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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.
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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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