50(1308.00,28048.50)

31.135(22.92,93.89)

0.401(0.16,0.70)

19.00(12.5,23.25)

26.5(22.5,32.25)

Data are presented as mean (SD) or median (IQR). WBC, white blood cell; NEU, neutrophils; LYM, lymphocyte; MON, mononuclear cell; HB, hemoglobin; PLT, platelets; PCT,
procalcitonin; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; BMI, body mass index; LDH, lactate dehydrogenase; ADA, adenosine deaminase; ESR, erythrocyte

sedimentation rate.
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Patients (n:

Basic information

Male 9 (90%)
Smoking 5 (50%)
Drinking 4 (40%)

Underlying disease

Hypertension 4 (40%)
Cerebral infarction 2 (20%)
Diabetes 1 (10%)
Bronchiectasis 1 (10%)
Coronary heart disease 1(10%)
Obsolete pulmonary tuberculosis 1 (10%)
No underlying disease 4 (40%)

Clinical symptoms

Fever 10 (100%)
Chest pain 10 (100%)
Cough 10 (100%)
Smelly sputum 2 (20%)
Chills 2 (20%)
Hypoxemia 10 (100%)

Laboratory index

Positive blood culture results 0( 0%)
Positive pleural effusion results 0 (0%)
Positive sputum culture results(Candida albicans) 4 (40%)

Location of the pulmonary inflammation

Parapneumonic effusion 10 (100%)

Hydropneumothorax 2 (20%)

Empirical anti-infective treatment

Carbapenem (Meropenem, Ertapenem) 10 (100%)
Oxazolidinone (Linezolid) 1 (10%)
Nitroimidazole (Ornidazole) 2 (20%)
f-lactamase inhibitors 1 (10%)
Treatment
Placing the drainage tube 10 (100%)
Fibrinolysis therapy 10 (100%)
Surgical treatment 3 (30%)

Data are presented as n (%). Fever: axillary temperature is greater than or equal to
37.3 degrees Celsius; Smoking: The average amount of smoking is greater than or
equal to 10 packs per year; Drinking: Average daily consumption of more than or
equal to 20 ml of pure alcohol; Hypoxemia: When the patient breathed 20.9% oxygen
at sea level, the arterial oxygen partial pressure was lower than 80mmHg.





OPS/images/fcimb.2022.992352/fcimb-12-992352-g004.jpg





OPS/images/fcimb.2022.988717/im16.jpg





OPS/images/fcimb.2022.1023978/table1.jpg
Non-infectious pulmonary disease (n Infectious

pulmonary
disease (n
Age (years)q 57.00 (13.00) 59.00 (16.00) 0416
Male, n (%) 9 (39.13%) 41 (51.90%) 0.166
Empirical use of antibiotics, n (%) 21 (91.30%) 68 (86.07%) 0.233
Laboratory findings
Leukocytes (10°/L)s | 7.02 (4.32) 821 (3.29) 0.086
Neutrophils (10°/L)g 4.82 (3.36) 3.52 (2.88) 0.097
Neutrophils (%)$ 66.42 +9.31 64.39 + 12.13 0.171
Lymphocytes (10°/L)g 1.64 (0.85) 1.44 (0.73) 0.151
Lymphocytes (%)$ 24.56 + 8.28 25.53 + 10.79 0.211
Neutrophils/lymphocytesg 2.49 (1.81) 2.73 (2.18) 0.770
Eosinophils (10°/L)§ 0.15 (0.17) 0.13 (0.13) 0.706
Eosinophils (%)g 1.90 (2.30) 220 (2.20) 0.715
hs-CRP (mg/L)§ 35 (18.50) 7 (25.58) 0521
PCT (ng/mL)g 0.037 (0.039) 0.037 (0.033) 0.983
| 1L-6 (pg/mL)§ 3.98 (38.79) 6.60 (12.69) 0.812
Endotoxin (EU/mL)§ 0.027 (0.041) 0.032 (0.055) 0.368
ESR (mm/h)g 22,5 (72.5) 23.5 (40.0) 0.996
HRCT findings
Bilateral pulmonary lesions, 1 (%) 16.00 (69.57%) 44 (55.70%) 0.234
Consolidation, 1 (%) 13 (56.52%) 48 (60.76%) 0.715
Ground-glass opacities, n (%) 7 (30.43%) 13 (16.46%) 0.235
Solid nodules, 1 (%) 6 (26.09%) 15 (18.99%) 0.654
Bronchiectasis, n (%) 0 (0.00%) 14 (17.72%) 0.067
Tree-in-bud infiltrates, n (%) 2 (8.70%) 7 (8.86%) 1.000
Atelectasis, n (%) 1 (4.35%) 4 (5.06%) 1.000
Cavities, n (%) 3 (13.04%) 14 (17.72%) 0.832

hs-CRP, high-sensitivity C-reactive protein; PCT, procalcitonin; IL-6, interleukin 6; ESR, erythrocyte sedimentation rate; HRCT, high-resolution computed tomography.
§ Mean + standard deviation values.

9 Median (interquartile range).

Statistical significance is shown by bold font.
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reads of C. reads propotion of C. genome coverage of C. mean depth of C. psittaci

psittaci psittaci (%) psittaci (%) genome (X)
Enriched* = 1238381610 2526117 889 0.035 38.45 049
Control* | 1292036827 2544516 902 0035 39.92 049
mNGS 10985168800 109851688 39385 0.036 99.51 6.81

*Enriched, enriched group of nanopore sequencing, Control: control group of nanopore sequencing.
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*Number of patients, with the percentage in parentheses.

Pathogen n (%)*
Bacteria 43 (54.4%)
Mycobacterium tuberculosis 11 (13.9%)
Nontuberculosis mycobacteria 8 (10.1%)
Hemophilus parainfluenzae 5 (6.3%)
Pseudomonas aeruginosa 4 (5.1%)
Klebsiella pneumoniae 4 (5.1%)
Enterococcus faecium 2 (2.5%)
Moraxella catarrhalis 2 (2.5%)
Nocardia 2 (2.5%)
Other bacteria” 5 (6.3%)
Fungi 10 (12.7%)
| Aspergillus spp. 4 (5.1%)
Cryptococcus neoformans 4 (5.1%)
Candida spp. 2 (2.5%)
Viruses 1 (1.3%)
Cytomegalovirus 1 (1.3%)
Atypical pathogens 3 (3.8%)
Mycoplasma pneumonia 3 (3.8%)

“Including Staphylococcus aureus (n = 1); Acinetobacter Iwoffii (n = 1); Tropheryma
whipplei (n = 1); Streptococcus constellatus (n = 1); Enterobacter cloacae (n = 1).
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Specimen CD3+T; CD3+CD4+ CD19+# NK# Specimen IL-6 IL-

Blood 1704.0 ‘ 1264.0 7780 ‘ 391.0 333.0 64.0 Blood 286.6 09

Blood 813.0 ‘ 4193 3372 ‘ 70.4 V 381.8 155 Blood 3059 | 280.1
I |

Blood 4782 ‘ 2583 187.6 ‘ 62.6 205.7 100 CSF 78.1 1396.8

CSF 12.8 ‘ 56 ‘ 46 1.0 05 CSF 3708 7324

CSF 8.7 ‘ 47 23 ‘ 23 23 03 Blood 300.0 2482

LYM# (/UL): absolute number of lymphocytes; CD3+T# (/UL): absolute number of total T lymphocytes; CD4+T# (/UL): absolute number of auxiliary/induced T lymphocytes; CD8+T#
(/UL): absolute number of inhibitory/cytotoxic T lymphocytes; CD19+# (/UL): absolute number of B lymphocytes; NK# (/UL): the absolute number of NK lymphocytes; IL: interleuking
CSF: cerebrospinal fluid. The unit of 1L-6 and IL-8 is pg/mL.
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Patient

No/ Score at
Neuro History of HPV B19 infection: the most
Prodromal History of (<Y blood Clinical mani-  Sampleand  related manifesta- serious  Scoreat
symptom Prophase disease surgery patient  Immunosuppressant  transfusion | Fever  Anemia festation reads count tions Treatment plan  condition
Paralysis of
limbs and
respiratory Hughes: 5
muscles, (Hughes
disturbance of score at 6
consciousness, | Blood: months
signs of 13953.069: GBS, viral Ganciclovir, after
Mitral valve Heart valve ‘meningeal Cerebrospinal | meningoencephalitis,  glucocorticoid, Hughes: discharge:
UMG0 | Cold prolapse replacement | Yes No Yes Yes | Yes irritation fluid; 832 viremia VIG 5 2
Blood: Hughes:
M2 Cold No No Yes No Yes Yes | Yes Quadriplegia 19008779 GBS, viremia Ganciclovir 5 Hughes: 5
Paralysis of
limbs and
respiratory Cerebrospinal Hughes:
M9 No Childbirth, No Yes No No No | No muscles fluid: 9 GBS Penciclovin, IVIG 5 Hughes: 3
Hughes: 4
(Hughes
score at 6
Paralysis of months.
limbs and after
respiratory Cerebrospinal IVIG, gancidovir, | Hughes:  discharge:
M0 Cold No No Yes No No No | No muscles fuid: 6 GBS immunoadsorption | 5 0
Disorder of
consciousness,
Fracture signs of
reduction and ‘meningeal Viral encephalits,
SMI4 - No Fracture fixation Yes No Yes Yes | Yes irritation Blood: 209513 viremia Ganciclovir GCs:6 | Ges:13
Disorder of
Removal of signs of Cerebrospinal
Cerebral intracranial meningeal fluid: 3866; Viral encephalitis,
6M30  No hemorrhage hematoma Yes No No Yes | Yes irritation Blood: 36 viremia Ganciclovir GCs:6 | GCs:10
Allogeneic
liver
7648 No Cirrhosis transplantation | No Yes Yes Yes | Yes i Blood: 139 Viremia Immunosuppressant | mRS:5 | mRS: |
Lymph node Pharyngeal Respiratory infection,
8F36  No Sjogren's syndrome | dissection No Yes No Yes | Yes ’ swab: 6 viremia Immunosuppressant | mRS:3 | mRS: |
Intersttial lung
discase, anti- Alveolar
synthetase. lavage fli
9F7 No syndrome No No Yes No Yes | No / 2 Pulmonary infection  Immunosuppressant | mRS:5  mRS: 1
Disorder of
consciousness,
signs of
Tuberculosis  Tuberculous meningeal Viral encephalits, Anti-infection
10/E37 | infection meningoencephalitis  No Yes No Yes Yes | Yes irritation Blood: 6 viremia treatment GCs 1l GCsi1s
Disorder of
consciousness,
signs of
g ‘meningel Cerebrospinal
6 No No No No No No No  No iritation fuid: 129 Viral encephalitis Ganciclovir GCs 15 GCsi1s
Disorder of
Removal of signs of
12M/ Cerebral intracranial ‘meningeal Cerebrospinal  Viral encephalits,
50 No hemorrhage hematoma Yes No Yes Yes | Yes iitation viremia Ganciclovir GCs6  GCs:9
Disorder of
consciousness,
signs of
13M/ Craniocerebral ‘meningeal Cerebrospinal  Viral encephalits,
6 No injury No Yes No No Yes | Yes irritation fuid: 433 viremia Ganciclovir GCs6  GCs:13
Disorder of
consciousness,
signs of
‘meningeal Cerebrospinal
WES7 | No No No Yes No No Yes | No iritation fuid: 15 Viral encephalitis Ganciclovir Gess  Gosi1s
15M/ Multiple organ
37 No failure. No Yes No Yes Yes | Yes ! Blood: 368 Viremia Ganciclovir mRS:5  mRS: 1
Disorder of
consciousness,
signs of
160/ Cerebral meningeal Cerebrospinal  Viral encephalits,
6 No hemorrhage No Yes No No Yes | Yes irrtation fluid: 10 viremia Ganciclovir GCs3 GCs:s

F, female; M, male; IVIG, intravenous immunoglobulin; GBS, Guillain-Barre syndrome; GCS, Glasgow Coma Scale; mRS, modified Rankin score; *, The patient received multiple next generation sequencing of cerebrospinal fluid or blood. Patient 1
received three blood NGS tests, the results were 13953069, 9006108, 955 respectively, and two cerebrospinal fluid NGS tests, the results were 832 and 488 respectively. Patient 12 received two tests of cerebrospinal fluid NGS, and the results were 474478
and 5636649 respectively.
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in 33 patients
16 patients with HPV B19 reads
count greater than 6
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Antibiotics

Surgical treat-  Hospitalization

Patient = mNGS results T e Outcomes
Before mNGS After mNGS Y

Oral anaerobic . Carbapenem,

1 st Carbapenem, Quinolones P —— No 14 Improved

2 Oral siaerobic Carbapenem, Nitroimidazole Carbepench, No 21 Improved
bacteria Nitroimidazole
Oral anaerobic . Carbapenem,

3 bacieria Carbapenem, Quinolones Nitroimidazole No 9 Improved
Oral anaerobic Carbapenem, Oxazolidinone, and Carbapenem,

4 : . o No 17 Improved
bacteria Quinolones Nitroimidazole
Oral anaerobic B-lactamase inhibitors, Carbapenem,

2 bacteria Nitroimidazole Nitroimidazole Re 1 Jmpored
Oral anaerobic Carbapenem,

, Quinol N 2

6 Tacteris Carbapenem, Quinolones Nitroimidazole o 3 Improved
Oral anaerobic . Carbapenem,

7 bacteria Carbapenem, Quinolones Nitroimidazole Yes 24 Improved
Oral bi Carb: N

8 e a-naero e Carbapenem, Nitroimidazole ?r a.pe.nem No % Improved
bacteria Nitroimidazole
Oral bi

9 - a.n aerenie Carbapenem, Quinolones Carbapenem Yes 45 Improved
bacteria
Oral anaerobic . —

10 . Carbapenem, Quinolones B-lactamase inhibitors Yes 13 Improved
bacteria

mNGS, metagenomic next-generation sequencing.
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Characteristics

Age, mean + sd
Gender, no. (%)
Male
Female
ICU, no. (%)
ICU days
Ventilator, no. (%)
Ventilator hours
Hospital days, no. (%)
<10 days
10-30days
>30days
Main symptoms, no. (%)
Fever
Cough
Chest tightness
Chest pain
Dyspnea
Local swelling
Underlying diseases, no. (%)
Hypertension
Diabetes
Pulmonary disease
CKD
Coronary heart diseases
Hepatitis C
Malignant tumor
Nocardia infection sites, no. (%)
Pulmonary
Disseminated

CNS

ICU, intensive care unit; CKD, chronic kidney disease; CNS, central nervous system.

Total (n=18)

56.78 + 14.19

14 (77.78)
4(2222)
10 (55.56)
10.20 + 832
6(3333)
180.67 + 77.18

5(27.78)
6(33.33)
7 (38.89)

13 (72.22)
5(27.78)
5(27.78)
3(1667)
2 (11.11)
1(5.56)

5(27.78)
5(27.78)
5(27.78)
4(2222)
3(16.67)
2 (11.11)

1(5.56)

11 (61.11)
5(27.78)
2 (11.11)
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Clinical conditions*, n (%)

Cerebral stroke”

Coma

Solid tumor

Diabetes

COPD**
Post-chemotherapy
Hematopoietic malignancies
Chronic kidney disease
Cardiovascular disease
Autoimmune diseases
Asthma

Bronchiectasis
Cardiac arrest

Total (122)

5 (36.89)
1 (25.41)
(18 03)
5 (12.30)
12 ©.84)
11(9.02)
9(7.38)

ICU (62)

39 (62.90)
29 (46.77)
4(6.62)
7 (11.29)
2(3.29)
0
0
5(8.06
4(6.62
1(161
1(1.61
0
3(4.84)

)
)
)
)

Non-ICU (60)

4(6.67)
2(3.39)
18 (30)
8(13.33)
10 (16.67)
11 (18.33)
9 (15)
4(6.67)
3(5)
4(6.67)
3(5)
3(5)
0

p-Value

<0.001
<0.001
0.002
0.95
0.03
0.001
0.001

0.20
0.36
0.12
0.24

ICU, intensive care unit.

*One patient may have more than one condition.
*Traumatic intracranial hemorrhage was included.
*COPD, chronic obstructive pulmonary disease. Tests used either Pearson’s 2 test or continuity correction Pearson’s #° test.
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Sample, N (%)

BALF

Biopsy tissue

CSF

Blood

Pus

Synovial fluid

Lymph node puncture fluid
sputum

CSF, cerebrospinal fluid; BALF, bronchoalveolar lavage fluid.

16 (30.2)
25 (47.2)
5 (9.4)
3(57)
1(1.9)
1(1.9)
1(1.9)
1(1.9)
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Basic information* Total Icu* Non-ICU** p-Value®

Sample number, n (%) 122 (100) 62 (50.82) 60 (49.18) /
Sputum culture, n (%) 122 (100) 62 (50.82) 60 (49.18) /
DNA sequencing, n (%) 121 (99.18) 61(98.39) 60 (100) /
RNA sequencing, n (%) 112 (90.98) 52 (83.87) 60 (100) /
Age, median years (Q1, Q3) 62.5 (47, 73) 56.57 (42.25, 71) 62.37 (51.5, 74.5) 0.09
Gender, male, n (%) 77 (63.12) 38(61.29) 39 (65) 0.81
Length of stay, median days (Q1, Q3) 16 (11, 28.75) 23 (13, 39) 13 (9, 20) <0.001
Mortality rate, n (%) 7 (6.74) 6(9.68) 1(1.67) 0.1

*After Shapiro-Wilk tests, age and length of stay did not follow a normal distribution.

#The ICU group includes patients from the intensive care unit (ICU), emergency ICU, neurology ICU, coronary care unit, respiratory ICU, neonatal ICU, pediatric ICU, and those once
admitted to the abovementioned units.

**The non-ICU group includes patients from the neurology department, neurosurgery department, respiratory medicine department, and hematology department.

#* Age and length of stay used Mann-Whiney U test, gender used Pearson’s ¥ test, and mortality rate used continuity correction Pearson’s ¥ test.
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Characteristic

Age (years), Median (IQR)
Hospital stays (day), Median (IQR)

Sex

Male, N (%)
Female, N (%)

WBC (10°/L)
Body temperature(°C), Median(IQR)
Curative effect

Cure, N (%)
Improve, N (%)
Uncured, N (%)
Death, N (%)
Other, N (%)

Hospitalization costs (dollar), Median (IQR)
Characteristic

Age (years), Median (IQR)
Hospital stays (day), Median (IQR)
Sex
Male, N (%)
Female, N (%)
WBC (10°/L)
Body temperature (°C), Median (IQR)
Curative effect
Cure, N (%)
Improve, N (%)
Uncured, N (%)
Death, N (%)
Other, N (%)
Hospitalization costs (dollar), Median (IQR)

Clinical value

50.0 (34.8;66.0)
8 (5.0;16.0)

27 (51.9)
25 (48.1)

6.8 (4.60;7.90)
36.8 (36.5;37.2)

7 (13.5)
39 (75)
2(38
0
4(7.7)

2659.23 (281;6161)

Clinical value P-value

50.0 (34.8;66.0) <0.05
8 (5.0516.0) <0.05

27 (51.9)

25 (48.1)
6.8 (4.60;7.90) <0.05
36.8 (36.5:37.2) <0.05

7 (135)
39 (75)
2(3.8)
0
4(7.7)
2659.23 (28156161) <0.05

The Shapiro-Wilk test was used for continuous variables that were not normally
distributed. P< 0.05 was considered a non-normal continuous variable.
IQR, interquartile range; WBC, white blood cell count.
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A

Comparision of mNGS and Culture

120
100
7
80
60
‘ . I

B
mNGS+
Total
mNGS-
mNGS+
ICU
mNGS-
mNGS+
Non-ICU
mNGS-

Culture ICU mNGS non-

-ICU  Culture non-ICU

Culture+ | Culture-

43 32

1 46

P<0.001 Kappa=0.49
36 11

1 14

P<0.01 Kappa=0.57
7 21

0 32

P<0.001 Kappa=0.26

Culture+,
0.82%

Double+,
35.25%

Double-,
37.70%

PPV=57.33%
Sens=97.73%
Accuracy=72.95%
PPV=76.60%
Sens=97.30%
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PPV=25.00%
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NPV=100%
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Clinical diagnosis Clinical diagnosis Clinical diagnosis
Pos Neg Pos Neg Pos Neg
Pos 31 Pos 14 Pos 28 10
mNGS AFB T-SPOT.TB
Neg 13 Neg 17 21 assay Neg 3 1
Reference standard: confirmed TB Reference standard: confirmed TB Reference standard: confirmed TB
Sensitivity = 100% Sensitivity = 45.2% Sensitivity = 90.3%
Specificity = 61.9% Specificity = 0% Specificity = 52.4%
PPV = 79.5% PPV = 100% PPV =73.7%

NPV = 100% NPV = 75% NPV = 78.6%
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Routine microbial Treatment Antibiotics

culture
1 77 R Hip Staphylococcus epidermidis Staphylococcus epidermidis/ Two-stage Levofloxacin+ Doxycycline
Mycoplasma hyorhinis revision
2 88 M Knee Staphylococcus aureus Staphylococcus aureus/ Mycoplasma DAIR Levofloxacin+ Doxycycline
(R) hominis
88 M Knee Negative Mycoplasma hominis DAIR Doxycycline
(L)
3 87 M Hip Negative Mycoplasma hominis Two-stage Doxycycline
revision
4 52 M Hip Negative Mycoplasma hominis Two-stage Ciprofloxacin
revision +Tetracycline
5 65 F Knee Negative Mycoplasma hominis Two-stage Doxycycline
revision
6 59 F Knee Negative Mycoplasma hominis Two-stage Tetracycline
revision
7 80 F Knee Negative Ureaplasma urealyticum Two-stage Doxycycline
revision

mNGS, metagenomic next-generation sequencing; R, right; L, left; DAIR, debridement antibiotics irrigation and implant retention.
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Characteristics Total (n=18) P value

Specimen types, no. (%)

BALF 10 (55.56)

Blood 4(22.22)

CSF 2 (11.11)

Lung tissue 1 (5.56)

Abscess 1 (5.56)
Specimen time, mean + sd 3.33+421
mNGS turnaround time day, mean + sd 1.33£0.77 0.001
Culture turnaround time day, mean + sd 278 + 135
mNGS result time day, mean * sd 4.67 + 4.12 0.372
Culture result time day, mean + sd 6.06 + 5.05

CSF, Cerebrospinal Fluid.





OPS/images/fcimb.2022.988717/im40.jpg
Rj; € (0,1)





OPS/images/fcimb.2023.1089919/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2022.988717/im4.jpg





OPS/images/fcimb.2023.1089196/fcimb-13-1089196-g001.jpg
L
(Occur
and re
1 mg/k

(Ag
infi

mg/kg/d)

B

vation of liver

B

ce of adverse effects
tion of liver infection,

)

B

n, 1-3 mg/kg/d)

vation of liver

on, 2 mg/kg/d)

Chemotherapy: IA; severe neutropeniab (0.05*109/L)

Fever (38.9°C); Abdominal pain (no abnormality on CT)

Blood and stool cultures: negative; G/GM test: negative

Blood culture: negative; G/GM test: negative

mNGS (blood): M. indicus 1482 reads

Abdominal CT scan: 4 liver abscesses

MRD negative; Discharged from hospital

Fever (38°C); Abdominal CT scan: 8 liver abscesses; Liver biopsy; Fluorescence staining: Mucor-hyphae

Chemotherapy: HAG (MRD negative)

Fever (39.5°C); Septic shock; Abdominal CT scan: 7 liver abscesses; G/GM test: negative

mNG S(blood): negative

Blood culture: negative

Abdominal CT scan: 4 liver abscesses

Chemotherapy: VA (MRD negative)

mNG S(blood): negative

Chemotherapy: HA (MRD negative) ; Abdominal CT scan: 1 liver abscess
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Characteristics Case 1 Case 2
Demographics
Gender Male Male
Age (years) 69 48

‘ Clinical manifestations ‘
Highest fever (°C) 39.8 40
Respiratory rate, times/min 30 30
Blood pressure (mmHg) 137/80 144/77
Pulse rate, times/min 70 102

‘ Laboratory tests
Oxygenation index 448 320
WBC (10°/L) 5.94 9.96
Percentage of neutrophils 93 94
Hs-CRP (mg/L) 05 195.15
CK (ng/mL) 2141 300.6
LDH (U/L) 1476 507
ALT (U/L) 137 92
AST (U/L) 334 177.8
Cr (umol/L) 2108 99
BUN (mmol/L) 2154 6.69
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Progression
Case 1. SZ 18-2 Case 2.SZ 15

——symptom: symptoms——

High fever; Cough with
sticky sputum;
muscle soreness; Loss of
appetite; Diarrhea.

High fever; Cough;
Generalized muscle ache;
Diarrhea; Loss of appetite.

——treatmen eatment——

Cefazoxime and
intravenous transfusion
in local hospital

Cefazoxime and
intravenous transfusi
on in local hospital

/—symptoms—
admissiorHigh fever of 40°C; Cough
5th Y with sticky sputum; Blood
day pressure 144/77mmHg;
Pulse rate 102 b/m; No

——symptom moist rales can be heard.

Still high fever, Cough
with sticky sputum,
Diarrhea, Began to

dyspnea and disturbance
of consciousness

—treatment——
Azithromycin

—symptom

High fever of 39.8°C; Bloodadmission:
pressure 137/80mmHg;
Pulse rate 70b/m; Moist

rales can be heard in the
right pulmonary. ——treatment——

———treatmen

Ganciclovir+
Moxifloxacin $

—faboratory testing

mNGS (BALF) :
Chlamydia
psittaci 2896 reads.

—treatment——

aboratory testing—

mNGS: Chlamydia
psittaci 35 reads.

Azithromycin

Doxycycline Discharged
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MK751471.1 C.psittaci SZ18-2

MK 630234.1 C psittaci SZ15
@ Case 2

KY287781.1 C.psittaci Horse pl

Y16561.1 C.psittaci 84-55 Genotype A

EU682089.1 C_psitaci 280648 Genotype B

AF269262.1 C psittaci MN Genotype E

971 EU019091.1 C psittaci VG65-22-3 Genotype E/B

EU682087.1 C.psittaci 3A-CL395 Genotype Matl 16

CP003795.1 C psittaci M56 Genotype M36

CP003796.1 C.psittaci WC Genotype WC

AF269267.1 C psittaci TT3 Genotyp D

AF269261.1 Chhmydophila psittaci GD Genotype C

EF028916.1 C psittaci isohte 1V Genotype 1V

AB284065.1 C psittaci Daruma provisional Genotype Daruma
AJ243525.1 C psittaci R54 provisional Genotype R54

HQ845545.1 C.psittaci solate UT78-Alexparakeet provisional Genotype J
AF269259.1 C.psittaci VS225 Genotype F

90 HQ845540.1 C.psittaci solate UT118-AGP provisional Genotype 1
EF197820.1 C psittaci solate 6N provisonal Genotype 6N

AF2692!

.1 C.caviae

0.02
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BALF karyocytes (10°/L)§
BALF lymphocytes (%)§
BALF neutrophils (%)€

BALF neutrophils/lymphocytesq

Statistical significance is indicated by bold font.

BALF, bronchoalveolar lavage fluid.
9 Median (interquartile range).

on-infectious pulmonary disease

(n = 20)

280 (330)
11.65 (47.40)
4.00 (10.75)

0.25 (2.17)

Infectious
pulmonary disease
(n=71)

280 (621)
8.00 (21.00)
37.50 (72.00)

3.57 (16.92)

0.562

0.087

0.001

0.002
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Disease n (%)*

Organizing pneumonia 13 (56.5%)
| Eosinophilic pneumonia 3 (13.1%)
Bronchiolitis 2 (8.7%)
Lung cancer 4 (17.4%)
Still’s disease 1 (4.3%)

*Number of patients, with the percentage in parentheses.
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Comparison groups

HO vs PAP
HO vs HARD
HO vs SOFT
PAP vs HARD
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- Quality of RCT (re-RCT) prior to surgery:
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Characteristic SBP (N =30) NSBP (N = 30) Controls (N = 30) P P2 P3

Demographics, n (%)

Age, median (IQR) 61 (52.8, 70) 60 (50, 65.5) 57 (55, 60.3) 0.11 0.43 0.37
Male sex 23 (76.7) 23 (76.7) 20 (66.7) 0.39 0.39 L0
[nitial laboratory findings, median (IQR)
PMN, mm’ 620 (382, 810) 100 (50, 152) NA NA NA 0.000
Leukocyte count, 10°/L 5.1(3.7,87) 47 (3.6, 6.7) 5.6 (5.1, 6.4) 0.24 0.17 0.93
Neutrophil count, 10°/L 3(19,7.1) 3.7 (2.2,48) 3.2 (28,39 0.87 0.48 0.77
Albumin, g/L 25.5 (224, 29.9) 25.5 (224, 28.9) 46.5 (42.6, 47.8) 0.000 0.000 0.72
ALT, U/L 34 (23.5, 78.5) 40 (21.3, 81) 19.5 (16.8, 30) 0.000 0.002 0.92
AST, U/L 52.5 (34.8, 100.8) 68.5 (30.5, 114.5) 20 (16, 26) 0.000 0.000 0.61
ALP, U/L 114 (88.3, 155) 111.5 (76.8, 139.3) 77 (67.8, 85) 0.000 0.000 0.70
GGT, U/L 66.5 (30.8, 154.8) 89.5 (37.8, 232.8) 28 (17, 52.8) 0.004 0.000 0.35
Total bilirubin, pmol/L 31.2 (119, 62.7) 36.1 (22.4, 90.9) 14.1(9.9, 16.7) 0.000 0.013 0.38
Creatinine, pmol/L 84 (63.8, 103.8) 73.5 (62.3, 117.5) 68 (47.5, 72.3) 0.000 0.000 0.43
Prothrombin time, s 16.4 (14, 20.7) 17.4 (14.7, 20.5) 10.8 (10.4, 11.1) 0.000 0.000 0.65
CRP, mg/L 14.9 (5.9, 36.3) 15.9 (2.1, 31.4) 0.6 (0, 1.1) 0.000 0.000 0.32
PCT, ng/mL 0.18 (0.13, 1.48) 0.26 (0.13, 1.23) 0.02 (0.01, 0.05) 0.000 0.000 0.86
CD4+ T cells/uL 448 (230, 661) 383 (197, 724) NA NA NA 0.76
CD8+ T cells/uL 213 (100, 361) 164 (113, 250) NA NA NA 0.47
CD45+ T cells/uL. 1410 (649, 1787) 883 (601, 1483) NA NA NA 0.17
Severity score
CTP score 9(8,11.3) 10 (9, 11) NA NA NA 0.43
MELD score 15 (9.8, 19.3) 15 (9.8, 19) NA NA NA 0.97

Data are presented as the median (interquartile range) unless otherwise indicated. Values in boldface indicate statistical significance (P <.05). P value: p1, SBP vs. control; p2, NSBP vs.
control; p3, SBP vs. NSBP. Abbreviations: SBP, cirrhosis patients with spontaneous bacterial peritonitis; NSBP, cirrhosis patients without spontaneous bacterial peritonit
IQR, interquartile range; PMN, polymorphonuclear leukocyte; ALT, alanine transaminase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT, gamma-
olutamyltransferase; CRP, C-reactive protein; PCT, procalcitonin; CTP, Child-Turcotte-Pugh; MELD, Model for End-Stage Liver Disease; NA, not applicable.
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bject CSF culture HSV 1 PCR HSV 2 PC EV PCR CSF mNGS Number of reads

2 no organisms negative not done positive Echol8 93

3 no organisms ND negative positive Coxsackie B3 224 VM
4 no organisms negative negative negative Echo30 171 VM
11 no organisms negative negative negative Echo30 2 VM
13 no organisms ND negative negative HHV7 18 VE
14 no organisms ND ND ND EBV 9 VE

HIV 530

16 no organisms negative negative positive Echol8 1565 VM
17 no organisms ND negative negative HHV7 4 VE
18 no organisms negative not done positive Echol8 191 M
21 no organisms ND negative negative HSV1 65 VE
24 no organisms negative negative ND CoxsackieB3 32 VM
25 no organisms negative negative negative Echol8 15 VM
28 no organisms ND negative negative HHV6 108 VE
29 no organisms negative negative positive CoxsackieB3 136 VM
30 no organisms ND negative negative EBV 3 VE
34 no organisms negative negative negative Echol8 191 VM
35 no organisms negative ND positive Echo30 108 VE
36 no organisms negative negative negative Echo9 26 VM
37 no organisms negative ND ND Echol8 35 VME
40 no organisms negative negative negative EBV 4 VE
41 no organisms negative negative negative HHV7 4 VE
42 no organisms negative negative ND Echo30 836 VME
16 no organisms positive negative negative HSV1 2164 VE

CSF, cerebrospinal fluid; EV, enterovirus; HHV-6, human herpes virus 6; HHV-7, human herpes virus 7; EBV, Epstein-Barr virus; HSV, herpes simplex virus; mNGS, metagenomic next-

generation sequencing; PCR, polymerase chain reaction; ND, not detected; VE, viral encephalitis; VM, viral meningitis; VME, viral meningoencephalitis.
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Characteristics

Age

Gender

ICU days

Numbers of infectious species

Underlying diseases

HR, hazard ratio; Cl, confidence interval.

HR

1.07
0.45
1.03
1.34
1.33

Univariate analyses

95% CI

0.99-1.16
0.09-2.35
0.97-1.1
1.07-1.69
0.16-11.16

P value

0.098
0.343
0.329
0.013
0.793

HR

1.07
0.32
1.04
147
0.42

Multivariate analyses

95% CI

0.96-1.19
0.04-2.78
0.93-1.16
1.09-1.98
0.04-5.03

P value

0.239
0.299
0.488
0.011
0.496
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Male sex, n (%)

Age (years) mean (range)

Length of stay, median days (IQR)
Syndrome

Viral encephalitis, n (%)

Viral meningitis

Viral meningoencephalitis
Autoimmune encephalitis

Acute cerebellitis

Presenting symptoms

Fever, n (%)

Vomiting, n (%)

Seizures, n (%)

Headache, n (%)

Altered mental status, n (%)

Time from onset to CSF collection, median days(IQR)
CSF Parameters

Nucleated cells cells/uL, median (IQR)
Proteins mg/dL, median (IQR)
Glucose mg/dL, median (IQR)
Abnormality of examinations
Cranial MRI, (%)

EEG, (%)

VEEG, (%)

Therapy

Acyclovir, n (%)

Glucocorticoid, n (%)

Intravenous immunoglobulin
Prognosis

Full recovery, n (%)

Partial recovery, n (%)

Sequelae, n (%)

Admitted to ICU, n (%)

Total patients

27 (54%)
5.6 (0.3-13.7)

11 (7-15)

23 (46%)
19 (38%)
2 (4%)
4(8%)

2 (4%)

43 (86%)
25 (50%)
20 (40%)
26 (52%)
34 (68%)

4(3-7)

35 (7.5-89.8)
268.7 (204.1-340.6)

3.5(3.3-3.8)

38
43

42

49 (98%)
20 (40%)

11 (22%)

40 (80%)
3 (6%)

7 (14%)
4 (8%)

50

CSF, cerebrospinal fluid; IQR, interquartile range; MRI, magnetic resonance imaging; EEG,

electroencephalography; VEEG, video electroencephalography.

Altered mental status: manifesting as reduced consciousness or altered cognition, personality,

or behavior.
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Feature

Age
Gender
female
male
Underlying disease
no
yes
Underlying disease numbers
Numbers of infectious species
Nocardia infection sites
pulmonary
disseminated
CNS
Hospital days
ICU or not
no
yes
ICU days
Ventilator or not
no
yes
Specimen information
mNGS turnaround time day
mNGS result time day
Specimen time
Culture turnaround time day
Culture result time day
Costs information
Hospital costs
Antibiotic costs
Antibiotics percentage
Daily hospital costs
Daily antibiotic costs
Symptom to hospital
Symptom to TMP-SMX
TMP-SMX
no
yes
Laboratory tests
CRP
PCT
ESR
Leukocyte

Survivors (n=11)

51.818 (15.728)

2

9
1.818 (0.982)
1.273 (0.467)

6
4
1
28.182 (13.659)

8
3
14.333 (15.695)

1.364 (0.924)
5818 (4.956)
4455 (5.145)
2.909 (1.446)
7.364 (6.12)

0.573 (1.035)
0.679 (0.861)
0.179 (0.074)
0.468 (0.512)
0.683 (0.504)
36.2 (42.949)
42.1 (42.969)

133.824 (107.458)
0.552 (0.422)
57.25 (27.366)
13.432 (6.018)

Non-survivors (n=7)

64.571 (6.503)

1

6
2(1.633)
4 (3.464)

5

1

1
20571 (22.53)

0
7
8.429 (3.101)

1.286 (0.488)
2.857 (0.9)
1.571 (0.535)
2571 (1.272)
4(1.291)

0.559 (0.284)
0.554 (0.629)
0.119 (0.078)
1.158 (0.655)
1.012 (0.6)
71 (53.432)
72.2 (52.926)

139.841 (93.304)
4.201 (8.193)
80.6 (41.065)
14.169 (6.753)

P value

0.07

0.006

0.793

0.123

0.004

0.908

0.755
0.23
0.509
0.737
0.265

0.085
0.659
0211
0.035
0.285
0.094
0.198

0.528

0.813

0.299
0413

CNS, central nervous system; ICU, intensive care unit, CKD, chronic kidney disease; mNGS, metagenomic next-generation sequencing; TMP-SMX, trimethoprim-sulfamethoxazole; CRP,

C-response protein; PCT, procalcitonin.
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Variables

Male, (n%)

Age™, (y)

Previous History, (n%)
Surgery
Use of corticosteroids
Immunosuppressant
Chemotherapy*

Comorbidities, (n%)
Hypertension
CAD
Type 2 diabetes
COPD

Primary disease, (n%)
Organ transplantation
Hematological malignancies
Other malignant neoplasms
Rheumatic and immune system diseases
Renal disease
Others

Invasive ventilator, (n%)

ICU time, (days)

Co-infecton

Baseline laboratory examinations
White blood cell, (10°/L)
Hemoglobin, (g/L)
Platelet**, (10°/L)
Neutrophils, (10°/L)
Percentage of neutrophils*
Lymphocytes, (10°/L)
ALT, (U/L)
AST, (U/L)
Albumin**, (g/L)
Total bilirubin, (umol/L)
LDH*, (U/L)
Creatinine, (umol/L)
Procalcitonin, (ng/ml)
CRP*, (mg/L)
ESR, (mm/H)
NT-pro-BNP, (pg/ml)
Lactate, (mmol/L)
G-test, (ng/L)
GMS staining, (n%)
CD4+T lymphocytes, (cells/mm?)

Survivors (n=98)

57 (58.2)
50.29 + 14.63

50 (51.0)
83 (84.7)
54 (55.1)
17 (17.3)

31 (31.6)
9(9.2)
18 (18.4)
2(2.0)

10 (10.2)
17 (17.3)
4(4.1)
37 (37.8)
19 (19.4)
11(11.2)
5(5.1)
892 +9.19
39 (39.8)

9.89 +13.08
109.77 + 25.65
213.92 + 96.00

7.60 +9.77
79.45 + 16.94

2.14 £11.58
36.32 + 56.14
3491 +31.23

3224 +5.62
11.87 + 34.34
574.67 + 421.24
97.18 + 98.95

0.58 + 1.89
54.97 + 55.92
50.28 + 33.71
252 (83-716)
1.59 (1.00-2.24)
214.16 + 233.52

7(7.1)
22297 + 189.67

Non-survivors (n=56)

26 (46.4)
59.39 + 1227

22 (39.3)

43 (76.8)

27 (48.2)
3(54)

29 (51.8)
10 (17.9)
13 (232)

1(1.8)

3(54)
2(3.6)
2(3.6)
29 (51.8)
12 (214)
8 (143)
6(10.7)
9.23+7.32

28 (50)

8.63 + 435
110.68 + 20.52
154.93 + 78.55

8.78 + 9.41
85.11 + 14.68

0.69 + 0.57
29.74 + 2045
41.85+19.72

29.34 + 542
24.55 + 41.31

960.80 + 714.94
123.29 £ 102.78

1.66 + 5.04
80.45 + 73.26
51.06 + 38.35

1057 (378-3415)
2.10 (1.20-3.40)
223.51 + 196.46
5(89)
160.51 + 131.84

P Value

0.181
<0.001

0.182
0.278
0.503
0.045
0317

0.158

0.209
0.816
0.240

0.485
0.820
<0.001
0.467
0.039
0.354
0.400
0.138
0.002
0.056
0.001
0.125
0.130
0.018
0.899
0.079
0.332
0.801
0.760
0.065

The data was shown as the mean + SD, median (interquartile 25-75) or n (percentage). * indicate significant difference (*indicate p<0.05, **indicate p<0.01, and ***indicate p<0.001). PCP=

Pneumocystis jirovecii pneumonia; CAD= coronary heart disease; COPD=
transaminase; LDH= Lactate dehydrogenase; CRP= C-reactive protein;

hronic obstructive pulmonary diseases; ICU= intensive care unit; ALT= Alanine transaminase; AST= Aspartate
SR= erythrocyte sedimentation rate; CD 4= Cluster of Differentiation 4.
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Legionella

Acinetobacter

Sequence
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46
19

Species

Name Sequence
Number
Legionella pneumophil 46
Acinetobacter baumannii 11
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Transplantation =~ Chemotherapy

(N =41) (N =43)
Gender (n, %)
Male 22 (53.7) 27 (62.8)
Female 19 (46.3) 16 (37.2)
Disease (n, %)
AML 26 (63.4) 14 (32.6)
ALL 10 (24.4) 7 (16.3)
NHL 0 10 (23.3)
MM 0 9 (20.9)
AA 2 (4.9) 2(4.7)
CMML 3(7.3) 0
CLL 0 1(2.2)
Conventional culture (n, %)
Positive 8 (19.5) 6 (14.0)
Negative 33 (80.5) 37 (86.0)
mNGS (n, %)
Negative 1(2.1) 4 (8.9)
Single pathogen 8 (16.7) 12 (26.7)
Mixed pathogens 39 (81.3) 29 (64.4)
Mixed pathogen types (n, %)
Bacteria - Virus 14 (35.9) 13 (44.8)
Fungi - Virus 6 (15.4) 5(17.3)
Virus - Virus 13 (33.3) 2(6.9)
Bacteria - Fungi - Virus 4 (10.2) 6(20.8)
Bacteria - Fungi 1(2.6) 1(3.4)
Virus - Mycoplasma 1(2.6) 0
Bacteria - Mycoplasma 0 1(3.4)
Virus - Ureaplasma 0 1(3.4)
Prognosis (n, %)
Survive 28 (68.3) 31 (72.1)
Death 13 (31.7) 12 (27.9)
Died of infection
Yes 10 (76.9) 2(16.7)
No 3(23.1) 10 (83.3)
Middle Age 28 (3-60) 54 (6-89)

AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; NHL, non-Hodgkin
lymphomas; MM, multiple myeloma; AA, aplastic anemia; CMML, chronic
myelomonocytic leukemia; CLL, chronic lymphocytic leukemia; mNGS, metagenomic
next generation sequencing.
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Patients NO./Sex/Age/year  Final diagnosis

NO.1/male/42 pC
NO.2/male/41 PC
NO 3/male/32 PC
GC, glucocortic , immunosuppressant

Clinical presentation

Back discomfort, dry cough, itchy pharynx dyspnea
No respiratory symptoms

No respiratory symptoms

Underlying disease

None
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Age
and
sex

44
male

62
male
53
male
68

male

Male

male

37
male

male

4 male

2-year-
old
female

Underlyingdiseases Risk factors

ALL

CHB
Diabetes
Psoriatic arthritis

Healthy

Diabetic ketoacidosis

T-ALL

Ph-like ALL

AFM, emphysematous
gastritis
ALL

ALL

ALL

Bone marrow
suppression

Trauma
Open wounds

Retrograde
infection after
tooth extraction
Uncontrolled
blood sugar
Broad-spectrum
antibiotics
Bone marrow
suppression,
uncontrolled
leukemia

Neutropenia

ECMO treatment

Glucocorticoids
Neutropenia

Neutropenia
Broad-spectrum
antibiotics

Glucocorticoids
Neutropenia

Infection
sites

Disseminated
Cerebral
infarction

Disseminated,
skin, lung

ROCM

ROCM

Lung, nasal skin

Lung, skin,
liver, kidney,
spleen, brain

Gastrointestinal

Lung,

right rib
Disseminated,
intracranial,
right iliac bones,
hip joints

Lung

mNGS
sample

PB, BALF,
CSF

Skin
debridement

tissue, lung
tissue

CSF

PB, CSF

PB, local
secretion

PB

PB
BALF

BALF

BALF

Pathogen

Rhizomucor
miehei

Rhizopus
microsporus

Lichtheimia
ramosa

Rhizopus
arrhizus

Mucor
racemosus

Rhizomucor
pusillus

Mucormycosis

Rhizopus
oryzae
Rhizomucor
pusillus

Rhizomucor
pusillus

Other etiological detection

PB cultures are negative

Final pathology of the lung confirms a
mucor infection

Secretions, PB and CSF cultures are
negative

CSF qPCR verified by R. arrhizus

PB cultures are negative; nasal
secretion
culture confirmed a mucor infection

Skin and liver lesions issue confirmed
by qPCR analysis

R pusillus

Pathology of the stomach showed
mucor mycelium

NA

BALF cultures are negative, fluorescent
staining microscopy of BALF detects
mucor mycelium

Fluorescent staining microscopy of
BALF detects mucor mycelium

Reference

(Wen et al,, 2021)

(Sun et al., 2021)

(Liu et al,, 2021)

(Dong et al., 2022)

(Cui et al., 2022)

(Shi et al,, 2022)

(Wang et al,, 2021)

(Sun et al.,, 2022)

(Sun et al., 2022)

(Sun et al., 2022)

ALL, acute lymphoblastic leukemia; T-ALL, acute T lymphoblastic leukemia; Ph-like ALL, Philadelphia-like ALL; AFM, acute fulminant myocarditis; ROCM, rhino-orbito-cerebral; PB,
peripheral blood; BALF, cerebral spinal fluid; CSF, cerebral spinal fluid; gPCR, quantitative polymerase chain reaction.
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Notation Description

g Group indicator, g = 1,2
g Sample size for group g

i ith sample, i = 1,2,...,n, for group 1, and i = 1,2,...,n, for group 2

p Number of taxa in the microbiome data matrix

Ry Observed microbial relative abundances (RAs) for group g with dimension ng x p

RS Observed RA for subject i for group g

A¢ Unobserved microbial absolute abundances (AAs) for group ¢ with dimension g x p

If Unobserved log transformation of AA (log-AA) for group g with dimension ng x p

Lf, if, and Xf  Unobserved log-AA for subject i from group g, and Lfi.i.d. from distribution with mean 1§ and covariance matrix X

X8 Observed centered log-ratio transformation of relative abundances of group g with dimension ny x p

X§, u%, and Observed centered log-ratio (CLR) transformation of RA for subject i from group g, and Xigi.i.d. from distribution with mean 4 and covariance matrix

5 b1
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Case number

PB, peripheral blood.

Sample

PB

PB

Type
Fungus

Virus

Fungus

Virus

Name
Lichtheimia
Simplex virus
Pegivirus

Mucor
Cytomegalovirus
Alphatorquevirus

Simplex virus

Genus

Sequence number
3414
1
466
55
1031
998

Species

Name

Lichtheimia ramosa

Human alphaherpevirus
Pegivirus C

Mucor irregularis

Human betaherpesvirus (CMV)
Torque teno virus 19

Human alphaherpesvirus

Sequence number
3330
1
466
55
1022
760
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Method Taxonomic rank

Phylum Class Order Family Genus Strains
MECAF 0.033 0045 0038 0032 0.023 0.016
MEC 0.032 0044 0.038 0.032 0.023 0.016
MEC-Log 0.029 0.041 0031 0.035 0.021 0.013
MEC-Raw 0.011 0013 0.002 0.003 0.003 0.000
PERMANOVA 0.049 0056 0.046 0.051 0.052 0.048

CDI, Clostridium difficile infection.
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Hospital admission

64-years old male with
CLL and cutaneous
Ccu infection in right arm

1 week before and left lower leg

admission stay at CCU M Fever

for 48h in local hospital T:38.1°C
PCT : 0.69 ng/ml.
CRP 81.89 mg/L

mNGS(PB)
High fever M.irregularis, ~ Skin infection area
39.2°C with chills CMV,Human fugi culture
Worsened right arm  alphaherpesvirus, Mucor growth

Alphatorquevirus

and left lower leg
infection,aggravated
pain

can be observed

<—

Discharged
Fever control and
skin infection
partly recoved

b
|

LZD

dd PTZ
‘) MIC
antibiotics

MRP PTZ
AMK GCV
VCZ ABCD

LZD
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Hospital admission

10 years old
female . .
Febrile neutropenia

®) Induction chemotherpy ANC37-5_C

:0.02x10°/L
CAM for 7days CR1.31mg/L

® ] f’
e

MRP
o/ MIC
X%
antibiotics

°C 40
39
38
37
36

Lichtheimia ramosai

Local symptom

Right face sweling,pain
purple area of upper jaw

Fluorescent stain
of nasal secretion
Mucor mycelium
ANC:2.5x10°/L
CRP.47.05mg/L
PCT:0.31ng/mL

mNGS(PB)

CPS MRP
PBS
GCV

TGC AmBL POS
\'[o74

Palate ulceration
ANC:3.45x10°%/L
CRP.24.49mg/L

PCT:0.83ng/mL

MOX
CLM
ACV

ABCD

Discharged
Fever control, local
symptom recoverd
,continue treat with
ABCD in local hospital

|

July 29
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Blood

Genus

Prevotella 156
Porphyromona 145
Campylobacter 135
Streptococcus 11
Gemella 5

Sequence Reads Species

Prevotella oris
Prevotella baroniae

Porphyromonas endodontalis

Campylobacter rectus

Campylobacter
showae

Streptococcus constellatus

Gemela morbillorum

CSF

Sequence Reads Genus

106
25
142

95

Porphyromona

Prevotella

Fusobacterium

Streptococcus

Gemella

Sequence Reads
1326

1014

124

35
28

Species

Porphyromonas endodontalis

Prevotella oris
Prevotella baroniae

Fusobacterium nucleatum

Streptococcus constellatus

Gemella morbillorum

Sequence Reads

1309

704

105
98

28
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Acinetobacter baumannii
Klebsiella pneumoniae
Pseudomonas aeruginosa
Stenotrophomonas maltophilia
Serratia marcescens
Escherichia coli

Burkholderia cepacia
Kiebsiella aerogenes
Elizabethan meningitis
Haemophilus influenzae
Staphylococcus aureus
Streptococcus pneumoniae
Legionella pneumophila
Leptospira interrogans
Nocardia

Mycobacterium tuberculosis
Nontuberculosis mycobacteria
Candida albicans

Candida tropicalis

Candida parapsilosis
Pneumocystis jirovecii
Aspergillus genus
Mycoplasma

Chlamydia psittaci

Human herpesvirus type 5
Human herpesvirus type 1
Human herpesvirus type 4
Torque teno virus

10

20

30

Acinetobacter baumannii
Klebsiella pneumoniae
Pseudomonas aeruginosa
Stenotrophomonas maltophilia
Serratia marcescens
Escherichia coli

Burkholderia cepacia
Klebsiella aerogenes
Elizabethan meningitis
Haemophilus influenzae
Staphylococcus aureus
Streptococcus pnenmoniae
Legionella pneumophila
Leptospira interrogans
Nocardia

Mycobacterium tuberculosis
Nontuberculosis mycobacteria
Candida albicans

Candida tropicalis

Candida parapsilosis

Preumocystis jirovecii
Talaromyces marneffei
Aspergillus genus
Mycoplasma

Rickettsia

Chlamydia psittaci
Human herpesvirus tipe 5
Human herpesvirus type 1
Human herpesvirus tipe 4

Torque teno virus

[1]

40

10

20

30

40

mNGS+ Conventional-
Double+
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Diagnose

Pulmonary actinomycosis with brain abscess
(Park et al., 2014)

Pulmonary abscess, septic embolic cerebral
infarction | cerebral abscess (Albrecht et al.,
2012)

Simultaneous Lung and Brain Abscess (Al-Saffar
et al,, 2015)

Lung, Brain, and Spinal Cord Abscesses (Cervera-

Hernandez et al., 2021)

brain and lung abscesses (Yamada et al,, 2016)

Brain and Lung Abscesses (Browne et al., 2021)

Brain and Lung Abscesses (Velghe et al., 2004)

Pathogenic bacteria

Actinomyces meyeri

Empiric treatment, no bacteria identified

Streptococcus anginosus

Lomentospora prolificans and
Scedosporium apiospermum

Klebsiella pneumonia, Escherichia coli,
Streptococcus mitis , Candida glabrata

Nocardia cyriacigeorgica

Streptococcus milleri

Detecting
techniques

16S ribosomal RNA
(16S rRNA)
sequencing

brain abscess was
biopsied and cultures

Sputum culture and
DNA sequencing

abscess culture, blood
culture

sequence analysis

blood culture

Treatment

penicillin G and metronidazole and oral
amoxicillin

piperacillin/tazobactam, ampicillin/sulbactam
. metronidazole

vancomycin and ceftriaxone

voriconazole and terbinafine

imipenem/cilastatin sodium, cefotiam
hydrochloride, caspofungin

ceftriaxone, oral trimethoprim-
sulfamethoxazole, and a tapering course of
dexamethasone.

penicillin G, clindamycin
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Primer nam quen Amplicon size(bp)
Nest1F GCTACGGGTTCCGCTCT

1017
Net1R GCTTCGATTCAGATCAACAAA
Nest2F CGCTCTCTCCTTACAAGCC

1000
Net2R CAAATTGCTTCGATTCAGATC
Rellime F CACTATGTGGGAAGGTGCTTCA

K
Reltime R CTGCGCGGATGCTAATGG

Realtime.pb FAM: CGCTACTIGGTGTGAC-BHQ1
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Reports

Two-stage revision
Geng et al. (2016)
‘Wang et al. (2015)
Kuiper et al. (2013)
Deelstra et al. (2013)
Ueng and Lee (2013)
Anagnostakos et al. (2012)
Hwang et al. (2012)
Dutronc et al. (2010)
Azzam et al. (2009)
Wyman et al. (2002)
Phelan et al. (2002)
One-stage revision

Ji et al. (2017)

Jenny et al. (2016)
Klatte et al. (2014)
Selmon et al. (1998)

Patients

164

16
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19

11

10

Success rate

87.5%
100%
85%
100%
50% (4 dead)
100%
93.3%
42.9%
47.4%
100%
80%

72.7%
100%
90%
100%
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Case  Type

10

11

12

13

14

15

16

17

18

19

20

21

2

23

2

25

PJI, periprosthetic joint infection; PFOI, primary fungal osteoarticular infection; SFOI, secondary fungal osteoarticular infection; H, hypertensio
RA, rheumatoid arthritis; ONFH, osteonecrosis of the femoral head; TKA, total knee arthroplasty; UKA, unicompartmental knee arthroplasty;

Pl

it

Pl

Pl

Pl

Pl

Pl

PJI

PJI

Pl

)1

FOI
after
ACLR

PFOI

PFOI

PFOI

PFOL

PFOL

PFOI

PFOI

SFOI

SFOI

SEOI

SFOI

SFOI

SEOI

Sex/
age

17
61
17
58
M/
62
B
77
17
79
B
37
M/
67

M/
a5

17
60

17
81

17
82

M/
37

M/
7
M/
45
M/
58

M/
60

M/
65

17
51
M/
47
F
80

F
88

B
65

M/
63

M/
52
M/
51

Underlying
condition

HT

HT

HT

DM

HT

Hyperthyroidism

HT, chronic
preumonia, liver
oyt

Renal dysfunction

DM,
hypoalbuminemia

HT, DM

Bilateral
pneumonia, tinea
pedis
None

DM, bilateral
Kidney stone, HBY
HIV

None

None

Pulmonary bullae
and emphysema

None

DM, HBV

HT, DM

HT, DM

Uremia, DM, H
hypoalbuminemia,
anemia

HBV, DM

HT

None

Primary
diagnosis

B

OA

OA

OA

OA

B

OA

ONFH

OA

OA

ACL tear

Chronic hip
arthy

OA

Septic knee
arthritis

Septic knee
arthritis

Ankle TB

Rib malignant
neoplasm
Rib TB

OA

Intertrochanteric
fracture

Femoral neck
fracture

OA

ONFH

Osteomyelitis

Primary
surgery

TKA (R)

TKA (L)

TKA (L)

TKA (R)

TKA (L)

TKA (R)

UKA (L)

THA (L)

TKA (R)

TKA (L)

TKA (L)

ACLR (R)

THA (L)

TKA (R)

None

Debridement

None

None

None

Bilateral
TKA

PENA (L)

Cannulated
screw
fixation (R)

TKA (L)

THA (L)

Debridement

Extra surgery/
antibiotics

1 DAIR

Multiple
debridement

Multiple
debridement

1 DAIR +
debridement +
spacer. Long-term
abx.

PFNA removal +
spacer +
debridement.
Long-term abx
Screw removal +
spacer +
debridement.
Long-term abx

1 DAIR + multiple
debridement.
Long-term abx.

1 debridement + 1
DAIR

Multiple
debridement

Fungal species

Candida
boidinii
Candida
parapsilosis

Candida
albicans

Candida
albicans

Negative

Candida
parapsilosis

Candida
albicans

Candida
albicans

Negative

Staphylococcus
epidermidis +
Candida
parapsilosis

Candida
albicans

Candida
albicans

Candida
albicans

Talaromyces
marneffei

Fusarium

Negative

Negative

C. neoformans
Negative

Cryptococcus
laurenti

Candida
albicans

Candida
albicans

Candida
tropicalis

Candida
tropicalis

Candida
albicans

mNGS

Candida
tropicalis

Candida

Candida
albicans

Scedosporium
boydii

Candida
parapsilosis
Candida

albicans

Candida
albicans

Candida
albicans

Candida
parapsilosis

Fusarium

c
neoformans

Candida
albicans

Other patho-
gens

Staphylococeus
cohnii
subspecies.
urealyticum
Staphlycoceus
aureus

Enterococcus
Jfaecalis

Staphylococcus
epidermidis

Mycoplasma
hominis
Klebsiella
preumoniae

Sinus  SF WBC

Y

N

N

N

b 4

Y

Y

Y

(x10°/L)

11,889.0
103450
292220
17,586
3710
32100

12150

52306.0

1,901.0

110,641.0

45200
2990

35,0700

45,0000

3780.0

23320

10,1160

PMN
(%)

843

60.1

898

929

820

625

713

57

802

88.1

458

798

750

69.1

337

927

CRP
(mg/
ol

310

158

<5

66

109

22

2

186

<5

277

40

590

108

18

58.4

320

18.0

109

103

10.1

420

56

340

220

10.0

ESR
(mm/
h)

64

120

7

19

55

79

72

40

36

70

99

78

3

101

41

62

83

18

88

67

48

Treatment

TR + FON

TR + FON

TR + FCN

TR + FON

OR + FCN

TR + FON

TR+ FCN.
Refused
reimplantation.
TR+ FCN.
Refused
reimplantation.
TR+ FCN.
Refused
reimplantation.
TR+ FCN.
Refused
reimplantation.

Long-term
voriconazole

Arthroscopic
debridement +
FON

THA + FCN,

TKA + FCN.

Anthroscopic
debridement +
voriconazole
Arthroscopic
debridement +
voriconazole
Debridement +
fusion +
voriconazole
Long-term
FON
Long-term
FON
Long-term
FON. Refused
surgery

Longterm
FCN. Refused
surgery

Long-term
FCN. Refused

surgery

Long-term
FCN. Refused
surgery
Long-term
FCN

Long-term
FCN

FU
(months)

25

57

63

12

20

18

66

18

48

12

24

31

12

54

36

18

a8

36

100

56

55

61

46

16

Outcome

Success

Success

Success

Success

Success

Success

Spacer
retention

Spacer
retention

Spacer
retention

Spacer

retention

Success

Success

Success

Success

Success

Success

Success

Success

Success

Spacer
retention

Dead

Spacer
retention

Success

Success

Success

DM, diabetes; HIV, human immunodeficiency virus; HBV, hepatitis B; OA, osteoarthritis; TB, tuberculosis;
THA, total hip arthroplasty; PENA, proximal femoral nail antirotation; ACLR, anterior cruciate ligament

reconstruction; DAIR, debridement, antibiotics, and implant retention; mNGS, metagenomic next-generation sequencing; abx, antibiotics; SF, synovial fluids WBC, white blood cell; PMIN, polymorphonuclear leukocyte; FU, follow-up; OR, one-stage revisions
TR, two-stage revision; FCN, fluconazole.
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Variables

OR (95%CI)

Age* 1.115 (1.062-1.172)
History of chemotherapy 0.225 (0.039-1.296)
Platelet** 0.986 (0.979-0.992)
Percentage of neutrophils 1.020 (0.987-1.054)
Albumin 0.980 (0.894-1.074)
LDH*** 1.002 (1.001-1.003)
CRP* 1.008 (1.000-1.017)

Multivariate analysis

P Value

<0.001
0.095
<0.001
0.237
0.669
<0.001
0.045

ndicate significant difference (*indicate p<0.05 and ***indicate p<0.001).0R, odds ratio; CI, confidence; LDH, Lactate dehydrogenase; CRP, C-reactive protein.
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Retrospective review of cases with fungal

osteoarticular infections from the registry
(N=30)

Follow-up less than one year
(N=2)
Lost to follow-up (N=2)

Dead from non-infectious
disease (N=1)

Cases included in analysis
(N=25)

Primary fungal Fungal infections

implant-related osteomyelitis or secondary to bacterial

infection (N=12)

arthritis (N=7) osteomyelitis or implant-
related infections (N=6)
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Variables, (n%) Survivors (n=98) Non-survivors (n=56) P Value

Pulmonary air sacs 18 (18.4) 10 (17.9) 0.925
Lung consolidation 23 (23.5) 18 (32.1) 0.259
pulmonary cavity 3(3.1) 4(7.1) 0.258
Hydrothorax 23 (23.5) 18 (32.1) 0.341
Honeycomb sign 5(5.1) 3(54) 0.958
Pneumatothorax 1(1.0) 1(1.8) 0.688
Ground-glass opacity 41 (41.8) 24 (429) 0.998

The data was shown as n (percentage). CT, computed tomography.
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Variables, (n%) Survivors (n=98) Non-survivors (n=56) P Value

Fever 74 (75.5) 42 (75.0) 0.944
Cough 59 (60.2) 28 (50.0) 0.240
Coughing sputum 37 (37.8) 22 (39.3) 0.865
Blood in sputum 2(2.0) 2 (3.6) 0.622
Weakness 47 (48.0) 23 (41.1) 0501
Sore throat 4(4.1) 3 (5.4) 0.705
Muscle soreness 10 (10.2) 3(5.4) 0377
Dyspnea 37 (37.8) 30 (53.6) 0.090
Chest tightness 61 (62.2) 39 (69.6) 0.385

e data was shown as n (percentage).
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No. Sample

1 Blood, Sputum, pleural effusion
2 Blood, BALF

3 Blood

4 Blood, BALF

5 Purulent aspirate

Species

L. pneumophila
L. pneumophila
L. pneumophila
L.gormanii

L. micdadei

Therapy

MSF

ECMO, CRRT, MSF, AZF
AZF, CFP

MSF, MEC

LEV

Confirmed method

PCR

None

TOFMS

CE&Sanger sequencing

Gene sequencing

Outcome

Recovery
Progression
Recovery
Recovery

Recovery

MEC, meropenem; MSE, moxifloxacin; LEV, levofloxacin; AZF, azithromycin; CEP, cefoperazone; TOFMS, time-of-flight mass spectrometry; CE, capillary electrophoresis.
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No. Year Sex References Initial symptoms Underlying diseases

1 65 Female Huahua Yi Fever, Gastroenteritis Breast cancer

2 46 Male Ruiming Yue Fever, Chills, Diarrhea Smoking history

3 7 Female Yangyan Wang High fever, UCBT

4 53 Male Cheng Lei Fever, Dyspnea Smoking history

5 54 Male Yingnan Huang Progressive joint pain Oral corticosteroid
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594 patients diagnosed with pneumonia and underwent bronchoscopy were
included in the study from Oct. 15, 2020 to Feb. 15, 2022 in Department of
Pediatrics of Hubei Maternity and Child Health Care Hospital

489 patients not included in this study
o BALF mNGS not performed

103 patients finally included in this study

l

Metagenomic next-generation Conventional Microbiological Tests
sequencing
(mNGS)(DNA+RNA) (CMTs) :

« Culture (bacteria and fungi)

o PCR-based detection

e Smear (Acid-fast staining, India ink

staining)
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Patient no.

20
21

Final diagnosis

HRSV-Caused Pneumonia
Pulmonary rhizomycosis
Pulmonary aspergillosis
Pulmonary cryptococcosis

pulmonary tuberculosis

HRSV, Human Respiratory Syncytial Virus.

Main evidences (except BALF mNGS)

pathogenic antibody

mNGS of lung tissues+pathological examination
fungal cultures of BALF

pathological examination

acid-fast staining of BALF

Notes

percutaneous lung biopsy

percutaneous lung biopsy
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Number of patients

Age (years)"

Gender*

Male

Female

Comorbidities*

Yes

No

Inflammation biomarker®
WBC (AM0°/L)

CRP (mg/L)

PCT (ug/L)

Abnormality on chest radiograph*
Unilateral lesion

Bilateral lesion

Oxygenation index (mmHg)*
mNGS*

DNA

DNA+RNA

Conventional microbal tests*
Negative

Positive

Length of stay (days)*

In ICU (mean+SD)

In hospital (mean+SD)
Hospital death*

True-negative group

16
58.69+14.09

7 (43.75%)
9 (56.25%)

11 (68.75%)
5(31.25%)

10.61+4.09
67.97+50.64
0.54+0.39

3 (18.75%)
13 (81.25%)
163.75+41.30

14 (87.50%)
2 (12.50%)

16 (100.00%)
0

10.56+3.27
17.81+4.83
3 (18.75%)

False-negative group

5
53.20+14.08

2 (40.00%)
3 (60.00%)

4 (80.00%)
1 (20.00%)

9.38+4.27
52.52+38.96
0.46+0.49

1 (20.00%)
4 (80.00%)
195.40+20.43

5 (100.00%)
0

2 (40.00%)
3 (60.00%)

9.60+4.78
18.00+10.37
1 (20.00%)

*The values are given as the mean and the standard deviation. *The values are given as the number of cases, with the percentage in parentheses.

P value

0.456
1.000

1.000

0.569
0.541
0.696
1.000

0.119
1.000

0.008

0.611
0.955
1.000
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ALL (n = 96) Monomicrobial (n = 52) Polymicrobial (n = 44) p-value

Bacteria 36 (37.5%) 12 (23%) 24 (55%) 0.005
Streptococcus pneumoniae 6 (6%) 1(2%) 5 (11%) 0.021
Staphylococcus aureus 5 (5%) 2 (4%) 3 (7%) 0.527
Haemophilus influenzae 11 (11%) 1 (2%) 10 (23%) 0.000
Other bacteria 16 (17%) 8 (15%)° 8 (19%)" 1.000

Virus 67 (70%) 28 (54%) 39 (89%) 0.057
Respiratory syncytial virus 24(25%) 12(23%) 12 (27%) 1.000
Rhinovirus 20 (21%) 6 (12%) 14 (32%) 0.011
Cytomegalovirus 10 (10%) 0 (0%) 10 (23%) 0.000
Influenza virus 4 (4%) 2 (4%) 2 (5%) 1.000
Parainfluenza virus 13 (14%) 1 (2%) 12 (27%) 0.000
Other virus 12 (13%) 5 (10%)° 7 (16%)* 0.414

Fungi 9 (9%) 2 (4%) 7 (16%) 0.018
Aspergillus spp. 4 (4%) 1(2%) 3 (7%) 0.157
Prneumocystis jirovecii 4 (4%) 1(2%) 3 (7%) 0.157
Other fungi 2 (2%) 0(0%) 2 (5%)° 0.046

Atypical pathogen 23 (24%) 12 (23%) 11 (25%) 0.768
Mycoplasma pneumoniae 19 (20%) 12 (23%) 7 (16%) 0.105
Other 3 (3%) 0.(0%) 3 (7%)" 0.014

*Including Pseudomonas aeruginosa (n = 2), Haemophilus parainfluenzae (n = 3), Bacteroides fragilis (n = 1), Escherichia coli (n = 1), and Bordetella parapertussis (n = 1).

Including Acinetobacter baumannii (n = 1), Pseudomonas aeruginosa (n = 3), Haemophilus parainfluenzae (n = 1), Morella catarrhalis (n = 3), Klebsiella pneumoniae (n = 1), and
Enterobacter cloacae complex (n = 1).

“Including Enterovirus D68 (n = 1), Human metapneumovirus (n = 1), and Bocavirus (n = 3).

YIncluding Human metapneumovirus (n = 2), Bocavirus (n = 4), and Enterovirus D68 (n = 1).

“Including Candida albicans (n = 2).

fincluding Chlamydia trachomatis (n = 2) and Ureaplasma urealyticum (n = 1).
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Patient characteristics All patients

(n =103)
Age, years (mean + SD) 45+54
Male/Female 68 (66%)/35
(34%)
ICU [ (%)] 22 (21.4%)
Recurrent respiratory infection [n (%)] 40 (39%)
Clinical symptoms
Fever 45 (43.7%)
Cough/sputum 74 (72.8%)
Wheezing 38 (36.9%)
Dyspnea 23 (22.3%)
Hemoptysis 2 (1.9%)
Imaging features [n (%)]
Pulmonary consolidation/atelectasis 54 (52.4%)
Pleural effusion 12 (11.7%)
Mediastinal emphysema/emphysema 4 (3.9%)
Bronchiectasis 6 (5.8%)
Bronchoscopy results [1 (%)]
Poor ventilation 42 (40.8%)
Sputum emboli 8 (7.8%)
Mucosal necrosis 5 (4.9%)
Bronchiectasis 6 (5.8%)
Laboratory examination [n (%)]
WBC >12 x 10°/L or <4 x 10°/L (normal 4.4-11.9 x 10/ 47 (45.6%)
L)
CRP >10 mg/L (normal <4 mg/L) 13 (12.6%)
PCT >0.5 ng/ml (normal <0.5 ng/ml) 18 (17.5%)
D-dimer >0.5 pg/ml (normal <0.5 pg/ml) 43 (41.7%)
LDH > 300 U/L (normal < 300 U/L) 49 (47.6%)
Age, years (mean + SD) 343 +3.65
Male/Female 70 (67%)/35
(33%)
ICU [n (%)] 22 (21%)
Recurrent respiratory infection [n (%)] 39 (37%)
Clinical symptoms
Fever 45 (42.9%)
Cough/sputum 76 (72.4%)
Wheezing 38 (36.2%)
Dyspnea 23 (21.9%)
Hemoptysis 2 (1.9%)
Imaging features [n (%)]
Pulmonary consolidation/atelectasis 56 (53.3%)
Pleural effusion 13 (12.4%)
Mediastinal emphysema/emphysema 4 (3.8%)
Bronchiectasis 6 (5.7%)
Bronchoscopy results [1 (%)]
Poor ventilation 42 (42.9%)
Sputum emboli 8 (7.2%)
Mucosal necrosis 5 (4.8%)
Bronchiectasis 6 (5.7%)

Laboratory examination [n (%)]

WBC > 12 x 10°/L or <4 x 10°/L (normal 4.4-11.9 x 10°/ 48 (45.7%)
L)

CRP > 10 mg/L (normal < 4 mg/L) 13 (25.7%)
PCT > 0.5 ng/ml (normal < 0.5 ng/ml) 18 (17.1%)
D-dimer > 0.5 pg/ml (normal < 0.5 pg/ml) 44 (41.9%)
LDH > 300 U/L (normal < 300 U/L) 51 (48.6%)

WBC, white blood cell; CRP, C-reaction protein; PCT, procalcitonin; LDH,
lactate dehydrogenase.
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Sample Diagnosis
ID

Discordant

NGS-30 Chronic internal
fixation-associated
infection

NGS-34 Postpartum
sacroiliac joint
arthritis

NGS-32  Necrotizing cervical
lymph node (HIV
positive)

NGS-26 Nosocomial
meningitis
NGS-27 Nosocomial
meningitis
NGS-23 Chronic
osteomyelitis with
Leg abscess
NGS-54  Cavitary
pneumonia
(congenital
neutropenia)
NGS-44  Arm fluctuant
lesion (AML)
NGS-25 Cavitary
pneumonia
(congenital
neutropenia)
NGS-41 Hilar
lymphadenopathy
(AML)
NGS-4 Jaw lesion (AML)

Concordant

NGS-1 Leg ulcer
NGS-2 Left hand abscess
NGS-3 Leg cellulitis

NGS-33 Postpartum
sacroiliac joint
arthritis

NGS-21 Suspected septic
arthritis of hip

NGS-24  Synovitis

NGS-29  Nosocomial
Meningitis

NGS-31 Necrotizing cervical
lymph node (HIV
positive)

NGS-35 Suspected Brain
abscess and
meningitis

NGS-42 Deep neurosurgical
site infection

Sanger

Negative

Positive,
unidentified

Streptococcus
sanguis

Negative

Negative

Negative

Positive,
unidentified
Enterobacteriaceae

Pseudomonas spp

Positive,
unidentified

Negative

Pseudomonas
aeruginosa

Mycobacterium
marinum

Streptococcus
pyogenes
Sneathia
sanguinegens

Negative

Negative

Negative

Positive,
unidentified

Negative

Propionibacterium

spp

NGS results

Polymicrobial (Corynebacterium kroppenstedtii,
Enterobacteriaceae, Enterobacter cloacae)

Polymicrobial (E.coli, Brebundimonas nasdae,
Microbacterium chocolatum, Acinetobacter hemolyticus)

Polymicrobial (Rothia mucilaginosa, Velionella dispar,
Prevotella histicola, Prevotella salivae, Streptococcus
australis, Streptococcus infantis, Actinobacillus
parahemolyticus, Haemophilus parahemolyticus)

Polymicrobial (Legionella pneumophila, Staphylococcus
epidermidis)

Staphylococcus epidermidis

Staphylococcus aureus

Streptococcus salivarius

Salmonella, Escherichia

Polymicrobial (Streptococcus salivarius, mitis, anginosus,
Prevotella melaninogenica, Velionella dispar , Pseudomonas
aeruginosa)

Pseudomonas aeruginosa

Polymicrobial (Prevotella oralis, Prevotella oris,
Parvimonas micra, Fusobacterium
nucleatum, Pseudomonas aeruginosa, P.hibiscicola)

Pseudomonas aeruginosa

Mycobacterium marinum

Streptococcus pyogenes

Sneathia sanguinegens

Negative

Negative

Negative

Negative

Negative

Negative

Would
have
affected
diagnosis?

Yes

Yes
(See NGS-33)

Yes
(See NGS-31)

Yes
Yes

(See NGS-26)
Yes

Yes
(See NGS-25)

Yes

No. Positive
culture

No. Positive
culture

No.
Mucormycosis

Antimicrobial
treatment

Cefazolin+
Ciprofloxacin

Piperacillin-
Tazobactam, subsq:
Metronidazole and
then Amoxicillin

Unknown (No
EMR access)

Meropenem+
Vancomycin

Meropenem-+
Vancomycin

Cefazolin

Meropenem

Amoxicillin-
clavulanate
Piperacillin-
Tazobactam
Subsq.
Levofloxacin

Levofloxacin

Amphotericin-B +
Posaconazole

Would
have
changed
treatment?

Possibly

Yes

Possibly

Possibly
Possibly

No

Possibly

Possibly

No

No

No

Available clinical data was collected for samples sent from within Rambam. Retrospectively, a Clinical Microbiologist and an Infectious discases specialist independently evaluated the
diagnostic potential of NGS over Sanger and the potential for therapeutic modifications. Incongruences in the conclusions were solved by the two specialists by consensus.
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Population characteristics
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Sample Material Sanger results NGS results Total
ID number of
mapped
reads

Concordant, positive N=24

NGS-1 Tissue/ Pseudomonas Pseudomonas spp 28% (Pseudomonas aeruginosa 2%) 7946
skin/soft  aeruginosa
tissue
NGS-14 Pus Pseudomonas Pseudomonas 74% (P.aeruginosa 39%) 18412
aeruginosa
NGS-15 Pus Fusobacterium Fusobacterium necrophorum 34% 16616
necrophorum
NGS-2 ‘Wound Mpycobacterium Mycobacterium spp 20% 4208
marinum Vi-2:

Mycobacterium marinum

NGS-20 Tissue Staphylococcus Staphylococcus spp 71%(S. epidermidis11%, S. aureus 3%) 9765
aureus Vi1-2:
S.aureus 37%

NGS-3  Tissue Streptococcus Streptococcus pyogenes 27% 14929
pyogenes

NGS-33  Blood Sneathia Sneathia sanguinegens 60% 201717
sanguinegens

NGS-39  Tissue Staphylococcus Staphylococcus spp 72% (S. epidermidis 9% , S.aureus (1.5%)) 2609
aureus Vi-2:

S.aureus 63% (low counts 446)

NGS-40 lymph Streptococcus Streptococcus pyogenes 35% 1440
node pyogenes
NGS-46 Pleural Enterococcus spp Enterococcus spp 29% (E. moraviensis 1%) 1569
Fluid
NGS-7 Tissue Streptococcus Streptococcus dysgalactiae 30% 13866
dysgalactiae spp
equisimilis
NGS-9 Tissue Staphylococcus Staphylococcus spp 41% (S. epidermidis 4% ) 2107
aureus Vi1-2:

Staphylococcus aureus 33%

NGS-32  Swab Streptococcus Polymicrobial (Rothia mucilaginosa 10%, Velionella dispar 12%, Prevotella 11% (P. histicola 5%, P.salivae 2038
sanguis 3%, others <1%) Streptococcus 35%, (S. australis 11%, S. infantis 3%, S thermophilus1%), Actinobacillus
parahemolyticus 2%)
NGS-36 BAL Streptococcus Polymicrobial (Rothia mucilaginosa 28%, Streptococcus 46% (S. australis 6%, S. infantis 8%), Velionella 4870
mitis <1%)
Vi-2:
(Streptococcus pneumonia 2% and Pseudomonas aeruginosa 3% in low counts 1059)
NGS-53  Swab Haemophilus Haemophilus 35% (H. influenzae 20%), Peptostreptococcus anaerobius 2% 1737
influenzae
NGS-11 Fluid Porphyromonas Polymicrobial (Porphyromonas endodontalis 25%), Bacteroides fragilis 5%) 10198
pp
NGS-12 Pus Enterobacteriaceae  Polymicrobial (Enterobacter 3%, Klebsiella 2% , Enterococcus 3% ) 20144
NGS-25 Bronchial  Pseudomonas spp ~ Polymicrobial (Prevotella 15% (P. histicolal1%, P.melaninogenica3%, P.veroralis <1%), Velionella dispar 54561
wash 7%, Pseudomonas spp 16%, Streptococcus spp 23 (S.infantis 1%anginosus, australis, thermophilus <1%)
(V4)
V1-2:
Streptococcus 7% S. salivarius, S.mitis
NGS-44 Abscess Enterobacteriaceae ~ Salmonella 5%, Escherichia 2% 699
NGS-49 Tissue Proteus spp Polymicrobial (Peptoniphilus 23%, Finegoldia magna 1%) 889
V1-2:
Proteus mirabilis 40%, Enterococcus faecalis 4%, Morganella morganii 17%
NGS-50 Tissue Finegoldia spp Polymicrobial (Peptoniphilus 9%, Finegoldia magna 23%, Prevotella timonensis 10%, Anaeroccocus 1614
murdochii 5%)
NGS-51 Swab Capnocytophaga Polymicrobial (Granulicatella adiacens 1%, Capnocytophaga leadbetteri 8% , Fusobacterium 7495
spp periodonticum< 1%, Rothia mucilaginosa 4%, Neisseria cinereal5%, Haemophilus parainfluenzae 8%,
Prevotella nanceiensis 3%, Streptococcus australis , Streptococcus infantis , Veillonella)
NGS-6 Pus Morganella spp Polymicrobial (Pseudomonas spp 39% (Pseudomonas aeruginosa 16%) 4772
Vi1-2:

Morganella morgani 25%
NGS-8 Pus Prevotella spp Polymicrobial (Prevotella melaninogenica 19%, Finegoldia magna 10%, Vellionella spp 10%, Gemella spp 4%) 18344
Concordant, negative (N=8)

NGS-18 Tissue Negative Negative 551
NGS-21 Synovial Negative Negative 46968
Fluid
NGS-22 Synovial Negative Negative 29735
Fluid
NGS-24 Tissue Negative Negative 0
biopsy,
abscess
NGS-29  CSF, Negative Negative 428
surgical
site
NGS-35  CSF Negative Negative 494
NGS-43  Fluid Negative Negative 900
NGS-52  CSF Negative Negative 1211

Discordant, Sanger-negative, N=11

NGS-13 Tissue Negative Polymicrobial (Streptococcus 20% S. infantis 1%, S. australis 1%, Granulicatella elegans 2%, Gemella spp 7668
4%, Haemophilus parainfluenza 3%, Neisseria 1%, Rothia mucilaginosa 2%, Prevotella melaninogenica
6%)
Vi-2:
Helicobacter pylori 19%
NGS-16 Synovial Negative Polymicrobial (Porphyromonas uenonis 3%, Prevotella oris 6%, Prevoltella oralis 2%, Parvimonas micra 9467
fluid 5%, Eubacterium infirmum 3%, Fusobacterium 5%)
NGS-17 Pleural Negative Polymicrobial (Prevotella oris 1%, Parvimonas micra 1%, Fusobacterium 3%) 2253
fluid
NGS-19  Tissue Negative Polymicrobial (Porphyromonas uenonis 1%, Parvimonas micra 2%, Fusobacterium 2%, Prevotella 2% oris 4612
and oralis)
NGS-23  Abscess Negative Staphylococcus 20% (S.aureus <1%, S. epidermidis 4%) 32376
Vi-2:
Staphylococcus aureus 20%
NGS-26 CSF Negative Polymicrobial (Staphylococcus 21% ( S. epidermidis 2%), Micrococcus 2%, Paenibacillus 5%, Legionella 3753
pneumophila 1.6%)
Vi-2:
Legionella pneumophila 22%
NGS-27  Tissue- Negative Staphylococcus 22% ( S. epidermidis 2%) 3482
brain
NGS-28 Tissue Negative Polymicrobial (Corynebacterium spp 10%, Dermatobacter hominis 2%, Anaerococcus murdochii 2%, 8514
Peptoniphilus 9%, Clostridium ramosum <1%)
NGS-30  Tissue Negative Polymicrobial (Corynebacterium kroppenstedtii <1%, Enterobacteriaceae 5% (Enterobacter cloacae <1%)) 5123
biopsy
NGS-4 ‘Wound Negative Polymicrobial (Prevotella oralis 1%, Prevotella oris 3%. Parvimonas micra 3%, Fusobacterium 9% (F. 8376
swab nucleatum <1%), Pseudomonas 2% (P.auruginosa <1%, P.hibiscicola <1%)
NGS-55  BAL Negative Streptococcus 40% (S. infantis 5%) 1175

V1-2 (very low counts 191):
Haemophilus parainfluenza

Discordant, Sanger-positive, N=1

NGS-42  Surgical  Propionibacterium Negative 504
wound/ spp
abscess

Sanger positive but unidentified (N=11)

NGS-31 Pus Positive, Negative 817
unidentified
NGS-38 BAL Positive, Negative 458
unidentified
NGS-45 BAL Positive, Negative 551
unidentified
NGS-10 Tissue Positive, Polymicrobial (Finegoldia magna 18%, Enterococcus 11%, Bacteroides 21% ( B. ovatus 7, uniformis 5%), 11542
unidentified Parabacteroides 8% ( P. diastasonis4%), Corynebacterium 1% (C. jeikeium & tuberculostearicum <1%)
NGS-34  Synovial  Positive, Polymicrobial (V4 negative-only contaminants. 12452
fluid/ unidentified V1-2 (3890):
bone/ E.coli 1%, Brebundimonas nasdae 2%, Microbacterium chocolatum 2%, Acinetobacter hemolyticus 1%)
tissue
NGS-37 Urethral Positive, Polymicrobial (Ureaplasma 27%, Corynebacterium tuberculostearicum 6%, Haemophilus Aegyptus 3%, 7502
secretion  unidentified Haemophilus influenza 3% , Staphylococcus 3%, Streptococcus 18% (S. infantis 3%))
Vi1-2:
Ureaplasma urealyticum 30%
NGS-41 BAL Positive, Pseudomonas 42% (P. auruginosa 14%), Streptococcus 44% (S. infantis 4%) 3731
unidentified
NGS-47 BAL Positive, Prevotella 33% (P.nanceiensis 16%) 1296
unidentified
NGS-48 Tissue Positive, Polymicrobial (Corynebacterium 7%, Campylobacter ureolyticus 7%, Anaerococcus vaginalis 6%, 8234
unidentified Finegoldia magna 10%, Peptoniphilus2%, Peptoniphilus 2%, Prevotella corporis7%, Streptococcus infantis
<1% , Haemophilus 5% (H. aegyptius 3%, H. influenza 2%)
V1-2 (2121):
Moraxella catarrhalis 6%
NGS-5 Tissue Positive, Polymicrobial (Pseudomonas spp 31% (P. aeruginosa 13%) Enterobacteriaceae 10% (Salmonella enterica 2756
unidentified 2.5%))
NGS-54 BAL Positive, Streptococcus 38% (S. infanti 5%) 1318

unidentified

Each specimen sent to the Clinical Microbiology Laboratory at Rambam for Sanger sequencing, was later sequenced with lon torrent S5 for the amplification of the V4 hypervariable region
of 16s ribosomal gene. Unless noted in the NGS results column, all sequences were found with the primer set V4. Whenever the addition of the variable region V1-2 gave further
characterization, it was noted in this table. In the last column , the number of mapped reads with V4. In the NGS results column, the percentage of those reads attributed to each organism.
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Commercial group (n = 150) In-house group (n = 156) p-value

mNGS turnaround time (days) 3.05 + 0.68 1.87 £0.73 <0.001
Time from mNGS to discharge (days) 10(3-18) 6(2-12) 0.001
Simple pulmonary infection group 3(1-10) 1(1-4) 0.151
Chronic airway infection group 10(3-13.5) 4(1-6.5) 0.006
Immunocompromised group 10(7-17.8) 10.5(4-13.5) 0.823
Others 12(5-21) 6.5(3-14) 0.005
Mortality, n (%) 33(21.2) 31(20.7) 0.917

‘The bold values indicate statistical significance (p < 0.05).
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Commercial group (n = 150) In-house group (n = 156) p-value

Age (years) 62.1 153 60.6 + 14.5 0.393
Male gender, n (%) 102 (68.0) 102 (65.4) 0.628
Smoking history 44 (29.3) 38 (24.4) 0.326
Comorbidity, n (%)
Hypertension 53 (35.3) 44 (28.2) 0.180
Diabetes mellitus 33 (22.0) 44 (28.2) 0.211
Respiratory diseases 19 (12.7) 26 (16.7) 0.323
Cardiovascular diseases 48 (32.0) 35 (22.4) 0.060
Digestive system diseases 20 (13.3) 18 (11.5) 0.634
Renal disease 5(3.3) 13 (8.3) 0.063
Autoimmune diseases 2(1.3) 6(3.8) 0.283
Hematological diseases 7 (4.7) 6(3.8) 0.722
Malignant tumor 27 (18.0) 29 (18.6) 0.894
Laboratory findings
WBC (10°/L) 9.0 (6.0-13.8) 8.0 (6.0-11.0) 0.092
NEU% 82.5 (74-90) 80 (70-89) 0.077
Hb (g/L) 118 (99.5-133.5) 117 (101.8-131) 0.830
PLT (10°/L) 213 (146.3-277.5) 222 (156-305.3) 0.135

WBC, white blood count; NEU, neutrophil; Hb, hemoglobin; PLT, platelet.
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Sample type
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Plasma®

Genus

Leptospira
Leptospira
Mycobacterium

Leptospira

Species

Leptospira interrogans
Leptospira interrogans
MTBC®

Leptospira interrogans

Number of reads

[N

RPM‘

03
0.74
0.26
0.06

Relative abundance (%)

0.07
0.06
<0.01
4.65

"CSF, cerebrospinal fluid. "MTBC, Mycobacterium tuberculosis complex (the mNGS pipeline reports the species group (i.e. MTBC) rather than the detailed species due to their high

homology). “Cell-free DNA was used for metagenomic next-generation sequencing. “RPM, reads per million mapped reads.
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Total=133

67(50.4%) No changes, empirical treatment continued
45(33.8%) Appropriate and targeted treatment
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Hospitalized WBC* HB® ALB® PLT® CRP* PCT" PT” TBiL" Cr* LDH" CK"

date (x10°/L)  (g/L) (g/L) (x10°L) (mg/L) (ug/L) (s) (umol/L) (umol/L) (U/L) (U/L)
Day 1 (17 November 11.43 88 266 86 165.5 89.87 148 221 464 352 464
2021)"

Day 2 8.0 77 207 71 154.1 85.64 14.1 9.2 574 356 424
Day 3¢ 9.9, 99 26 96 161.1 29.06 149 10.6 342 557 212
Day 4 14.7 99 27.7 134 130.9 136 13.6 18.2 176 704 245
Day 6 6.9 72 213 154 432 381 134 8.0 398 612 458
Day 9 6.2 66 24.1 231 10.8 119 124 7.9 185 493 138
Day 11 6.6 65 248 247 6.8 0.69 122 7.8 151 454 77
Day 14 6.4 67 26.5 235 23 0.45 11.3 6.4 106 286 78
Day 21 4.1 70 28.5 119 12.7 - - 53 91 - -

"WBC, white blood cells; HB, hemoglobin; ALB, albumin; PLT, platelets; CRP, C-reactive protein; PCT, procalcitonin; P'T, prothrombin time; TBil, total bilirubin; Cr, creatinine; LDH, lactic
dehydrogenase; CK, creatine kinase. "The day of admission was defined as day 1. “The day performing Xpert MTB RIF (positive). “The day obtaining the mNGS result of CSE, urine, and
plasma (the mNGS result of sputum was obtained on day 8).
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