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Editorial on the Research Topic 


Interactions between pathogens and host immune system in patients with immunodeficiency: estimation from high-throughput sequencing


In recent years, meta-genomics sequencing (mNGS) has enabled the unbiased simultaneous detection of thousands of pathogens without a priori knowledge of a hypothesis to diagnose potential pathogens. This technology has been widely applied for clinical purposes and is particularly effective in detecting pathogens in critical infectious cases, making it a powerful tool for complex contagious diseases. In the past, discovering new pathogens usually took months to years, such as HIV from 1979 to 1986 and the SARS virus in 2003 (Peiris et al., 2004). However, with mNGS technology, the discovery process can now be completed in just a few days, as demonstrated by SARS-CoV-2 in 2019 (Lu et al., 2020), which benefited from large-scale mNGS applications. Moreover, new disease-causing pathogens have been discovered, such as Pseudorabies Virus (Ai et al., 2018) and the arenaviruses (Li et al., 2015). These viruses were known to infect a broad range of species across the globe and were previously thought to be non-pathogenic to humans.

Immunodeficient populations are susceptible to opportunistic pathogens that can cause severe disease, even though they may be harmless to immunocompetent individuals. The application of mNGS for diagnosing pathogens in clinical samples has been ongoing for years, starting with the case report of infectious Leptospira santarosai in 2014 (Wilson et al., 2014). Patients with immunodeficiency pose significant challenges for infectious disease diagnosis since pathogen detection is a prerequisite for precision therapy. Therefore, this Research Topic focuses on (i) performing simultaneous pathogen detection and immune evaluation on clinical samples, (ii) exploring differences in response to different pathogens in distinct immunodeficiency types, and (iii) providing guidance for clinical targeting of drugs and precision therapy strategies. Immunodeficiency can arise from various factors such as genetics, transplantation, and HIV/AIDS. Infectious diseases require complex immune responses, which may lead to opportunistic infections with different symptoms in immunodeficient individuals. The 13 studies included in this Research Topic can be categorized into five groups: 1) Rare pathogen infection; 2) transplantation patients; 3) genetic susceptibility; 4) fungal infection, and 5) other opportunistic infections (as shown in Figure 1A).




Figure 1 | Graphical summary of the Research Topic. (A) the classification and number of the papers; (B) the hot keywords of the research. (C) A general pipeline of mNGS application for clinical pathogen detection.



In the category of rare pathogen infections, Zhou et al. reported the first instance of direct detection through mNGS of Treponema pallidum in patients with ocular involvement and typical MRI results. They suggest using mNGS as a potential supplementary tool for the diagnosis and differential diagnosis of neurosyphilis.

Transplant patients are at high risk of infection with long-term use of immunosuppressive drugs. This Research Topic includes studies on organ transplantation Liver transplantation (Huang et al.) and stem cell transplantation (Zhang et al.) patients. For the liver transplantation patient’s infection research, the author demonstrated that mNGS was superior (pathogen-positive rate: 64.3%) over traditional laboratory methods (pathogen-positive rate: 28.6%) for early identification and assisted in clinical decision-making for donor-derived infections. In addition, mNGS is a powerful technology to help the diagnosis of fever after stem cell transplantation, with the sensitivity of mNGS versus conventional microbiological at 91.2% vs. 41.2%, respectively, in peripheral blood samples.

Three studies observed individuals with autoimmune and genetically-related diseases to be susceptible to infections. One of the research papers identified the microbial agent responsible for causing pneumonia in patients with myasthenia gravis, an autoimmune neuromuscular disorder that affects neuromuscular junctions and leads to fluctuations in muscle weakness. Early infection discovery can lead to accurate antibiotic options and interventions when risk factors are present (Su et al.). Another study focused on the role of rheumatic diseases in complex infections, with the lungs being a common target for autoimmune-mediated injury. Metagenomic next-generation sequencing was a powerful complement to conventional methods in identifying pathogens in patients with rheumatic diseases (Jiang et al.). Finally, a study focused on the influence of rare genetic defects arising from inborn errors of immunity on COVID-19 severity. The study found that, in severe COVID-19-related patients, mutations were enriched in pathways related to tuberculosis, primary immunodeficiency, influenza, and HC-pLoF. This discovery identified candidate genes and pathways that can potentially be used as COVID-19 diagnostic markers to help distinguish patients at higher risk (Liu et al.).

Fungal infections are typically not found in individuals with standard immune systems but are more likely to occur in older individuals with compromised immune systems. One of the challenges in diagnosing fungal infections is the significant variation in fungi and their appearance in different samples. In this regard, mNGS-specific indicators can accurately and rapidly identify pathogens in patients with invasive fungal infections (IFIs) more effectively than conventional microbiological tests (CMTs), which has important clinical implications (Wang et al.). Other authors have shown that mNGS is a valuable and effective method for diagnosing pulmonary aspergillosis through bronchoalveolar lavage fluid (BALF) and blood samples (Bao et al.) but not for detecting Cryptococcus. For immunocompromised patients, these authors recommend using BALF detection when compared to tissue and cerebrospinal fluid (CSF) methods (Su et al.). Additionally, positive mNGS results for diagnosing cryptococcosis were found to be correlated with lower lymphocyte counts, higher IL-2, and higher serum antigen assays in immunocompromised patients.

Opportunistic pathogens can become pathogenic when the immune system weakens, or due to inborn errors of immunity, although they may be harmless to healthy individuals. For people living with HIV (PLHIV), Talaromyces marneffei can cause talaromycosis, and due to weak immunity, lead to significant morbidity and mortality if not diagnosed promptly. mNGS has been shown to be a powerful technique with high specificity and sensitivity for the rapid diagnosis of talaromycosis (Mao et al.). BALF samples analyzed by mNGS are a good option for early identification of T. marneffei in PLHIV with excellent performance in identifying mixed infections, enabling timely treatment, and potential mortality reduction. However, T. marneffei infection was first reported in patients with inborn errors of immunity with IL12RB1 gene mutation (Liu et al.), even in children who were not infected with HIV, which shows that susceptibility to T. marneffei appears to be related to genetics. Tropheryma whipplei is another opportunistic pathogenic bacterium associated with Whipple’s disease (WD). Using mNGS in a previous study (Lin et al.), the overall prevalence of T. whipplei was found to be 4.0 (70/1725). According to this largest T. whipplei cohort research, T. whipplei should be considered a potential contributing factor in some lung diseases, even in immunocompetent patients. Besides its high performance in pathogen identification, mNGS technology can also obtain genome information of the pathogen, enabling the analysis of mutations related to the severity of the disease. In this topic, two genomes of Tropheryma whipplei were assembled and characterized after mNGS pathogen identification (Lv et al.).

Regarding these 13 studies, all relevant keywords were analyzed in Figure 1B. It was found that the primary sample type used was BALF, and the diagnosis results in terms of sensitivity, specificity, and significance were the primary points of comparison between mNGS and culture or other traditional methods.

Although mNGS can detect a wide range of pathogens, clinical diagnosis requires additional individual information to make a final decision. Therefore, the entire pipeline for mNGS pathogen diagnosis should follow four steps, as shown in Figure 1C. Step 1 involves the pathogen scan, which includes sample sequencing and data analysis. Step 2 consists of the classification of microorganisms to identify candidate pathogens. Step 3 involves the estimation of individual immunity to assess the patient’s susceptibility to specific pathogens. Step 4 involves clinical assessment. A final diagnosis report is then generated based on the results of these four steps.

Despite this, generating a final diagnosis remains a challenging task due to the complexity of the interaction between pathogens and the human immune system. Therefore, further studies should address clinical issues such as pathogen colonization and infection. Additionally, in the future, using artificial intelligence methods to generate clinical pathogen reports automatically could promote more effectively the widespread application of mNGS.
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Host genetic factors have been shown to play an important role in SARS-CoV-2 infection and the course of Covid-19 disease. The genetic contributions of common variants influencing Covid-19 susceptibility and severity have been extensively studied in diverse populations. However, the studies of rare genetic defects arising from inborn errors of immunity (IEI) are relatively few, especially in the Chinese population. To fill this gap, we used a deeply sequenced dataset of nearly 500 patients, all of Chinese descent, to investigate putative functional rare variants. Specifically, we annotated rare variants in our call set and selected likely deleterious missense (LDM) and high-confidence predicted loss-of-function (HC-pLoF) variants. Further, we analyzed LDM and HC-pLoF variants between non-severe and severe Covid-19 patients by (a) performing gene- and pathway-level association analyses, (b) testing the number of mutations in previously reported genes mapped from LDM and HC-pLoF variants, and (c) uncovering candidate genes via protein-protein interaction (PPI) network analysis of Covid-19-related genes and genes defined from LDM and HC-pLoF variants. From our analyses, we found that (a) pathways Tuberculosis (hsa:05152), Primary Immunodeficiency (hsa:05340), and Influenza A (hsa:05164) showed significant enrichment in severe patients compared to the non-severe ones, (b) HC-pLoF mutations were enriched in Covid-19-related genes in severe patients, and (c) several candidate genes, such as IL12RB1, TBK1, TLR3, and IFNGR2, are uncovered by PPI network analysis and worth further investigation. These regions generally play an essential role in regulating antiviral innate immunity responses to foreign pathogens and in responding to many inflammatory diseases. We believe that our identified candidate genes/pathways can be potentially used as Covid-19 diagnostic markers and help distinguish patients at higher risk.
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Introduction

Since December 2019, the coronavirus diseases 2019 (Covid-19) (Gorbalenya et al., 2020) caused by the SARS-CoV-2 virus (Severe Acute Respiratory Syndrome Coronavirus 2) (Zhu et al., 2020) has spread rapidly across the world. By January 2022, the ongoing SARS-CoV-2 pandemic has caused more than 360 million confirmed cases and more than 5 million deaths. Host genetic factors have been shown to play critical roles in the disease susceptibility and severity (Ellinghaus et al., 2020; COVID-19 Host Genetics Initiative, 2021; Pairo-Castineira et al., 2021; Shelton et al., 2021; Kousathanas et al., 2022). The Covid-19 Host Genetics Initiative (Covid-19 HGI, https://www.covid19hg.org/) is an international initiative to share the results of host genome-wide associations study (GWAS) meta-analysis of Covid-19 disease. The most recent Covid-19 HGI release 6 has reported 24 lead SNPs (P < 5e-8) mapped to nearly 136 genes, such as LZTFL1, ABO, OAS1, DPP9, and IFNAR2 (COVID-19 Host Genetics Initiative, 2021). The estimated heritability of Covid-19 symptoms explained by these common variants was 6.5% (Pairo-Castineira et al., 2021). A twin study with participants from the TwinsUK cohort reported that 31% of phenotypic variance of predicted Covid-19 is due to host genetic factors (Williams et al., 2020). This leads to a large proportion of unexplained heritability (nearly 25%), commonly referred to as “missing heritability”. There is increasing evidence that rare variants also make a major contribution to missing heritability of many complex diseases and traits (Hunt et al., 2013; Zuk et al., 2014; Misawa et al., 2020).

Recently, the rare variants attracted researchers’ attention in explaining the missing heritability of Covid-19 disease. For example, Zhang et al. found that the rare predicted loss-of-function (pLoF) variants in the IRF7- and TLR3-dependent type I interferon (IFN) pathway were enriched in patients who developed risky Covid-19 (Zhang Q. et al., 2020). Smieszek et al. reported that pLoF variant in gene IFNAR2 (c.966C>A/p.Y322X) might play a role not only in clinical manifestation of Covid-19 but also in the response to vaccination (Smieszek et al., 2021). In addition, multiple studies found that the pLoF variants in TLR7 gene enriched in severely affected male patients, and the deficiency of TLR7 would impair innate immunity and increase severity of COVID-19 (van der Made et al., 2020; Asano et al., 2021; Fallerini et al., 2021; Mantovani et al., 2021). As previously reported, the rare variants were more likely to be functional and tended to have stronger effects on complex diseases (Gorlov et al., 2011). The study of genetic effects of rare variants is necessary to elucidate the severity of Covid-19.

To explore the genetic contributions of rare variants in Covid-19 patients with inborn errors of immunity (IEI) genes, we recruited and investigated nearly 500 hospitalized patients from Union Hospital of Tongji Medical College of Huazhong University of Science and Technology (abbr. Union Hospital) (Zhu et al., 2021). Based on patients’ genomic data and clinical information, we carried out three major analyses to investigate the effects of putative functional rare variants (LDM and HC-pLoF): (a) gene- and pathway-level tests of these rare variants between severe and non-severe patients; (b) examination of the significance of previously reported rare variants and genes in our dataset; and c) rare mutation accumulation analysis and PPI network analysis in only severe patients. From these analyses, we (a) identified candidate functional pathways that are responsible for innate immune disorders and respiratory diseases, such as Tuberculosis (hsa:05152), Primary Immunodeficiency (hsa:05340), and Influenza A (hsa:05164); (b) successfully replicated two Covid-19 associated SNPs (rs780744847 and rs541048548) mapped on genes TLR3 and ICAM3, respectively; and (c) suggested several candidate genes, including IL12RB1, TBK1, TLR3, and IFNGR2, which might be involved in SARS-CoV-2 cell entry, host immune responses, and Covid-19 disease severity.

Until now, literature based on the Chinese population has replicated and discovered some Covid-19-associated common variants (Wang et al., 2020; Wu et al., 2021a; Wu et al., 2021b; Zhu et al., 2021), but genetic background of rare variants is currently insufficiently understood in the Chinese population. Our work is an effort to fill this gap. We hope that it will serve as a useful scientific reference to assess the genetic mechanism of rare variants in Covid-19 and advance our understanding of disease etiology.



Materials and Methods


Patient Recruitment and Quality Control

All subjects in this study were collected from the Union Hospital. We used PLINK 2.0 (Chang et al., 2015) to infer sex of individuals from SNP genotypes and VerifyBamID (Zhang F. et al., 2020) to assess DNA contamination level. Individuals were excluded if their inferred sex was inconsistent with that of clinically recorded. We also removed individuals with estimated contamination rates greater than 0.05. After sample quality control, there were 451 unrelated individuals with 159 mild and moderate patients, and 292 severe and critical patients. The severity classification criteria were made by the National Health Commission of P.R. China (Wu and McGoogan, 2020). We reclassified the mild/moderate patients as non-severe patients and the severe/critical patients as severe patients.



Whole Genome Sequencing

Cell-free DNA (cf-DNA) was extracted from 200 ul plasma using MagPure Circulating DNA Kit following the manufacturer’s instructions. The 40 ul cf-DNA was extracted from each sample and used to create a library using MGIEasy Cell-free DNA Library Prep Kit according to the library preparation pipeline. Sequencing was conducted by the DNBSEQ platform (MGI, Shenzhen, China) to generate 100 bp paired-end reads. The mean sequencing depth was 17.8× for all samples.



Genotype Calling

The blood samples of some patients were collected at different time points during hospitalization. To increase the average depth of study, sequence fastq files of each patient were merged together to generate one GVCF file by BWA (Li and Durbin, 2009) and Sentieon Genomics software (Freed et al., 2017). Joint variant calling was then performed on GVCF files of all participants using the Sentieon GVCFtyper algorithm. The resulting VCF file was used for subsequent genomic analyses.

After the application of excessHet (<54.69) filter, Variant Quality Score Recalibration (VQSR) was completed by using the Genome Analysis Toolkit (GATK version 4.1.2) (DePristo et al., 2011). Known variant files were downloaded from the GATK bundle. For SNP sets, we used SNPs of HapMap, 1000G_omin and 1000G_phase1 database as training sets, the SNPs of HapMap as true sets, and the SNPs of dbSNP as known sets. For indel sets, we used indel of Mills_and_1000G_gold_standard database as training and true sets. We used the annotations “DP”, “QD”, “MQRankSum”, “ReadPosRankSum”, “FS”, and “SOR” to train VQSR. Finally, we used a sensitivity threshold of 99.7% and 99% for the SNPs and INDELs, respectively, to define genotyped sites that passed VQSR filtration.

To improve the genotyping accuracy, we used the Beagle 4.0 software (Browning and Browning, 2016) to perform LD-based genotype refinement and imputation by taking genotype likelihoods as inputs. Low-quality variants with dosage imputation score DR2 < 0.3 were filtered out.



Principal Component Analysis

Principal component analysis (PCA) (Pearson, 1901) was performed using a subset of autosomal bi-allelic SNPs by applying PLINK 2.0 (Chang et al., 2015). Several restrictions were applied to select SNPs for PCA analysis, including keeping SNPs with minor allele frequency (MAF) ≥ 5%, Hardy–Weinberg Equilibrium P ≥ 1e-6, and removing one of a pair of SNPs if the LD was greater than 0.5 (in a window of 50 SNPs with a step of 5 SNPs). To select an adequate number of significant PCs in the association analysis, we performed hypothesis testing for each eigenvalue by using software Eigenstrat (Price et al., 2006).



Functional Annotation

We annotated rare variants (MAF < 0.5%) in our final call set by using the Ensembl Variant Effect Predictor (VEP, build 103, GRCh38) (McLaren et al., 2016) with default parameters. The databases for annotation included dbSNP (Sherry et al., 2001), gnomAD (Karczewski et al., 2020), and 1000 Genomes Project (Clarke et al., 2012). In addition, we used Combined Annotation Dependent Depletion (CADD) score to predict missense variants that had potential effects on protein function. The CADD score was annotated by CADD plug-in (Kircher et al., 2014). Missense variants with CADD score > MSC (Mutation Significance Cut-off) score (95% confidence interval) (Itan et al., 2016) were predicted as likely deleterious missense (LDM) variants. We also used LOFTEE (Karczewski et al., 2020) plug-in to identify high-confidence pLoF (HC-pLoF) for stop-gained, frameshift, and splice site disrupting variants. Finally, we focused on the LDM and HC-pLoF variants in the subsequent analyses.



Rare Variants Analyses

To investigate the cumulative effects of multiple rare variants, we performed gene-based association analysis using KGGSeq 1.0 (Li et al., 2017) with the sequence kernel association test (SKAT) (Wu et al., 2010), the Optimized SKAT (SKAT-O) (Lee et al., 2012), and Burden test. We used the binary collapsing method (burden test) implemented in KGGseq. We further carried out pathway-based analysis by testing the Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets (Kanehisa and Goto, 2000). The adjusted covariates included age, sex, and the top six principal components. We defined the suggestive significance threshold for gene-based association test as 1e–6 and for pathway-based association test as 0.05.

We also focused on 24 type I IFN genes (denoted as IFN-genes) that were found as an enrichment in a life-threatening Covid-19 study (Zhang Q. et al., 2020; Kosmicki et al., 2021) and 136 genes located in 50 kb of lead SNPs reported by the Covid-19 Host Genetics Initiative (release 6, denoted as HGI-genes) (COVID-19 Host Genetics Initiative, 2021) (Supplementary Table S1).The mutation accuracy of variants in these 159 known candidate genes (one overlap between 24 IFN-genes and 136 HGI-genes) was manually checked by using Samtools 1.10 (Danecek et al., 2021).

Finally, we performed an analysis of rare variant accumulation in genes identified by two approaches. The first approach detected genes if one variant met the following two conditions: (a) the mutations occurred in only severe patients, and (b) the variant harbored no less than three effect allele counts. We denoted these genes as “individual variant-driven” genes. The second approach determined genes if (a) all mutations in the gene occurred in only severe patients, and (b) the total number of mutations in the gene is at least three. We denoted these genes as “all variant-driven” genes. We note that genes identified by the two methods may have some overlap. Each of the two gene sets was then used for PPI network analysis with the above 159 known candidate genes. We used the STRING version 10.5 (Search Tool for the Retrieval of Interacting Genes/Proteins) (Szklarczyk et al., 2019) to build the PPI network. The minimum required interaction score to the highest confidence was set to 0.900.




Results


Participant Characteristics

In this study, participants included 451 Covid-19 patients aged 23 to 97 years old and all declared Han Chinese population. In Table 1, we provide participant characteristics for non-severe and severe patients, respectively. A total of 159 (35.25%) and 292 (64.75%) patients were grouped as non-severe and severe, respectively. The same as previously reported (Cummings et al., 2020; Yang et al., 2020), patients with older age (severe: an average of 64 years old vs. non-severe: an average of 58 years old, t-test p = 4.6e-05) and men (severe 52.74% vs. non-severe 42.14%, Fisher’s exact test p = 0.04) were at a higher risk of developing severe symptoms.


Table 1 | Participant characteristics.





Data Quality

After quality control, the dataset consisted of 22,107,585 and 680,522 variants from autosomes and X chromosome, respectively (Figure 1). Then we compared chip array sequencing results with genotype after LD-based refinement by Beagle 4.0 on 218 individuals. The heterozygote concordance rate increased from an average of 94.4% to 97.4%, and the improvement is more dramatic for samples with lower sequencing depth (Figure 2A). After filtering in variants by imputation score DR2 > 0.3, the final dataset for further analyses had a total of 22,532,360 variants, and the PCA on 575,888 autosome SNPs detected no outlier samples (Figure 2B).




Figure 1 | The flow diagram of rare variants analysis. A total of 32,232,865 variants were identified from the 451 Covid-19 patients with whole genome sequencing. After filtering by VQSR and MAF, 13,934,341 rare variants were annotated by VEP, and 42,730 candidate variants were included.






Figure 2 | Quality estimate of the cohort. (A) Heterozygote concordance rate vs. sequencing depth for 218 array-genotyped individuals. The black point and red triangle represent one sample before and after refinement. (B) PCA of 159 non-severe and 292 severe Covid-19 patients. The red and blue represent the severe or non-severe patients.





Rare Variants Statistics

After filtering by MAF, we obtained a total of 13,934,341 rare variants for VEP annotation. Among the resulting annotations, there were 88,790 missense variants and 4881 pLoF variation (including stop-gained, frameshift, and splice site disrupting variants). Damaging effects of these missense and pLoF variants were then predicted by CADD and LOFTEE plug-in, respectively. About 43.41% missense variants were predicted as LDM variants (38,548) and 85.68% pLoF variants were predicted as HC-pLoF variants (4182). Thus, in total, 42,730 predicted likely damaging variants were applied for further analysis. For both LDM variants and HC-pLoF variants, we first tested the difference of their numbers between non-severe and severe patients and found no significant difference (Supplementary Table S2).



Gene- and Pathway-Level Analysis of Rare Variants

The gene-level analysis of rare variants was performed between severe and non-severe patients via KGGSeq. We performed the gene-based tests for genes mapped by all 42,730 rare variants, 38,548 LDM variants, and 4182 HC-pLoF variants, respectively. The gene-based analyses did not identify genes that passed the significance threshold of 1e-6 (Supplementary Figures S1A–C).

Furthermore, we leveraged the biological knowledge that sets of genes acting together in pathways. In total, we tested 307 KEGG pathways and detected Tuberculosis (hsa:05152, P-burden = 0.036) between severe and non-severe patients on LDM and HC-pLoF variants (Supplementary Table S3). Tuberculosis (TB) is an airborne infectious disease caused by Mycobacterium tuberculosis (Mtb). It first attacks the lungs, then other parts of the body through the circulatory system. This transmission characteristic is remarkably similar to that of Covid-19. As previously reported, Tuberculosis pathway was significant with acute respiratory distress syndrome and lung injury in mice and humans (Sweeney et al., 2017). The TB/Covid-19 Global Study Group observed a phenomenon that TB and SARS-CoV-2 might be co-infected, that is, TB was often diagnosed concurrently or after Covid-19 infection and the co-infection might account for increased case fatality rate (The TB/COVID-19 Global Study Group, 2021). Our finding brought up a possible explanation that patients with rare mutations enriched in Tuberculosis pathway were more likely to develop severe Covid-19 symptoms. More details about this candidate pathway, including the contributed genes, the corresponding gene-based results, and the number of carriers in cases and controls, were provided in Supplementary Table S4. When focusing on only pLOF variants enriched on KEGG, two significant pathways highlighted: Primary immunodeficiency (hsa:05340, P-burden = 0.014) and Influenza A (hsa:05164, P-burden = 0.021) (Supplementary Table S2). Primary immunodeficiencies (PID) are a group of potentially serious disorders that can cause increased susceptibility to severe infections, autoimmune diseases, and malignancy. Several studies revealed that patients with PID displayed higher morbidity and mortality from Covid-19 (Hunt et al., 2013; Zuk et al., 2014; Trinder et al., 2020; Kousathanas et al., 2022). Influenza is an infectious respiratory disease caused by influenza virus. Bibert et al. observed that gene pathways involved in the detection of Influenza A overlapped with those involved in the detection of SARS-CoV-2 virus (Bibert et al., 2021). In these two biological pathways, three functional genes, IKBKG, IRF7, and IFNAR1, were previously identified to have an effect on Covid-19 severity (Zhang Q. et al., 2020). More details about these two potentially functional pathways are provided in Supplementary Tables S5 and S6.



Tested on 159 Candidate Genes

In addition to uncovering unknown possibly associated genes or pathways, we also tested 159 previously reported candidate genes, with 24 in the IFN pathway (Zhang Q. et al., 2020; Kosmicki et al., 2021) and 136 located within 50 kb of significant common variants in the Covid-19 HGI (COVID-19 Host Genetics Initiative, 2021). Specifically, we focused on LDM and HC-pLOF variants to aggregate potential effects of rare variants. For missense variants in both IFN- and HGI-genes, we did not detect significant difference between severe and non-severe patients.

In the 24 IFN-genes, we found one HC-pLoF variant rs780744847 (c.1180C>T/p.R394*) on TLR3 mutated in only severe patients but no mutations in non-severe patients. It was reported that the TLR3 deficiency may lead to increased incidences of viral infections and impair the production of type I IFN throughout SARS-CoV-2 infection (Zhang Q. et al., 2020). Moreover, mutations of inborn errors of TLR3-dependent type I IFN immunity more often occurred in highly critical patients than in mild patients and healthy controls.

For the 136 HGI-genes, we found that the number of HC-pLoF mutations occurred in the severe group was more than that of the non-severe groups (16 in severe and 2 in non-severe patients, Fisher’s exact test p = 0.043) (Table 2). We also detected a HC-pLoF variant rs541048548 (c.1053del/p.A352fs) on ICAM3 only mutated in severe patients. The gene ICAM3 played an important role in the immunopathogenesis of SARS virus (Chan et al., 2007) and had been reported that its expression was downregulated in asymptomatic Covid-19 cases compared with symptomatic patients (Masood et al., 2021).


Table 2 | The pLoF variants identified in Covid-19 patients in 159 candidate genes.





Mutation Accumulation Analyses

In the mutation accumulation analysis, we first investigated whether there were potentially functional mutations unique to severe patients. We filtered in rare variants mutated in only severe patients and with minor allele count (MAC) greater than or equal to three. This resulted in 756 rare variants mapped to 700 genes. Among these variants, we observed a very rare mutation rs777044791 in gene CCR3 at locus 3p21.31 (Table 3). The physical distance between rs777044791 and rs11385942 is 0.43 MB (GRCh38), a distance typically flanked into the same genomic region (Casto and Feldman, 2011). The variant rs11385942 is a common variant located at locus 3p21.31 in European populations and was first identified to be associated with respiratory failure due to Covid-19 from GWAS analysis in Italian and Spanish populations (Ellinghaus et al., 2020). This finding was repeated in other studies based on European populations (COVID-19 Host Genetics Initiative, 2021; Pairo-Castineira et al., 2021; Shelton et al., 2021), verifying its effects on Covid-19 disease. In the Chinese population, common variant studies at this locus did not replicate significance (Wang et al., 2020; Wu et al., 2021b; Zhu et al., 2021), and no rare variant studies had been conducted. Our work raised a possibility that SNPs in locus 3p21.31 might also play an important role in Covid-19 severity in the Chinese population.


Table 3 | The comparison of allele frequency for two loci.



Then, we performed PPI network analysis for the 700 “individual variant-driven” genes with the 159 known genes (Figure 3A). From the results, we found two candidate genes IL12RB1 and TRAF3IP3 that had extensive interactions with IFN- and HGI-genes. Gene IL12RB1 (Interleukin 12 Receptor Subunit Beta 1) encodes a type I transmembrane protein that binds to interleukin-12 (IL12) and is involved in IL12 transduction. Mutations in IL12RB1 damage the development of IL17-producing T lymphocytes and increase the susceptibility to Salmonella and mycobacterial infections (van de Vosse et al., 2013). Our PPI network analysis indicated that IL12RB1 and TYK2 had experimentally determined interactions, which were compiled from a set of public databases and were more likely to be credible (Zhang et al., 2013). Gene TYK2 had been previously identified to be associated with Covid-19 critical illness (Pairo-Castineira et al., 2021), implying the potential effects of IL12RB1 to the aggravation of Covid-19. The gene TRAF3IP3 (TRAF3 Interacting Protein 3) encodes a protein that plays essential roles in both innate and adaptive immunity. Knockout mouse experiments of this gene observed a decrease in white blood cell count in males and an increased susceptibility to bacterial infection (Gardin and White, 2011). In our results, TRAF3IP3 was experimentally determined with protein TRAF3 encoded by gene TRAF3, which was included in a newly created pathway “Activation of NLRP3 inflammasome by SARS-CoV-2” (WP4876) (Siu et al., 2019). In response to viral infection, TRAF3IP3 bridges TRAF3 and MAVS leading to interferon production, indicating it’s probably strong relationship with Covid-19 disease.




Figure 3 | The results of protein-protein interaction network analysis. The plot of the PPI network (A) between the “individual variant-driven” genes with the candidate genes, and (B) between the “all variant-driven” genes with the candidate genes.



We also performed PPI network analysis for the 778 “all variant-driven” genes with the 159 known genes (Figure 3B), from which three genes, TBK1, TLR3, and IFNGR2 were highlighted. Specifically, TBK1 (TANK Binding Kinase 1) encodes a protein that plays important roles in antiviral innate immune response and in regulating inflammatory response to foreign agents (Fitzgerald et al., 2003; Mori et al., 2004). A previous study observed colocalization of TBK1 with the M protein of SARS-CoV-2, which might hinder the dsRNA-induced IFN production at the step or upstream of TBK1 (Zheng et al., 2020). The gene TLR3 (Toll Like Receptor 3) encodes a member of the TLR family that plays a primary role in recognition of pathogen and innate immunity activation. It recognizes dsRNA participated in multiple viral infections and induces type I IFNs production (Kawai and Akira, 2007). The gene IFNGR2 (Interferon Gamma Receptor 2) encodes the non-ligand-binding beta chain of the gamma interferon receptor. A recent study revealed a new set of genes that upregulated in severe Covid-19 patients compared to mild ones, probably triggered by IFNGR1 and IFNGR2 (Henriques-Pons et al., 2021).

In summary, our mutation accumulation analyses and PPI network analyses suggested that IL12RB1, TRAF3IP3, TBK1, and TLR3 and IFNGR2 are key regions in severe Covid-19 patients compared with non-severe, implying their functions and associations with Covid-19 severity.




Conclusion

In our study, we have uncovered several functional pathways associated with Covid-19 severity, for example, Tuberculosis (hsa:05152), Primary Immunodeficiency (hsa:05340), and Influenza A (hsa:05164). These pathways are all responsible for innate immune disorders and respiratory diseases, highlighting the importance of host innate immune system against Covid-19. Our mutation accumulation analysis and PPI network analysis suggested several novel candidate genes in the Chinese population, including IL12RB1, TBK1, TLR3, and IFNGR2. These genes are potentially involved in SARS-CoV-2 cell entry, host immune responses, and finally influencing Covid-19 severity.

On one hand, our work filled the gap of IEI analysis in Covid-19 patients in the Chinese population; on the other hand, we replicated several Covid-19-associated genes first identified from a European population and also discovered some candidate genes specific to the Chinese population.



Discussion

SARS-CoV-2 is a strain of coronavirus and is highly pathogenic and transmissible. After exposure to the virus, ordinary people may not develop noticeable symptoms or develop mild to moderate symptoms, while people with IEI tend to suffer severe and critical symptoms, or even death (Zhang S.-Y. et al., 2020). There is increasing evidence that the host genetic variants in genes related to immunodeficiency or inflammasomes might attribute to Covid-19 clinical manifestations (Elhabyan et al., 2020). Many clinical drug treatments for Covid-19 were cultivated from this finding, including type I IFNs (e.g., IFN-α1b), TNF inhibitors, anti-IFN-γ antibodies, JAK1 inhibitors, and STAT1 inhibitors (Ku et al., 2021).

In this work, we carried out the first study of rare variants in IEI genes associated with Covid-19 severity in the Chinese population. The identified functional candidate pathways Tuberculosis, Primary Immunodeficiency, and Influenza A were previously known to be part of antiviral immune responses and viral eradication, and we discovered their potential influences in Covid-19. We also suggested several putative genetic regions probably involved in susceptibility and severity of Covid-19, including genes IL12RB1, TRAF3IP3, TBK1, TLR3, and IFNGR2. Our work highlighted the importance of rare IEI in Covid-19 patients and people with IEI defects are more likely to be infected with SARS-CoV-2 and to develop severe symptoms. Thus, we appeal more studies on IEI in both the Chinese population and other populations to pinpoint causal genes of Covid-19 severity and finally help identify those patients at higher risk.

Despite the many compelling and significant findings of our work, there are still a few limitations to be noted. First, the sample size we used is relatively small, and the limited sample size limits the statistical power for identifying rare variants. More studies with large sample sizes are demanded to validate our results and uncover more candidate variants. Second, our work has suggested several candidate genes and pathways potentially related to Covid-19 severity, yet unfortunately, due to resources limitations, we are unable to perform web-lab experiments and verify gene functions at this stage. More persuasive experimental designs are needed to investigate how these candidate genes/pathways affect disease progression.

Covid-19 is assessed as a complex infectious disease and affected many risk factors. Symptoms of Covid-19 are highly variable, ranging from unnoticeable to severe and even death. The host genetic background is only partly responsible for the phenotypic heterogeneity. In recent years, multi-omics studies have proven a powerful and successful strategy to provide a broader perspective in understanding disease development and biological phenomena. Several multi-omics analyses of Covid-19 have been proposed to integrate multiple “omes” data to unravel disease mechanisms at multiple omics levels (Su et al., 2020; Montaldo et al., 2021; Overmyer et al., 2021; Stephenson et al., 2021; Wu et al., 2021a). The integrative analyses of rare genome and other “omes” data (e.g., proteome, transcriptome, epigenome, metabolome, and microbiome) may inspire us to discover new risk factors for severe Covid-19 disease.
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Supplementary Figure 1 | Results of gene-based association tests of rare variants. (A). The QQ plots of gene-based association analyses between severe and non-severe patients for (A) 42,730 candidate rare variants; (B) 38,548 rare likely-deleterious missense variants, and (C) 4182 high-confidence pLoF variants. The color represents different association methods integrated in KGGseq, including SKAT test (in blue), SKAT-O (in red), and burden test (in orange).
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This retrospective study aimed to determine the characteristics of infection and diagnostic efficacy of next-generation sequencing (NGS) in patients with fever after allogeneic hematopoietic stem cell transplantation (allo-HSCT). A total of 71 patients with fever after HSCT were enrolled in this study. Compared with conventional microbiological test (CMT), we found that the sensitivity of NGS versus CMT in peripheral blood samples was 91.2% vs. 41.2%, and that NGS required significantly less time to identify the pathogens in both monomicrobial infections (P=0.0185) and polymicrobial infections (P= 0.0027). The diagnostic performance of NGS was not affected by immunosuppressant use. Viruses are the most common pathogens associated with infections. These results indicated that the sensitivity, timeliness, and clinical significance of NGS are superior for the detection of infections. Although NGS has the advantage of identifying a wide range of potential pathogens, the positive rate is related closely to the sample type. Therefore, we recommend that, in the clinical application of NGS to detect pathogens in patients after allo-HSCT, an appropriate sample type and time should be selected and submitted to improve the positive rate and accuracy of NGS. NGS holds promise as a powerful technology for the diagnosis of fever after HSCT.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is a curative option for a wide range of disorders such as hematological malignancies and some nonmalignant diseases (Blazar et al., 2020). Infections are one of the most frequent and important causes of mortality and morbidity after allo-HSCT (Styczyński et al., 2020). Allo-HSCT is a complicated and multifactorial process, in which the standard risks are associated mainly with neutropenia, mucositis, and catheter use. In addition, myeloablative conditioning regimens, reconstitution of the immune system, use of immunosuppressive drugs, and graft-versus-host disease (GVHD) are independent risk factors for infections (Kao and Holtan, 2019). Infectious pathogens have also varied among the studies that have used different testing methods. Conventional microbiological tests remain the main methods used to identify pathogens in the clinic, such as smear microscopic examination and culture; however, these are relatively insensitive and are used mainly to detect bacteria, fungi, and parasites (Goldberg et al., 2015; Grumaz et al., 2016; Gu et al., 2019). Recently, nucleic acid amplification techniques, such as real-time quantitative polymerase chain reaction (RQ-PCR) and multiplex PCR, have been used widely for the diagnosis of infectious diseases, especially viral infections (Watzinger et al., 2006; Schlaberg et al., 2017b). Multiplex PCR has been recognized as the “gold standard” to identify viruses in central nervous system(CNS) infections (Schmidt-Hieber et al., 2016). Nevertheless, there are still some limitations to the use of RQ-PCR, such as the genetic diversity of some pathogens and the need for knowledge of the target pathogen (Schlaberg et al., 2017b). Therefore, there is an urgent need to develop novel diagnostic methods to detect potential pathogens in undetermined infections successfully.

Next-generation sequencing (NGS) has showed a constant improvement in recent decades with its continuous improvements and use in clinical settings, providing a powerful tool for success in medical practice (Goldberg et al., 2015; Wilson et al., 2019; Tang et al., 2021). NGS is capable of detecting multiple pathogens on the same day at the same time rapidly (Barreda-García et al., 2018), includingthe identification of nonculturable microbes (Íñigo et al., 2016). Recent studies have identified pathogens using NGS in the diagnosis of several diseases, including diseases of the respiratory tract (Huang et al., 2020; Li et al., 2020), urinary tract (Gasiorek et al., 2019), central nervous system (CNS) (Schmidt-Hieber et al., 2016; Liu et al., 2021), bloodstream (Grumaz et al., 2016; Eichenberger et al., 2021; Nie et al., 2022), and periprosthetic joint infections (Tarabichi et al., 2018). However, there have been relatively few studies on the use of NGS for infections after allo-HSCT. Clinical experience with the application of NGS is relatively limited. Due to the severity and uniqueness of infections in patients after allo-HSCT, the rapid and accurate diagnosis and assessment are important for rational treatment and prognosis evaluation (Sahin et al., 2016). This study aimed to compare the efficacy of NGS with that of conventional microbiological test (CMT) and to determine whether NGS technology can meet this need by evaluating its ability to detect pathogens in febrile patients after allo-HSCT. At the same time, the infection status of the patients after HSCT was evaluated.



Material and Method


Patients and Study Design

We retrospectively analyzed the basic situation, pathogenic infections, clinical treatment, and prognosis of 71 patients who underwent allo-HSCT at the Hematopoietic Stem Cell Transplantation Center of Tongji Hospital, affiliated with the Huazhong University of Science and Technology between March 2019 and October 2020. These patients developed fever with or without other symptoms after transfusion and who underwent CMT and NGS tests. Different specimen types were collected for detection, according to the type of suspected infection. The clinicians prescribed CMT according to their clinical judgment of necessity. The CMT included smear microscopy, culture, RQ-PCR, T-SPOT TB test, serological tests, and the detection of antigens (Supplementary Methods). The samples were collected and transported to Huada Laboratories (Shenzhen, China) for NGS. The treatment choice was individualized for each patient.



Infection Prophylaxis and Virus Monitoring

All the patients were treated in a transplantation cabin. Antimicrobial prophylaxis was used routinely: voriconazole 0.4 g once every 12 h, acyclovir 400 mg once every 12 h, and trimethoprim-sulfamethoxazole 960 mg twice a day for two days each week. When an infection was suspected, the attending physician adjusted the antimicrobial protocols according to the patients’ conditions and the institutional guidelines. Ciclosporin A (CsA) and tacrolimus (FK-506) were generally used to treat GVHD. RQ-PCR was used to measure the DNA of the Epstein–Barr virus (EBV) and cytomegalovirus (CMV) in the peripheral blood (PB) weekly for the first three months, then once every two weeks from the 4th to the 9th month and then once per month from the 10th to the 12th month after transplantation.



Diagnosis of Infection

Fever was defined as an axillary temperature ≥37.3°C. The diagnosis was based on clinical symptoms, laboratory tests, radiographic, microbiologic, histopathologic findings, and treatment outcome information. The final diagnosis of infections was performed by two independent experienced clinicians according to published consensus criteria (Ascioglu et al., 2002; De Pauw et al., 2008; Haidar and Singh, 2022). The appropriate clinical specimens were collected for testing (i.e., blood samples, sputum, urine, nasopharyngeal swabs, puncture fluids, tissue samples, aspirates, and bronchoalveolar lavage fluid) according to the type of suspected infection. The site of infection included mainly the bloodstream, respiratory tract, CNS, and skin. The day of infection onset was defined as the day on which the diagnostic test was performed. Multiple positive results for different organisms on the same day were considered as separate events, and one microorganism in two non-adjacent organs was counted as two infectious events. In addition, if the detected microorganism was a possible contaminant (for example, Candida in a fecal culture or coagulase-negative Staphylococcus species in a blood culture) and was isolated in only one culture, it was excluded from the analysis.



NGS Procedure

Qualified sample from patient was collected and stored according to standard procedures. After DNA extraction, the DNA libraries were constructed and sequenced by MGISEQ-2000 platform. Next, High-quality sequencing data were generated by removing low-quality and short (length <35 bp) reads, followed by computational substraction of human host sequences mapped to the human reference genome (hg19) using Burrows-Wheeler Alignment. The remaining data by removal of low-complexity reads were classified by simultaneously aligning to Pathogens metagenomics Database (PMDB), which were downloaded from the NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/) (Schoch et al., 2020), consisting of bacteria, fungi, viruses and parasites.

To eliminate false positive, periodic environmental assessments was conducted, and standard operation Procedures (SOP) was established to monitor contamination for periodic disinfection of reagents, instruments, and laboratory surfaces. Possible contaminants in non-template references or positive controls were continuously tracked, and conservative criteria was used to minimize false positive results. As for the cut-off value of NGS for pathogen detection, the criteria were shown as below: 1) Bacteria (mycobacteria excluded), viruses, and parasites: NGS identified a microbe (species level) whose coverage rate scored 10-fold greater than that of any other microbes according to Langelier’s study. 2) Fungi: NGS identified a microbe (species level) whose coverage rate scored 5-fold higher than that of any other fungus because of its low biomass in DNA extraction. 3) Mycobacteria: Mycobacterium tuberculosis (MTB) was considered positive when at least 1 read was mapped to either the species or genus level due to the difficulty of DNA extraction and low possibility for contamination.



Statistical Analysis

All the clinical and laboratory data were collected during the onset of the infection. The sensitivity, specificity, positive predictive value (PPVs), and negative predictive value (NPVs) were calculated according to the definitions. The Chi-square or Fisher’s exact tests were used for categorical variable comparisons, as appropriate. The kappa (κ) statistic was used to assess the test concordance. The student’s t-test or Kruskal–Wallis test was used for the continuous variables, as appropriate. Statistical analyses were conducted using SPSS version 26.0 (IBM Corp., Armonk, NY, USA), and figures were rendered using GraphPad Software (version 8.02; Mariakerke, Belgium) and R Software (version 3.6.3). The statistical significance set at P <0.05 (two-tailed) was considered to be statistically significant.




Results


Patients’ Characteristics and Infection Among All Patients

Thirty-seven patients were male and 34 were female, and the patients had a median age of 23 years (range, 14–33). The primary diseases included acute myeloid leukemia (AML, n = 29), acute lymphoblastic leukemia (ALL, n = 15), myelodysplastic syndrome (MDS, n = 3), aplastic anemia (AA, n = 22), and T lymphoblastic lymphoma (T-LBL, n = 2). Thirteen patients were HLA-matched, and 58 underwent HLA-mismatched donor transplantation. All the patients received myeloablative conditioning regimens. At the onset of the symptoms, 23 patients (32.2%) had agranulocytosis and 58 (81.7%) received immunosuppressive therapy. The patient samples comprised mainly peripheral blood (57.7%). The median values of CRP, PCT, and IL-6 in all of the patients were 70.4 (IQR, 20.7–148.6), 0.445 (IQR, 0.263–1.378), and 50.22 (IQR, 7.20–124.00), respectively. The baseline clinical and biochemical data of the 71 patients are described in Table 1.


Table 1 | Patient characteristics.



According to the consensus criteria, the diagnosis was confirmed in 54 patients. Only one patient’s NGS and CMT results were negative, but based on the subsequent pathological biopsy results, the patient was diagnosed with an invasive fungal infection. Most of the patients’ infections were viral, followed by polymicrobial infections. The infections were present mainly in the bloodstream, followed by pulmonary, digestive, and urinary tract infections. Five patients were diagnosed with central infections (diagnosed using intracranial biopsy or cerebrospinal fluid analysis), and two patients were diagnosed with skin and soft tissue infections (Figure 1B).




Figure 1 | Distribution of pathogens identified in patients with fever after allo-HSCT using CMT versus NGS. (A) The figure showed the number of subjects in whom each causative microbe was detected. Orange bars indicate microbes detected by CMT and also predicted as pathogens by NGS (CMT+NGS+). Purple bars indicate microbes detected by NGS only (CMT−NGS+). Green bars indicate the number of cases with microbes detected only by CMT (CMT+NGS−); (B) distribution of types of infection was shown from patients with clinical diagnosis; (C) distribution of pathogens was shown from patients. Polymicrobial infection accounted for 38.0% among all the subjects and different kinds of polymicrobial infection were also shown in the right; (D) the diagnostic time required for NGS and CMT were compared in subjects with monomicrobial infection or polymicrobial infection. *P<0.05; **P<0.001 by Wilcoxon rank-sum test.





Diagnostic Performance of NGS and CMT

The comparison of the sensitivity, specificity, PPVs, and NPVs of the peripheral blood samples by NGS and the CMT method for all 41 patients is shown in Table 2. The diagnostic value of NGS was significantly higher than that of CMT (P < 0.001). The results of NGS and CMT were concordant in 15 of the 41 (36.6%) patients. Our results showed that the sensitivity of NGS and CMT were respectively 91.2% and 41.2% for pathogen identification in the PB samples of 41 patients.


Table 2 | Comparison of positive results among next-generation sequencing and conventional microbiological tests.



In the present study, the pathogens of NGS and CMT detected in the patients are shown in Figure 1A. Viruses, especially CMV, which was the highest percent, accounted for the majority of the pathogens, and NGS was better for the detection of rare bacteria and fungi. According to the NGS results, viruses (n=30, 42.3%) were the most common pathogens identified, followed by polymicrobial (Figure 1C). The top two causative pathogens identified were CMV (n=20), BK (n=10). We further analyzed the test time required to determine the pathogenic diagnosis. For monomicrobial infections and polymicrobial infections, the detection cycles required for NGS and CMT were significantly different. CMT required significantly more time to identify the pathogens than NGS (P = 0.0185, P=0.0027) (Figure 1D). Meanwhile, we analyzed the detection performance of NGS and CMT in monomicrobial and polymicrobial infections. The sensitivity of NGS and CMT were 81.58% vs 57.89% (P = 0.0445) for monomicrobial infections, respectively, and 68.75% vs 37.50% (P=0.1556) for polymicrobial infections, respectively. This indicated that NGS was more sensitive than CMT for monomicrobial infections and a suggestive, but not significant benefit in polymicrobial infections.



Distribution of the Infections in the Different Periods After Transplantation

Based on the occurrence of symptoms in the different periods after transplantation, the 71 patients were divided into three groups (Figure 2). The male-to-female ratio, primary disease, mode of transplantation, and complications of GVHD in the three groups are shown in Supplementary Table 1. Among them, seven and nine patients in Groups 2 and 3, respectively, were complicated with GVHD at the time of infection. The positive pathogens are shown in Figures 3A–C with CMV being the most common infection. Patients with Aspergillus fumigatus in Group 1 had a history of fungal infection before transplantation. In Group 2, there was a high detection rate of cystitis with the detection of BK and JC viruses in the urine. Group 3 had more complex pathogenic pathogens, fungal species, and rare bacterial species. The detection results for fever and other infectious symptoms in Group 1 were mainly negative. The main reason for this is that the disease was diagnosed as an ALG-related serum sickness and implantation syndrome, and the results of NGS and CMT were used as exclusion tests. Second, it may have been an immune disorder in patients with peri-implantation and a low pathogen detection rate. In Group 2, the pathogens that were detected were mainly viruses (P = 0.0203), especially CMV; an HHV6 infection also needed special attention. In Group 3, fungal, viral, mixed, and rare pathogens accounted for a relatively high proportion of the pathogens, which may have been related to late post-transplantation patients with GVHD and other transplantation-related complications, patients taking immunosuppressants, and other reasons (Figure 3).




Figure 2 | Trial process. Between Apr.17, 2019 to Oct.18, 2020, 71 patients who developed fever with/without other symptoms after the transfusion and underwent CMT and NGS tests were screened for eligibility in this study. In terms of the time of clinical symptoms appeared, the patients were divided into three groups.






Figure 3 | Distribution of pathogens identified in three group using CMT versus NGS. (A–C) Respectively showed the number of subjects in whom each causative microbe was detected in three group. Orange bars indicate microbes detected by CMT and also predicted as pathogens by NGS (CMT+NGS+). Purple bars indicate microbes detected by NGS only (CMT−NGS+). Green bars indicate the number of cases with microbes detected only by CMT (CMT+NGS−). (D) Distribution of pathogens was shown from patients in three group. Virus infection accounted for 76% among group 2 and there were significant differences in pathogen species.





No Significant Influence of Immunosuppression on the Diagnostic Accuracy of NGS and CMT

To determine whether the diagnostic performance of NGS was affected by immunosuppression, we evaluated the relationship between immunosuppression and the positive rate of CMT and NGS. Our results showed that there was no significant difference in the positivity rate between NGS and CMT, regardless of the use of immunosuppressants. That is, the positivity rate was not affected by the use of immunosuppressants (Figure 4A). In addition to the routine use of immunosuppressants according to the anti-GVHD regimen, patients after HSCT will need to have their dosage and usage of immunosuppressive mediations adjusted individually when GVHD occurs. Therefore, we investigated the distribution of pathogens in GVHD patients. CMV infection was also the most common, of which six cases were intestinal GVHD coinfected with gastrointestinal CMV infections, and NGS had excellent performance in diagnosing HHV 6 B and Cunninghamella (Figure 4B). At the same time, we analyzed the positive results of NGS and CMT in patients with agranulocytosis, but also found no significant effect (Figure 4C).




Figure 4 | Influence of other factors on the diagnostic accuracy of NGS and CMT. (A, C) Respectively shown that the positive microbiological detection rate of NGS and CMT was no significant correlation with immunosuppression and agranulocytic. (B) The number of detected microbes in patients with GVHD were presented, of which mainly were CMV. ns, non-significant statistical difference.





Effect of the Different Specimen Types on the NGS and CMT Results

The distribution of pathogens in different tissues, organs, and systems is different; therefore, the type of samples submitted for examination will be related closely to the test results. Six patients had different NGS and CMT samples and different detection results, which helped obtain a clearer diagnosis and identify the pathogen of potential infection (Table 3). The treatment details for the two representative cases are shown in Figures 5C, D. We can draw conclusions from these cases because of the distribution of pathogens in the blood, tissue, or cross, and the appropriate timing is also of great significance in improving the positive rate of detection. In addition, we found that, except for the timing of the examination, the selection of samples was crucial for the detection of a positive rate. The detection rates of NGS and CMT in the different inspection specimens are shown in Figures 5A, B, respectively. The CMT of peripheral blood samples, especially the positive rate of the blood cultures, was not as high as that of NGS, but for common pathogens in diseased tissues, such as in the gastrointestinal mucosa of patients with diarrhea and sputum/bronchoalveolar lavage fluid samples of patients with cough, the positive rates of NGS and CMT are similar.


Table 3 | Details of patients with different types of samples.






Figure 5 | Diagnostic value of NGS and CMT in different specimens. (A, B) Respectively shown that the positive microbiological detection rate of NGS and CMT using different specimens (C) representative case 1. A 5-year-old male patient with SAA developed a fever after hematopoietic stem cell (HSC) infusion. Meropenem and Daptomycin was given based on previous treatments but the symptom was not improved after 7 days of treatment. The CMT had negative results both blood and urine. Then the anti-infective regimen was adjusted according to NGS results (HHV-6B), which was obtained at +9d. After 7-day’ s therapy the patient’ s symptoms were improved; (D) representative case 2. A 22-year-old female patient with SAA developed low fever and persistent ALT elevation, and had no positive results in various laboratory tests. The liver puncture was performed, she was diagnosed with CMV infection (liver) based on the results from NGS at +47d. And then modified as soon as the NGS results were obtained (Ganciclovir). After only 5 days, CMV copy number was detected in peripheral blood. The patients’ symptoms were finally improved.






Discussion

Fever after allo-HSCT is complicated. Infection after transplantation is one of the leading causes of fever and other symptoms, and is the most common and important cause of death. Early diagnosis and timely treatment are considered to be the most critical factors in determining the outcomes. Conventional microbiological test (CMT) are obtained when clinicians make a series of differential diagnoses according to the clinical manifestations of cases; however, usually, a test can only correspond to one pathogen, the coverage rate is low, and difficult to cultivate (Duan et al., 2021). Different pathogens have different culture times (Miao et al., 2018). Recently, NGS has become a sensitive technology for the detection of pathogens in human biopsy samples and body fluids, including blood, urine, cerebrospinal fluid, and bronchoalveolar lavage fluids (Huang et al., 2021), demonstrating the potential of NGS to accelerate and improve the diagnosis and management of diseases.

Pendleton et al.demonstrated that, in principle, real-time metagenomics methods using currently available tools can identify pathogens faster than traditional culture-based techniques and have the potential to identify pathogens that cannot grow in cultures (Pendleton et al., 2017). A study on the application of NGS in 108 patients with suspected infections treated with immunosuppressive corticosteroids showed that the sensitivity of NGS was 80.6%, which also played an important role in optimizing the antibiotic treatment of CMT-negative patients (Wang et al., 2020). Moreover, NGS results were not affected by immunosuppression. The combination of NGS and conventional methods increased the CSF detection rate in patients with tuberculous meningitis to 95.65%. They believed that NGS was an alternative method for detecting the presence of mycobacterial DNA in CSF samples of TBM patients and may be used as a first-line CSF test (Wang et al., 2019).

However, there have been few studies on the detection of NGS infections after HSCT. Therefore, we conducted a retrospective study in patients from our center who developed fever after HSCT between March 2019 and October 2020, and 71 patients were tested using NGS. Most of the patients’ infections were viral, followed by polymicrobial infections. For both monomicrobial and polymicrobial infections, the detection time of NGS is significantly shorter than that of CMT, and NGS showed a higher sensitivity, especially for monomicrobial infections. Probably, just because of the small sample size, this has not yet become noticeable in the polymicrobial infections Accelerated pathogen identification is expected to improve customized antimicrobial therapy, avoid increased antibiotic resistance, improve patient prognosis, and promote antimicrobial management by minimizing the need for extensive empirical antimicrobial coverage (Dumford and Skalweit, 2016; Cazzola et al., 2017; Pendleton et al., 2017; Robilotti et al., 2017). CMT may not be comprehensive for some rare pathogens (Grumaz et al., 2020), which may lead to a detection delay, whereas NGS can sequence the whole DNA/RNA of the sample without any primers or probes. It has a commitment to identifying the most pathogens. Among the 41 patients with peripheral blood samples, 34 were diagnosed clinically with an infection. The sensitivity of NGS versus CMT in peripheral blood after transplantation was 91.2% and 41.2%, respectively, which was higher than that of CMT. However, the specificity of NGS is not as specific as that of CMT, which may be attributed to the differences in specimen types and cut-off values. This suggests that caution should be exercised when interpreting NGS results alone, for clinical use. False-positive results may be due to the DNA contamination of background pathogens included in library preparation, low-quality readings from samples, misannotated species, or contaminants from database entries (Miller et al., 2019; Zhang et al., 2019; Zhang et al., 2020). In addition to establishing standardized operating rules, it is necessary to interpret the results further and reasonably.

In the groups studied, although the patients who were post-HSCT were most likely to develop viral infections, the distribution of pathogens was different in different periods. We found that the main causes of fever in the peri-implantation period were non-infectious diseases, such as ALG serum disease and implantation syndrome. After engraftment, the patients who had early infections had mainly viral infections, including CMV infections and cystitis caused by BK and JC. In the late stage after transplantation, the causes of fever and infection varied, and viral and mixed infections occurred first and second, respectively. Regardless of the period, the primary pathogenic viral infection was CMV, which showed that more attention should be paid to the detection and prevention of CMV in clinical practice. More often, NGS plays a major role in ruling out infection in the early post-transplantation period, while in the late post-transplantation period, the role of NGS is more accessible to identify the causative pathogen, especially after 100 days of transplantation. In addition, our results showed that the use of immunosuppressants or agranulocytosis does not affect the NGS detection results. Patients with GVHD may have compromised immune systems. NGS is also an excellent method for detecting pathogens in patients during this period. Intestinal GVHD patients co-infected with gastrointestinal CMV infections were also more common in our study. For patients with normal immune function and stable vital signs, CMT may be used to detect and retain samples simultaneously; if no positive result is found or if the patient’s symptoms have not been alleviated within three days, NGS should be submitted immediately. However, patients with unstable signs or those in an immunosuppressive state should undergo simultaneous CMT and NGS tests. Standardizing the examination process using these diagnostic methods is important to identify pathogens and carry out effective targeted treatment (Supplementary Figure 1).

NGS can be used to detect a wide range of pathogens. There is no limitation to the use of one CMT to detect a single pathogen. This also reduces the mixed-packed testing methods of multiple laboratory methods. Packaged laboratory testing methods often require patients to undergo multiple tests, regardless of the cost or number of tests, which will not reduce the burden on patients and may even increase the burden on the patients (Miao et al., 2018). It is more sensitive to rare bacteria and fungi, and its detection period is short. However, because of false positives (Schlaberg et al., 2017a; Blauwkamp et al., 2019), the use of NSG requires strict standardization of detection techniques and an accurate interpretation of the results by clinicians to avoid overtreatment while treating the patient’s diseases (Fan et al., 2018).

This study had several limitations. First, due to its high cost of detection, NGS is usually performed only once per patient, which limits its widespread use and repeated testing. In addition, since this was a retrospective study, the time and tissue samples used for NGS were not precisely the same as those used for CMT, and the time of NGS specimen collection may have been later than that of CMT. As the collection time of NGS may have been different from the time that had the highest number of pathogens in the samples, repeated NGS tests may increase the sensitivity. Second, the sample size in our study was relatively small. To verify our conclusions, we have conducted a prospective study with a larger sample size. Finally, NGS could not perform a drug susceptibility test and, therefore, could not be substituted for conventional testing.

In summary, NGS has the potential to detect pathogens in patients undergoing febrile allogeneic hematopoietic stem cell transplantation. NGS is expected to become a valuable tool in the first-line diagnosis of infection and to provide valuable information for optimizing antibiotic treatment in cases.
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Background

Metagenomic next-generation sequencing (mNGS) has emerged as an effective method for the noninvasive and precise detection of infectious pathogens. However, data are lacking on whether mNGS analyses could be used for the diagnosis and treatment of infection during the perioperative period in patients undergoing liver transplantation (LT).



Methods

From February 2018 to October 2018, we conducted an exploratory study using mNGS and traditional laboratory methods (TMs), including culture, serologic assays, and nucleic acid testing, for pathogen detection in 42 pairs of cadaveric liver donors and their corresponding recipients. Method performance in determining the presence of perioperative infection and guiding subsequent clinical decisions was compared between mNGS and TMs.



Results

The percentage of liver donors with mNGS-positive pathogen results (64.3%, 27/42) was significantly higher than that using TMs (28.6%, 12/42; P<0.05). The percentage of co-infection detected by mNGS in liver donors was 23.8% (10/42) significantly higher than 0.0% (0/42) by TMs (P<0.01). Forty-three pathogens were detected using mNGS, while only 12 pathogens were identified using TMs. The results of the mNGS analyses were consistent with results of the TM analyses in 91.7% (11/12) of donor samples at the species level, while mNGS could be used to detect pathogens in 66.7% (20/30) of donors deemed pathogen-negative using TMs. Identical pathogens were detected in 6 cases of donors and recipients by mNGS, among which 4 cases were finally confirmed as donor-derived infections (DDIs). For TMs, identical pathogens were detected in only 2 cases. Furthermore, 8 recipients developed early symptoms of infection (<7 days) after LT; we adjusted the type of antibiotics and/or discontinued immunosuppressants according to the mNGS results. Of the 8 patients with infections, 7 recipients recovered, and 1 patient died of severe sepsis.



Conclusions

Our preliminary results show that mNGS analyses can provide rapid and precise pathogen detection compared with TMs in a variety of clinical samples from patients undergoing LT. Combined with symptoms of clinical infection, mNGS showed superior advantages over TMs for the early identification and assistance in clinical decision-making for DDIs. mNGS results were critical for the management of perioperative infection in patients undergoing LT.





Keywords: liver transplantation, metagenomic next-generation sequencing, donor-derived infection, perioperative infection, immunocompromised patient



Introduction

Liver transplantation (LT) is the most effective treatment for end-stage liver cirrhosis and liver cancer (Dogan and Kutluturk, 2020). The civilian organ donation program has been the sole source of organs for transplant in China since January 2015, and the number of voluntary donations has increased every year (Huang et al., 2015). Infection-related complications have become the leading cause of morbidity and mortality for patients undergoing LT due to the use of immunosuppressive agents (Nam et al., 2018). Perioperative infections are particularly serious and can lead to liver graft failure and even death (Heldman et al., 2019). Such infections in liver recipients can arise from reactivation of latent pathogens, donor-derived infections (DDIs), or primary infections (Pettengill et al., 2019). The early and precise detection of infectious pathogens can be used to optimize the administration of antibiotics and immunosuppressants to improve clinical outcomes for patients undergoing LT (Huang et al., 2020). Therefore, development of a more rapid, sensitive, and specific method for the identification of potential pathogens for these patients is urgently needed.

Traditional laboratory methods (TMs) for the screening of potential pathogens usually include cell culture, serologic assays, and nucleic acid testing. However, testing all potential pathogens in liver donors and corresponding recipients using TMs is extremely time-consuming. Metagenomic next-generation sequencing (mNGS) is a promising approach to determine the presence and abundance of transplant-related infections and identify co-infection in an unbiased manner (Simner et al., 2018). The use of mNGS can overcome the limitations of current diagnostic tests, allowing for hypothesis-free, culture-independent, pathogen detection directly from clinical specimens regardless of the type of microbe; mNGS can even be used for novel organism discovery (Simner et al., 2018). To date, there are few reports on the use of mNGS to identify potential pathogens in liver donors and their corresponding recipients.

In this study, the diagnostic performance of mNGS was evaluated and compared with the use of TMs in patients undergoing LT. Furthermore, the feasibility of using mNGS for the diagnosis and treatment of perioperative infections in LT recipients was evaluated. We found that the use of mNGS provided rapid and precise detection of pathogens compared with TMs in a variety of clinical samples from patients undergoing LT. Combined with symptoms of clinical infection, the use of mNGS could offer an advantage over the use of TMs for the diagnosis of DDIs and the precise treatment of these perioperative infections.



Materials and Methods


Ethics Statement

An application for ethical review was approved by the Ethical Review Committee of Zhongshan Hospital affiliated with Fudan University.



Patients, Perioperative Management, and Sample Collection

This study was a single-center, prospective cohort study from February 1, 2018 to October 30, 2018. A total of 42 cadaveric liver donors and their corresponding recipients were enrolled. All donors’ clinical data were obtained prior to procurement. All recipients received orthotropic LT and induction of immunosuppression intraoperatively with basiliximab and methylprednisolone. The regimen for antibiotic prophylaxis for LT consisted of cefepime and micafungin for 7 days postoperatively. Immunosuppressant therapy after LT consisted of a triple-drug regimen of cyclosporine or tacrolimus, mycophenolate mofetil, and methylprednisolone; the doses of these drugs were decreased over 7 days. Recipient outcomes were examined for the entire length of the hospital stay.

The donor’s samples, including blood, preservation fluid, liver and perihepatic tissue (diaphragm or omentum), were obtained preoperatively. Microbiological monitoring of the liver recipients involved the routine sampling of blood and abdominal drainage fluid on postoperative days (POD) 1, 4, and 7. When the recipient was diagnosed with a postoperative infection, additional samples from the sputum, bronchoalveolar lavage fluid, and urine were collected for pathogen analysis according to the clinical situation. All samples were subjected to TMs as well as mNGS testing in a pairwise manner. TMs for pathogen detection included culture of bacterial and fungal; PCR-based assay of Epstein-Barr virus (EBV), Cytomegalovirus (CMV), Hepatitis B virus (HBV), Hepatitis C virus (HCV); serological assay including 1,3-Beta-D-glucan, Galactomannan antigen, Interferon-gamma release assays for Tuberculosis, Cryptococcus antigen, HBV, HCV and Human immunodeficiency virus (HIV) serological test, EBV early antigen and viral capsid antigen, CMV immunoglobulin G/M (IgG/M), Toxoplasma gondii IgG/M, Rapid plasma reagin (RPR) test for Syphilis and stool microscopy for parasitic ova. The diagnostic assessment performances of the TMs and mNGS were compared.



Sample Processing

All samples were promptly stored in sterile containers and placed at 4°C prior to analysis. For blood samples, 3–4 mL of blood was centrifuged at 4,000 rpm for 10 min at 4°C within 8 h of collection, and plasma samples were transferred to new sterile tubes. An aliquot of 3–5 mL preservation fluid or drainage fluid was collected, according to standard sterile procedures (Cornaglia et al., 2012). Tissue homogenates, including those of liver and perihepatic tissues, were processed similarly to preservation fluid (Cornaglia et al., 2012); 1.5-mL microcentrifuge tubes containing 0.5 mL sample and 1 g of 0.5-mm glass beads were attached to a horizontal platform on a vortex mixer and agitated vigorously at 2,800-3,200 rpm for 30 min.



mNGS

DNA was extracted from 300 µL samples using the TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH, Beijing, China), following the manufacturer’s instructions. DNA libraries were constructed through DNA fragmentation, end-repair, adapter-ligation, and PCR amplification (Long et al., 2016). The reagents were taken out from the kit, and the enzymatic reagents were briefly centrifuged and placed on ice for use; The other reagents were melted on ice, mixed with oscillation, and briefly centrifuged for use. Magnetic beads should be balanced at room temperature for 30min before use, and thoroughly mixed before adding. Anhydrous ethanol and molecular water are used to prepare 75% ethanol. internal standard (200×) was diluted 200 times in nuclease-free water. Then, the terminal repair reaction mixture was prepared for end-repair. The extracted nucleic acid was added, and then the terminal repair reaction mixture 7.0μL was added. The mixture was placed on PCR and incubated. At the end of the reaction, the PCR tube was removed for instantaneous centrifugation. 30.0μL connecting reaction mixture was added to the PCR tube, and the mixture was fully mixed and centrifuged immediately. The mixture was placed on the PCR instrument and incubated for 23 minutes, ligase was used for adapter-ligation. After PCR amplification, Agilent 2100 instrument (Agilent Technologies, Santa Clara, CA) was used for quality control of the DNA libraries and the Qubit 2.0 fluorometer (Invitrogen, Foster City, CA, USA). A qualified double-stranded DNA library was transformed into a single-stranded circular DNA library by DNA denaturation and circularization. DNA nanoballs (DNBs) were generated from single-stranded circular DNA using rolling circle amplification (da Silva et al., 2016). The DNBs were qualified by fluorometry (Fang et al., 2018). Qualified DNBs were loaded in the flow cell and sequenced on the BGISEQ-50 platform (Jeon et al., 2014). High-quality sequencing data were generated by removing low-quality and short reads (length <35 bp), followed by computational subtraction of human host sequences mapped to the human reference genome (hg19) using Burrows-Wheeler alignment (Li and Durbin, 2010). After removal of low-complexity reads, the remaining sequencing data were classified by simultaneous alignment to sequences in the bacterial, viral, fungal, and parasite microbial genome databases.

The reference database RefSeq, downloaded from the National Center Biotechnology Information website (https://ftp.ncbi.nlm.nih.gov/genomes/), contains 4,945 whole-genome sequences of viral taxa, 6,350 bacterial genomes or scaffolds, 1,064 fungal sequences related to human infections, and 234 parasite sequences associated with human diseases.



Analyses of mNGS Results

The criteria for a positive mNGS result have been described previously (Miao et al., 2018). Briefly, bacteria, viruses, and parasites (species level) were identified with a coverage rate 10-fold greater than that of any other bacteria, virus, or parasite. Fungi (species level) were identified with a coverage rate 5-fold higher than that of any other fungi because of their low biomass after DNA extraction. Mycobacterium tuberculosis was considered positive when at least one read was mapped (genus or species level). Nontuberculous mycobacteria were considered positive when the mapped read number at either the species or genus level was in the top 10 of the list of bacteria.

The number of unique reads of standardized species (SDSMRN) was defined as the number of reads that were strictly aligned to the genome of a species after normalizing the total number of sequencing reads to 20 million (Li et al., 2020). Probable DDI was defined as the transmission of the identical pathogen detected from donor to recipient by mNGS and/or TMs (Kaul et al., 2021) and the recipient developed early infection symptoms (<7 days) as fever and/or purulent drainage observed with increased markers of laboratory infection after LT (Bandali et al., 2020).



Statistical Analysis

Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy (ACC) were calculated, and the performance of mNGS and TMs for diagnostic assessments was compared using the χ2 test. A two-tailed P value of 0.05 was considered statistically significant. Data were analyzed using SPSS, version 24.0 (SPSS, Chicago, IL, USA).




Results


Recipient Characteristics

Demographic features of the recipients in the study are provided in Table 1. All 42 recipients underwent orthotopic cadaveric LT. The median patient age was 49 years (range, 21-72 years). Most recipients were male (36/42, 85.7%) and had been diagnosed with primary malignant liver cancer (29/42, 69.1%), followed by decompensated liver cirrhosis (9/42, 21.5%). Ascites was present in 81.0% of recipients (34/42), and antibiotics were used in 33.3% of recipients (14/42) one month before LT for either the treatment of infection or prevention of spontaneous peritonitis due to cirrhosis with ascites or upper gastrointestinal bleeding. Of the 42 patients, 8 recipients were diagnosed with postoperative infection, with pneumonia (6/8, 75.0%) being the most common infection.


Table 1 | Recipient characteristics (N = 42).





The Spectrum of Pathogens in Liver Donors Detected by mNGS and TMs

The percentage of liver donors with mNGS-positive pathogen results (64.3%, 27/42) was significantly higher than when using TMs (28.6%, 12/42; P<0.05), and the percentage of co-infection of several common pathogens, detected by mNGS in liver donors was 23.8% (10/42) compared with 0.0% as detected by TMs (0/42; P<0.001; Figure 1).




Figure 1 | The comparison of pathogen-positive percentage and co-infection rate detected separately by mNGS and TMs in liver donors. mNGS for metagenomic next-generation sequencing and TMs for traditional laboratory methods.



mNGS detected 43 pathogens (bacteria: 55.8%, 24/43; viruses: 25.6%, 11/43; fungi: 14.0%, 6/43; parasites: 4.7%, 2/43), whereas only 12 pathogens were identified using TMs (bacteria: 75.0%, 9/12; viruses: 25.0%, 3/12; Figures 2A, B). No fungi or parasites were identified using TMs. Among 30 donors who tested negative for pathogens using TMs, mNGS identified new pathogens in 20 cases (20/30, 66.7%), including fastidious bacteria, fungi [e.g., Pneumocystis jirovecii and Candida albicans (CA)], virus [e.g., Torque Teno Virus (TTV), Human parvovirus B19, CMV and EBV] and parasite [e.g., Echinococcus multilocularis and Clonorchis sinensis]. This result reflected the low sensitivity of TMs in screening donor-derived pathogens (Figure 2C).




Figure 2 | The pathogen spectrum in liver donor detected by mNGS and TMs. (A) Pie chart demonstrating the distribution of different types of pathogens detected by NGS in liver donors, and a total of 43 species of pathogens were detected in donor samples with their corresponding frequencies plotted in histograms. (B) Pie chare demonstrating the distribution of different types of pathogens detected by TMs in donors, and a total of 12 species of pathogens were detected in donor samples with their corresponding frequencies plotted in histograms. (C) Pie chart shows the distribution of different types of pathogens detected in TMs-negative donor samples by mNGS, and species of pathogens were detected with their corresponding frequencies plotted in histograms.



Among 12 donors who tested positive for pathogens using TMs, the results of the mNGS analysis were consistent in 11 out of 12 (91.7%) donor samples at the species level. However, at least one unique pathogen read was detected by mNGS when co-infection was observed. For the detected pathogen spectrum, common bacteria such as Klebsiella pneumoniae (KP), Acinetobacter baumannii (AB), Escherichia coli, and Staphylococcus could be detected by both TMs and mNGS, whereas fungi and unexpected viruses were only able to be identified by mNGS. Inconsistent results were only found for Donor 1 (D1) between mNGS and TMs: Staphylococcus lentus was identified by culture in both preservation fluid and perihepatic tissues, but was not detected by mNGS in any D1-related samples (Table 2).


Table 2 | mNGS results of 12 TMs-positive sample of donors.





The Performance of TMs and mNGS for the Detection of Donor-Recipient Transmitted Pathogens

The performance of TMs and mNGS for the detection of donor-transmitted pathogens was further evaluated. The transmission of pathogens was detected in 6 cases (6/42) from donor to recipient by mNGS, among which 4 cases were confirmed as DDIs with a 100% sensitivity and a 94.7% specificity. By TMs, the transmission was only detected in 2 cases (2/42) confirmed as DDI with sensitivity of 50.0% and a specificity of 100%. The PPV and NPV of mNGS were 66.7% and 100% for DDI diagnoses, respectively, compared with 100.0% and 95.0% for TMs, respectively. The ACC of both mNGS and TMs was 95.2% (Table 3). The new emerging pathogens transmitted via liver graft were identified by mNGS in six cases (Table 4). We found that KP (3/6, 50.0%), AB (2/6, 33.3%), Varicella zoster virus (VZV) (1/6, 16.7%), Candida glabrata (CG) (1/6, 16.7%), and Clonorchis sinensis (CS) (1/6, 16.7%) were detected by mNGS in both donor and corresponding recipient. There were 2 cases (2/6, 33.3%) with co-infection detected by mNGS in samples from D24 and D41, which could not be identified by TMs, especially the fungi and viruses.


Table 3 | Comparison of sensitivity and specificity between NGS and TMs in diagnosis of DDI.




Table 4 | Transmission of pathogens detected by mNGS and TMs from liver donor to corresponding recipient.





Guided Treatment for Perioperative Infection by mNGS in Patients When TMs Results Appear Invalid

The postoperative treatment regimen of antibiotics and immunosuppressants are first routinely adjusted according to the pathogens detected in donor and corresponding recipient by TMs. Under this situation, a total of 8/42 (19.0%) recipients developed early infection symptoms (<7 days) (Table 5). The mean time was 2.0 days to symptom onset (range, 1–6 days) after LT, and clinical manifestations included fever, purulent drainage fluid, increased procalcitonin (PCT) or C-reactive protein (CRP) levels, and positive imaging results. Sequentially, we modified the therapeutic regimen according to the results of mNGS in all eight infected recipients, and finally seven recipients recovered and one (R24) died of severe sepsis.


Table 5 | The precise treatment of perioperative infection guided by mNGS infailure cases of TMs in LT.



Types of antibiotics were adjusted and/or immunosuppressants were withdrawed for R3, R7, R24, R28, R40, R41, and R42 (7/8, 87.5%), according to the additional pathogens identified by mNGS; the mNGS-negative results in R39 led to discontinue unnecessary broad-spectrum antibiotics (such as meropenem, which was replaced by cefoperazone sulbactam and then discontinued) (Table 5). The dynamic changes in SDSMRN by continuous mNGS surveillance in R28 guided the complete course of antibiotics for 30 days, as result of blood culture had been negative from POD 11 (Table 6). One recipient (R24) died after treatment adjustment and had received LT for drug-related acute liver failure (Model for End-stage Liver Disease score 41). In this case, VZV was only detected by mNGS in the donor liver and subsequently found in the abdominal drainage fluid of the recipient, suggesting a latent VZV infection in the donor. Despite the prompt use of antiviral therapy guided by mNGS, the recipient still succumbed to severe sepsis, which resulted in fatal liver failure on POD 6.


Table 6 | Dynamic changes in standardized unique read of CRKP by mNGS.






Discussion

Infection-related complications have become the leading cause of morbidity and mortality for patients in the first months after LT (Nam et al., 2018). The early and precise detection of infectious pathogens can optimize the use of targeted antibiotics and immunosuppressants to improve clinical outcomes for patients after LT. It is great challenge to test all potential pathogens existing in liver donors and their corresponding recipients using TMs. mNGS can overcome the limitations of the current diagnostic testing (Zhou et al., 2019). In this study, we prospectively evaluated the clinical value of mNGS for the identification of pathogens in different types of samples during LT. We found that mNGS could provide rapid and precise detection of pathogens and was an ideal tool for the diagnosis of DDIs. Furthermore, mNGS was able to guide the precise treatment of perioperative infections in patients undergoing LT.

Our data revealed that positive results using mNGS analyses were consistent with those from TMs 91.7% of the time. These results suggest that mNGS can effectively detect the same pathogens as TMs and identify more latent pathogens carried by donors. As mNGS analyses often detected more than one pathogen in a single test, clinicians need to have a comprehensive understanding of results indicating the presence of co-infection (Tarabichi et al., 2018). Thus, we used our own criteria (Miao et al., 2018) to uncover co-infections and/or distinguish the causative pathogens. We found that CA (4/43, 9.3%) was the most common fungi within the co-infection detected by mNGS. Donor-derived fungal infections have been associated with life-threatening complications in transplant recipients (Mishkin, 2021), so mNGS analyses would allow the precise and timely detection of fungi to enable prompt treatment. It is worth noting that the average turnaround time for culture results is more than 72 hours for commonly encountered bacteria and up to weeks for more insidious pathogens such as Aspergillus fumigates (Simner et al., 2018). Thus, the turnaround time of mNGS (average of 48 hours) (Pendleton et al., 2017; Afshinnekoo et al., 2017) will hasten clinical decision-making, which is critical for immunocompromised recipients after LT (Simner et al., 2018).

Metagenomic sequencing combined with phylogenetic analysis could effectively identify the frequent transmission of JC polyomavirus from kidney transplant donor to recipient (Schreiber et al., 2019). Our study demonstrated the transmission of identical pathogens from donors to corresponding recipients in 6 of 42 cases (14.3%) by mNGS, which can promptly assist in the diagnosis of DDIs with clinical infection symptoms. As compared with TMs, mNGS was more sensitive (100% vs. 50%) with a similar specificity (94.7% vs. 100.0%) in terms of diagnoses of DDIs, respectively. As immunocompromised recipients are generally critical ill, the timely identification of the pathogens causing DDI is crucial for a precise diagnosis, which is necessary for proper treatment (Nam et al., 2018). More importantly, the mNGS-negative results of donor and corresponding recipient can assist to exclude DDI in clinical work.

With antimicrobial treatment guided by the TMs results, 8 of 42 (19.0%) recipients developed an early infection (<7 days) after LT. Targeted antibiotics were adjusted and/or immunosuppressants were discontinued according to the additional pathogens identified by mNGS. Finally, 7 recipients recovered. These examples demonstrate that mNGS can effectively guide the treatment of perioperative infection after LT, especially when routine TMs results appear inefficacy. The decrease or disappear of pathogen unique reads monitored by mNGS are correlated with improvement of clinical infection symptoms and indirectly guide the course of antibiotics (Zhang et al., 2019), especially in DDI cases. Blood culture of one recipient (R28) with DDI had been negative since POD 11, the course of antibiotics was guided by dynamic changes of unique pathogen reads detected by mNGS with clinical index of PCT for 30 days. Therefore, mNGS results might be a reliable indicator to help understand how the pathogens progress and guide the adjustment of antibiotics in DDI cases (Ai et al., 2018).

TTV load is modulated by the immune, viral, and inflammatory status, and often considered as potential marker associated with immunity status as well as infectious diseases in LT (Mrzljak and Vilibic-Cavlek, 2020). As reported, TTV viremia was significantly higher during CMV infections (Ruiz et al., 2019). In our cohort, CMV and TTV were detected in blood and drainage in one recipient (R7) with early infection (<7 days) (Table 5), but we did not find TTV in the other infection recipients. The reason might be TTV loads progressively increased and peaks around 3 months post-transplant, positively correlating with the intensity of immunosuppression (Schreiber et al., 2019; Mrzljak and Vilibic-Cavlek, 2020), and then virus specific PCR monitoring will have higher sensitivity for detection of TTV loads after LT.

There was a discordant result between TMs and mNGS in one donor (D1). S. lentus was positively identified by TMs in preservation fluid and perihepatic tissue, but was not detected by mNGS. A possible reason may be that pathogen reads make up a minute fraction of the sequencing results and are of low sequencing depth, which means mNGS results could be further improved by increasing sequencing depth. One recipient (R24) died of fulminant liver failure and severe sepsis even with treatment guided by mNGS results. It is worth noting that this outcome might be associated with the poor condition of the recipient prior to LT and acute liver graft dysfunction caused by the recurrence of VZV infection after LT. Disseminated visceral VZV infection has been described as a rare but severe disease with a high mortality rate, especially in immunocompromised hosts (Kikuchi et al., 2019). More early diagnosis and timely intervention for those patients, such as the discontinuation of immunosuppressants, might be crucial to improve their clinical outcome (Mehta et al., 2021).

There were some limitations of our study. First, the results of the mNGS were not reconfirmed by PCR-based assays, and a phylogenetic analysis of the pathogens from both the donor and corresponding recipient will be very helpful to confirm diagnosis of DDI. Second, there lacks a unified standardized protocol for mNGS currently in clinical diagnosis. Due to potential breadth of detection and nucleic acid contamination in the process, interpretation of mNGS results directly from clinical specimens can be difficult and requires careful consideration. Additionally, unbiased mNGS was not routinely performed alongside RNA sequencing.

untargeted mNGS was not routinely performed alongside RNA sequencing.

Our study showed that, as compared with TMs, mNGS could yield higher sensitivity for the early identification of fastidious pathogens in patients undergoing LT, especially for DDI diagnoses. Importantly, mNGS does not replace current TMs. Alternatively, it may be considered for immunocompromised patients where achieving a timely diagnosis and treatment is imperative for improved outcomes. The large-scale multicenter randomized controlled studies are needed to further confirm the value of mNGS in routine clinical care of patients undergoing LT.
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This study aimed to obtain further in-depth information on the value of metagenomic next-generation sequencing (mNGS) for diagnosing pulmonary aspergillosis in non-neutropenic patients. We did a retrospective study, in which 33 non-neutropenic patients were included, of which 12 were patients with pulmonary aspergillosis and 21 were diagnosed with non-pulmonary aspergillosis. Fungi and all other co-pathogens in bronchoalveolar lavage fluid (BALF) (27 cases), blood (6 cases), and/or pleural fluid (1 case) samples were analyzed using mNGS. One of the patients submitted both BALF and blood samples. We analyzed the clinical characteristics, laboratory tests, and radiologic features of pulmonary aspergillosis patients and compared the diagnostic accuracy, including sensitivity, specificity, positive predictive value, and negative predictive value of mNGS with conventional etiological methods and serum (1,3)-β-D-glucan. We also explored the efficacy of mNGS in detecting mixed infections and co-pathogens. We further reviewed modifications of antimicrobial therapy for patients with pulmonary aspergillosis according to the mNGS results. Finally, we compared the detection of Aspergillus in BALF and blood samples from three patients using mNGS. In non-neutropenic patients, immunocompromised conditions of non-pulmonary aspergillosis were far less prevalent than in patients with pulmonary aspergillosis. More patients with pulmonary aspergillosis received long-term systemic corticosteroids (50% vs. 14.3%, p < 0.05). Additionally, mNGS managed to reach a sensitivity of 91.7% for diagnosing pulmonary aspergillosis, which was significantly higher than that of conventional etiological methods (33.3%) and serum (1,3)-β-D-glucan (33.3%). In addition, mNGS showed superior performance in discovering co-pathogens (84.6%) of pulmonary aspergillosis; bacteria, bacteria-fungi, and bacteria-PJP-virus were most commonly observed in non-neutropenic patients. Moreover, mNGS results can help guide effective treatments. According to the mNGS results, antimicrobial therapy was altered in 91.7% of patients with pulmonary aspergillosis. The diagnosis of Aspergillus detected in blood samples, which can be used as a supplement to BALF samples, seemed to show a higher specificity than that in BALF samples. mNGS is a useful and effective method for the diagnosis of pulmonary aspergillosis in non-neutropenic patients, detection of co-pathogens, and adjustment of antimicrobial treatment.
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Introduction

Aspergillus is one of the most ubiquitous and important pathogens in the environment, including Aspergillus fumigatus, A. flavus, A. niger, A. terreus, A. nidulans, and others (Sugui et al., 2014). Aspergillus-related lung diseases are traditionally classified into four types: pulmonary aspergilloma, allergic broncho-pulmonary aspergillosis (ABPA), chronic pulmonary aspergillosis (CPA), and invasive aspergillosis (IPA) (Chabi et al., 2015). Aspergillus occurrence and clinical manifestations depend on the host’s immunological status and the existence of underlying lung disease. Recently, researchers have discovered that aspergillosis can arise in other diseases, such as long-term corticosteroid use in chronic obstructive pulmonary disease (COPD) (Patterson and Strek, 2014), diabetes mellitus, pulmonary tuberculosis, and bronchiectasis, rather than in immunocompromised hosts. Even without disease, potential hosts can be attacked when they are in contact with a large mass of Aspergillus.

The clinical manifestations of pulmonary aspergillosis in non-neutropenic patients are non-specific, even similar to tuberculosis (TB), which makes diagnosis difficult. Non-neutropenic patients who are immunocompromised owing to other factors have a more progressive course and a worse prognosis than the neutropenic patients. Thus, recognizing the diversity and subtle representation of the disease, assessing vulnerable groups, and using effective therapy sooner in the disease stage are very valuable.

To date, the definitive diagnostic method of pulmonary aspergillosis is a pathological investigation that takes too much time (Li, 2022). Conventional etiological methods, namely fungal smear and culture, are time-consuming and show a low detection rate. Recently, non-invasive biomarkers have made it easier to suspect and diagnose pulmonary aspergillosis (El-Baba et al., 2020). However, serum (1,3)-β-D-glucan (G) or galactomannan (GM) test results should be considered in combination with clinical manifestations in pediatric pulmonary aspergillosis cases, as the tests are not sufficiently sensitive (Tong et al., 2018). The introduction of several high-performing diagnostic tests helps redefine patient management. Researchers have suggested that Aspergillus antigen and Aspergillus immunoglobulin G (precipitins) are promising markers for the diagnosis of Aspergillus (Denning, 2021). However, there is an urgent need to explore new and efficient (quicker and more accurate) diagnostic tools for pulmonary aspergillosis to acquire early identification, improve patient outcomes, and reduce mortality.

Based on high-throughput sequencing, metagenomic next-generation sequencing (mNGS) is thought to be a promising microbial identification technology because of its rapid cycles and high sensitivity. mNGS identifies and classifies a wide range of pathogens (including respiratory tract (Xie et al., 2021), blood stream (Jing et al., 2021), central nervous system (Wilson et al., 2019), and prosthetic joints pathogens (Thoendel et al., 2018)), and is a widely used microbial test for infectious diseases, particularly for special and rare pathogens. It can also be used to analyze drug resistance genes and virulence factors in pathogens.

Many previous studies on the detection of pulmonary infections using mNGS have focused on pathogens. Yang et al. (Yang et al., 2021) observed that mNGS (lung biopsy, bronchoalveolar lavage fluid [BALF]) had a significantly higher sensitivity than conventional tests for diagnosing pulmonary fungal infections. Liu et al. (Liu et al., 2021) evaluated the performance of BALF-mNGS in differentiating colonization and infection with Pneumocystis jirovecii and suggested that the fungal load differed significantly between the two groups (P. jirovecii pneumonia and P. jirovecii colonization). However, there is still a scarcity of clinical experience in the diagnosis of fungal infections, particularly aspergillosis.

Therefore, our retrospective study aimed to contribute to this growing area of research by exploring the diagnostic performance of mNGS in non-neutropenic patients with pulmonary aspergillosis.



Materials and methods


Study design and subjects

In this retrospective study, we successively enrolled 33 non-neutropenic patients whose mNGS results (BALF and/or blood and/or pleural fluid samples) identified fungi (e.g., Aspergillus, P. jirovecii, Candida, and Cryptococcus) and were admitted to the Department of Respiratory and Critical Care Medicine of Second Affiliated Hospital, Naval Medical University (Shanghai, China), from June 1, 2018, to January 31, 2022. The combined clinical diagnosis of pulmonary aspergillosis or non-pulmonary aspergillosis was made by two medical doctors based on host risk factors, clinical symptoms, chest computed tomography images, laboratory findings, and response to treatment. Finally, 12 patients were diagnosed with pulmonary aspergillosis, and 21 were diagnosed with non-pulmonary aspergillosis. Patients were excluded from the study based on the following criteria: (1) age <18 years; (2) neutropenia (absolute neutrophil count <1.5×109/L); (3) mNGS not performed; and (4) incomplete medical records.



The collection of biological samples

Collection of BALF was performed by experienced bronchoscopists at Naval Medical University’s Second Affiliated Hospital after treatment with atropine for spasmolysis, diazepam for sedation, and lidocaine for local anesthesia. The sampling site was chosen based on chest computed tomography (CT) images. Three 20 ml sterile saline fractions were instilled into the target subsegmental bronchi. BALF was extracted using gentle syringe suction and was placed in sterile containers. To avoid contamination, the first 20 ml of each sample was discharged, while the rest samples were kept for analysis. Furthermore, 3–5 ml of blood samples and at least 10 ml pleural fluid samples were collected.



Testing process of mNGS

DNA extraction and sequencing were conducted by the Beijing Genomics Institute (BGI). First, BALF was mixed with lysozyme and glass beads to reduce viscosity. Blood was centrifuged to separate the plasma, and pleural fluid was centrifuged to collect the sediment. The inactivated specimens were further subjected to wall breaking. Following this, DNA was extracted. The concentration and volume of the extracted samples were measured to determine the quality control results of the nucleic acids. Construction of DNA library and sequencing the DNA library was done by DNA fragmentation, end-repair, and polymerase chain reaction (PCR) amplification. This was then used for library concentration detection and quality control. Qualified DNA nanoballs were loaded onto the chip, and single-end sequencing was performed on the MGISEQ-2000 sequencing platform. Bioinformatic analysis was conducted on samples with raw data >20 million and read length >50bp (Long et al., 2016). Low-quality human host sequences were removed (Marotz et al., 2018) to improve detection sensitivity (Hasan et al., 2016). The high-quality data were classified by simultaneously aligning to microbial genome databases (Salter et al., 2014), including viruses, bacteria, fungi, and parasites. The database reference sequences were used to calculate the microbial parameters via multiple comparisons with de-exclusion. Eventually, clinically significant microbes were categorized as putative co-pathogens if the patients had suggestive symptoms, laboratory findings, and radiologic abnormalities.



Statistical analysis

Statistical analysis was performed using the SPSS software (version 26, IBM Corp, Armonk, NY, USA). Continuous variables were presented as mean ± standard deviation, whereas categorical variables were presented as counts and percentages. The t-test for two independent samples was used to compare the normal distribution of continuous variables between pulmonary aspergillosis and non-pulmonary aspergillosis patients, the Mann–Whitney U test was used to compare the abnormal distribution of continuous variables, and the chi-square test was used for categorical variables. The sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of mNGS, conventional etiological methods, and serum (1,3)-β-D-glucan in the diagnosis of pulmonary aspergillosis were calculated using the combined clinical diagnosis as the reference standard; Wilson’s method was used to calculate 95% confidence intervals for these proportions. Statistical significance was set at P < 0.05.



Ethics statement

Ethical approval was obtained from the Ethics Committee of Shanghai Changzheng Hospital. The patients provided their written informed consent to participate in this study.




Results


Clinical characteristics, laboratory tests, and radiologic features of pulmonary aspergillosis in non-neutropenic patients

Table 1 summarizes the patient characteristics on admission. The cohort was divided into two groups according to clinical composite diagnosis. A total of 12 pulmonary aspergillosis patients and 21 non-pulmonary aspergillosis patients were included in this study. The median age (60 vs. 68 years) and sex composition of these two groups were similar. The most prevalent symptoms of pulmonary aspergillosis in non-neutropenic patients were cough (91.7%), expectoration (75.0%), fever (75.0%), and abnormal breath sounds (90.0%). Comparing the two results, chest tightness and dyspnea were less frequently observed in patients with pulmonary aspergillosis. Among the underlying diseases of pulmonary aspergillosis, diabetes (50.0%) ranked first, followed by malnutrition (41.7%), COPD (25.0%), and solid tumors (25.0%). In addition, the data showed that patients with pulmonary aspergillosis had various immunocompromised conditions: 50.0% received long-term systemic corticosteroids (used for at least 3 weeks with a daily dose of ≥0.3mg/kg/day of prednisone or the equivalent dose of prednisone) (p = 0.044), 41.7% received cytotoxic drugs (within 90 days), 33.3% received prior broad-spectrum antibiotics, and 25.0% received immunosuppressive agents (within 90 days). In contrast, immunocompromised conditions were far less prevalent in the non-pulmonary aspergillosis patients.


Table 1 | Clinical characteristics, laboratory tests, and radiologic features of pulmonary aspergillosis and non-pulmonary aspergillosis in non-neutropenic patients on admission.



Among non-neutropenic patients with pulmonary aspergillosis, the most common radiologic features on chest CT were double lung infiltration (91.7%), multiple lesions (91.7%), wedge or patchy shadowing (66.7%), and nodular shadowing (33.3%). Some showed typical features such as aspergilloma (8.3%) and cavitation signs (16.7%) (Figure 1A), which may be accompanied by pleural effusion, mediastinal lymphadenopathy, and abnormal changes during endoscopy (Figure 1B). The next section of the study was concerned with the laboratory findings. Serum (1,3)-β-D-glucan levels, d-dimer levels, immunosuppression, and poor glucose control in pulmonary aspergillosis patients appeared to be higher than those in non-pulmonary aspergillosis patients, but there were no significant differences.




Figure 1 | Chest CT scan and bronchoscopy of pulmonary aspergillosis in non-neutropenic patient. (A) Chest CT showed cavitation signs; (B) Bronchoscopy showed purulent secretions, mucosal hyperemia, and edema.





Comparison of diagnostic performance among mNGS, conventional etiological methods, and serum (1,3)-β-D-glucan in non-neutropenic pulmonary aspergillosis patients

One of the most well-known tools for assessing Aspergillus infection is the conventional etiological method; serum (1,3)-β-D-glucan and galactomannan are widely used serologic biomarkers of pulmonary aspergillosis. Recently, molecular biological techniques such as mNGS have been widely applied in clinical settings. Therefore, we compared the diagnostic accuracy of mNGS with that of conventional etiological methods and serum (1,3)-β-D-glucan. Table 2 shows it that mNGS of BALF, blood, and/or pleural fluid samples was performed in all 34 cases, conventional etiological methods in 31 cases (12 with pulmonary aspergillosis and 19 with non-pulmonary aspergillosis) and serum (1,3)-β-D-glucan in 31 cases (12 with pulmonary aspergillosis and 19 with non-pulmonary aspergillosis). The combined clinical diagnosis was used as reference to calculate the diagnostic sensitivity and specificity of mNGS. The sensitivities of mNGS, conventional etiological methods, and serum (1,3)-β-D-glucan were 91.7% (95% CI, 59.8–99.6%), 33.3% (95% CI, 11.3–64.6%), and 33.3% (95% CI, 11.3–64.6%), respectively. However, mNGS showed a low specificity of 71.4% (95% CI, 47.7–87.8%), compared with conventional etiological methods (100% [95% CI, 79.1–100%]) and serum (1,3)-β-D-glucan (84.2% [95% CI, 59.5–95.8%]). With the highest Youden index of 0.63, mNGS appears to have the most effective screening ability and the best authenticity.


Table 2 | Diagnostic performance of mNGS, conventional etiological methods, and serum (1,3)-β-D-glucan in non-neutropenic pulmonary aspergillosis patients.





Mixed infections and co-pathogens detected by mNGS

Mixed infections are common in non-neutropenic patients with pulmonary aspergillosis. Thirteen cases of putative mixed infections tested by mNGS are described in Figure 2. This method showed satisfactory performance in identifying co-pathogens (84.6%), among which Aspergillus-bacteria, Aspergillus-bacteria-fungi, and Aspergillus-bacteria-P. jirovecii (PJP)-virus were most common. Aspergillus-bacteria co-infections were identified by mNGS in 5 (38.5%) of 13 cases (Figure 2A). Closer inspection of the table shows that the most common bacteria were Klebsiella pneumoniae and Acinetobacter baumannii, the most common fungus was P. jirovecii, and the most common viruses were Epstein–Barr virus, human herpesvirus 1, and Torque teno virus (Figure 2B). This indicates that the prevention and treatment of mixed infections in pulmonary aspergillosis patients should be strengthened.




Figure 2 | Mixed infections and co-pathogens in 13 non-neutropenic pulmonary aspergillosis cases identified using mNGS. (A) Number of pulmonary aspergillosis patients with mixed infections; (B) Number of pulmonary aspergillosis patients infected with various co-pathogens.





Impact of mNGS on antimicrobial therapy of pulmonary aspergillosis in non-neutropenic patients

Table 3 shows records of antimicrobial treatment for Aspergillus and other pathogens from 12 non-neutropenic patients with pulmonary aspergillosis during hospitalization. The most evident finding that emerged from the analysis is that based on the mNGS results, antimicrobial therapy was altered in 91.7% of patients, 58.4% had the antimicrobial agents or spectrum adjusted, 50% were started with anti-Aspergillus drugs, 16.7% were started with trimethoprim-sulfamethoxazole (TMP-SMZ), and 25% were started with anti-viral drugs.


Table 3 | Impact of mNGS on antimicrobial therapy of pulmonary aspergillosis in non-neutropenic patients.





Detection of aspergillus in BALF and blood samples by mNGS

In this study, simultaneous mNGS of BALF and blood samples was performed in three patients who were suspected to have pulmonary aspergillosis. In two of the three patients, the stringent mapped read number (SMRN) of Aspergillus was detected in BALF but not in blood, and the clinical composite diagnosis was non-pulmonary aspergillosis. In summary, the diagnosis of Aspergillus detected in blood samples, which can be used as a supplement to BALF samples, showed higher specificity than that in BALF samples.




Discussion

We performed a retrospective study to evaluate the diagnostic ability of mNGS in non-neutropenic patients with pulmonary aspergillosis. We showed that mNGS had satisfactory sensitivity in diagnosing and was useful in identifying co-pathogens in pulmonary mixed infections and directing modifications of antimicrobial treatment.

Aspergillus is a common opportunistic pathogen that can be fatal in certain conditions (such as organ transplantation, granulocytic, HIV-infected, and tumors). Currently, there is an increase in the occurrence of pulmonary aspergillosis in the non-neutropenic population owing to the increasing occurrence of non-specific factors such as COPD, diabetes, and immunosuppressive therapy.

Microbiological diagnosis of pulmonary aspergillosis is the ‘‘rate-limiting’’ step in achieving prompt treatment initiation and improving the prognosis of patients. Thus far, fungal smear and culture, serum (1,3)-β-D-glucan (G) or galactomannan (GM) tests, PCR, and Aspergillus-specific lateral flow device tests (LFD) (Jenks et al., 2019) are used in the microbiological analysis of pulmonary aspergillosis. Recent studies have shown that the polymorphism of PTX3 (which is a soluble pattern recognition receptor) is associated with increased susceptibility to invasive aspergillosis (Kang et al., 2020). However, these methods have certain limitations. Although traditional etiological culture methods help provide fungal drug sensitivity information, the clinical positivity rate is still low and fails to differentiate between contamination and colonization. Meanwhile, the sensitivity of the serum GM test in non-neutropenic patients is low and is affected by the use of antibiotics and intravenous immunoglobulins.

To date, mNGS has been clinically used. There are only few studies that have investigated the association between mNGS and the diagnosis of pulmonary aspergillosis (He et al., 2019; Zhang et al., 2020; Chen et al., 2021; Ma et al., 2022). In these studies, Chen et al. (Chen et al., 2021) and Zhang et al. (Zhang et al., 2020) reported the application of NGS in diagnosing co-infection of Aspergillus and P. jirovecii, which supports the results of this study. Additionally, Zhang et al. (Zhang et al., 2020) and He et al. (He et al., 2019) reported that patients with pulmonary aspergillosis have complications such as corticosteroid-treated dermatomyositis, COPD, and asthma, which is consistent with our results.

mNGS, as a new microbial diagnostic method, can accurately distinguish species and has high value for the diagnosis of Aspergillus. Therefore, our research concentrated on its diagnostic value, and we revealed that the sensitivity of mNGS is significantly higher than that of conventional etiological methods and serum (1,3)-β-D-glucan, but with relatively low specificity. Another notable benefit of mNGS over other microbiological tests is the wide spectrum of pathogen identification, which enables the detection of mixed infections with a single run of non-neutropenic pulmonary aspergillosis patient samples. Therefore, patients with mixed infections might benefit from this technique.

The unbiased broad-spectrum detection of mNGS could further guide effective antimicrobial treatment. In the present study, 50% of pulmonary aspergillosis patients did not receive anti-Aspergillus drugs until the report of mNGS results, demonstrating that mNGS is useful for the diagnosis and proper treatment of pulmonary aspergillosis. Triazoles are the only oral drugs with anti-Aspergillus activity, while itraconazole and voriconazole are considered first-line drugs (Alastruey-Izquierdo et al., 2018). These findings imply that an earlier application of mNGS can guide a rapid and accurate diagnosis of pulmonary aspergillosis. This new method is expected to become a new gold standard with high therapeutic efficiency after diagnosis.

Notably, the mNGS of Aspergillus in BALF samples sometimes gives a false-positive result. This could be due to several factors, which include: (a) contamination of the microbial genome from the environment or body flora and (b) high host genome background and low microbial biomass of the true pathogens (Chen et al., 2020). mNGS of Aspergillus in blood samples has a higher specificity. A possible explanation is that healthy human blood is sterile. Meanwhile, the consistency of mNGS detection of Aspergillus in BALF and blood samples suggests that Aspergillus may be transmitted from the lungs to the bloodstream in patients with pulmonary aspergillosis (Jiang et al., 2021). In contrast, one study showed that the diagnostic value of BALF GM detection in non-neutropenic patients is superior to that of serum GM detection (Zhou et al., 2017).

The present study had several limitations. Firstly, it was a single-center retrospective study. Thereby, intrinsic bias is inevitable. In addition, the diagnostic performance of mNGS was not compared with that of the GM test, which our hospital does not routinely perform. Therefore, further studies that consider these variables are needed. Moreover, owing to the lack of general agreement on interpreting mNGS results, it is difficult to determine whether microbes reported by mNGS are significant clinical pathogens or colonized microbes, which must be categorized based on a thorough examination of clinical characteristics, laboratory tests, and parameters. Consequently, our study further analyzed the correlation between SMRN of Aspergillus detected by mNGS and the results of other clinical tests in 12 diagnoses of pulmonary aspergillosis cases. No significant differences between the SMRN of Aspergillus in BALF or blood samples and clinical data were observed.

Finally, there are certain drawbacks associated with the use of mNGS. While it takes 24–48 h to complete all processes, a single run of mNGS costs more than traditional detection methods. The high costs and requirements of mNGS are a barrier to the widespread use (such as blood routine examination). However, mNGS is a powerful tool for the unexplained and severe pneumonia, such as pulmonary aspergillosis. In addition, the generalizability of mNGS is subject to certain limitations. For instance, the cell wall of Aspergillus is thick and nucleic acids are difficult to release, which causes a false-negative result. Furthermore, many Aspergillus genome databases are incomplete, and the public database is contaminated with human Aspergillus sequences. Consequently, mNGS can only be used as an auxiliary diagnostic index and not as a basis for etiological diagnosis. In addition to the study of its diagnostic value, greater efforts are needed for further dynamic testing of pulmonary aspergillosis in non-neutropenic patients using mNGS during the entire disease course. It is thus worthwhile to explore its value in predicting anti-Aspergillus treatment efficacy (Hagiwara et al., 2014).

All the studies reviewed thus far, however, suffer from the fact that the value of mNGS for the diagnosis of pulmonary aspergillosis in non-neutropenic patients remains poorly studied; further multicenter prospective studies with large sample sizes are needed.



Conclusions

The following conclusions were drawn from this study: mNGS is a useful and unbiased diagnostic method for pulmonary aspergillosis in non-neutropenic patients and should be adopted as soon as possible. It has high sensitivity in identifying pulmonary aspergillosis and outperforms other ways in detecting mixed infections and adjusting antimicrobial treatment. This new method has high potential to be adopted as a gold standard.



Data availability statement

The data analyzed in this study is subject to the following licenses/restrictions: All data supporting this study are reasonably available from the corresponding author. Requests to access these datasets should be directed to Hao Tang, tanghao_0921@126.com.



Ethics statement

The studies involving human participants were reviewed and approved by Medical Ethics Committee, Shanghai Changzheng Hospital. 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

SB and HT conceived the project. SB, HS, YC, and CZ collected cases. HS and YC analyzed and interpreted patient data. SB and CZ wrote the manuscript. All authors have read and approved the final manuscript. SB, HS, YC, and CZ contributed equally to this work and share first authorship.



Funding

The research was sponsored by “Shuguang Program” supported by Shanghai Education Development Foundation and Shanghai Municipal Education Commission (20SG38), Shanghai Municipal Science and Technology Committee of Shanghai Outstanding Academic Leaders Plan (20XD1423300), and General Program of National Nature Science Foundation of China (No. 82070036).



Acknowledgments

The authors would like to thank all patients for participating in this study. The authors also thank the BGI (Shanghai, China) for their helpful technical support.



Conflict of interest

The 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.



References

 Alastruey-Izquierdo, A., Cadranel, J., Flick, H., Godet, C., Hennequin, C., Hoenigl, M., et al. (2018). Treatment of chronic pulmonary aspergillosis: Current standards and future perspectives. Respiration 96 (2), 159–170. doi: 10.1159/000489474

 Chabi, M. L., Goracci, A., Roche, N., Paugam, A., Lupo, A., and Revel, M. P. (2015). Pulmonary aspergillosis. Diagn. Interv Imaging 96 (5), 435–442. doi: 10.1016/j.diii.2015.01.005

 Chen, Y., Ai, L., Zhou, Y., Zhao, Y., Huang, J., Tang, W., et al. (2021). Rapid and precise diagnosis of pneumonia coinfected by pneumocystis jirovecii and aspergillus fumigatus assisted by next-generation sequencing in a patient with systemic lupus erythematosus: a case report. Ann. Clin. Microbiol. Antimicrob. 20 (1), 47. doi: 10.1186/s12941-021-00448-5

 Chen, X., Ding, S., Lei, C., Qin, J., Guo, T., Yang, D., et al. (2020). Blood and bronchoalveolar lavage fluid metagenomic next-generation sequencing in pneumonia. Can. J. Infect. Dis. Med. Microbiol. 2020, 1–9. doi: 10.1155/2020/6839103

 Denning, D. W. (2021). Diagnosing pulmonary aspergillosis is much easier than it used to be: a new diagnostic landscape. Int. J. Tuberc Lung Dis. 25 (7), 525–536. doi: 10.5588/ijtld.21.0053

 El-Baba, F., Gao, Y., and Soubani, A. O. (2020). Pulmonary aspergillosis: What the generalist needs to know. Am. J. Med. 133 (6), 668–674. doi: 10.1016/j.amjmed.2020.02.025

 Hagiwara, D., Takahashi, H., Watanabe, A., Takahashi-Nakaguchi, A., Kawamoto, S., Kamei, K., et al. (2014). Whole-genome comparison of aspergillus fumigatus strains serially isolated from patients with aspergillosis. J. Clin. Microbiol. 52 (12), 4202–4209. doi: 10.1128/jcm.01105-14

 Hasan, M. R., Rawat, A., Tang, P., Jithesh, P. V., Thomas, E., Tan, R., et al. (2016). Depletion of human DNA in spiked clinical specimens for improvement of sensitivity of pathogen detection by next-generation sequencing. J. Clin. Microbiol. 54 (4), 919–927. doi: 10.1128/jcm.03050-15

 He, B. C., Liu, L. L., Chen, B. L., Zhang, F., and Su, X. (2019). The application of next-generation sequencing in diagnosing invasive pulmonary aspergillosis: three case reports. Am. J. Transl. Res. 11 (4), 2532–2539.

 Jenks, J. D., Mehta, S. R., Taplitz, R., Aslam, S., Reed, S. L., and Hoenigl, M. (2019). Point-of-care diagnosis of invasive aspergillosis in non-neutropenic patients: Aspergillus galactomannan lateral flow assay versus aspergillus-specific lateral flow device test in bronchoalveolar lavage. Mycoses 62 (3), 230–236. doi: 10.1111/myc.12881

 Jiang, J., Bai, L., Yang, W., Peng, W., An, J., Wu, Y., et al. (2021). Metagenomic next-generation sequencing for the diagnosis of pneumocystis jirovecii pneumonia in non-HIV-Infected patients: A retrospective study. Infect. Dis. Ther. 10 (3), 1733–1745. doi: 10.1007/s40121-021-00482-y

 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 (8), 1133–1143. doi: 10.1093/clinchem/hvab061

 Kang, Y., Yu, Y., and Lu, L. (2020). The role of pentraxin 3 in aspergillosis: Reality and prospects. Mycobiology 48 (1), 1–8. doi: 10.1080/12298093.2020.1722576

 Li, H. (2022). Editorial: mNGS for fungal pulmonary infection diagnostics. Front. Cell Infect. Microbiol. 12. doi: 10.3389/fcimb.2022.864163

 Liu, L., Yuan, M., Shi, Y., and Su, X. (2021). Clinical performance of BAL metagenomic next-generation sequence and serum (1,3)-β-D-Glucan for differential diagnosis of pneumocystis jirovecii pneumonia and pneumocystis jirovecii colonisation. Front. Cell Infect. Microbiol. 11. doi: 10.3389/fcimb.2021.784236

 Long, Y., Zhang, Y., Gong, Y., Sun, R., Su, L., Lin, X., et al. (2016). Diagnosis of sepsis with cell-free DNA by next-generation sequencing technology in ICU patients. Arch. Med. Res. 47 (5), 365–371. doi: 10.1016/j.arcmed.2016.08.004

 Marotz, C. A., Sanders, J. G., Zuniga, C., Zaramela, L. S., Knight, R., and Zengler, K. (2018). Improving saliva shotgun metagenomics by chemical host DNA depletion. Microbiome 6 (1), 42. doi: 10.1186/s40168-018-0426-3

 Ma, X., Zhang, S., Xing, H., Li, H., Chen, J., Li, H., et al. (2022). Invasive pulmonary aspergillosis diagnosis via peripheral blood metagenomic next-generation sequencing. Front. Med. 9. doi: 10.3389/fmed.2022.751617

 Patterson, K. C., and Strek, M. E. (2014). Diagnosis and treatment of pulmonary aspergillosis syndromes. Chest 146 (5), 1358–1368. doi: 10.1378/chest.14-0917

 Salter, S. J., Cox, M. J., Turek, E. M., Calus, S. T., Cookson, W. O., Moffatt, M. F., et al. (2014). Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BMC Biol. 12, 87. doi: 10.1186/s12915-014-0087-z

 Sugui, J. A., Kwon-Chung, K. J., Juvvadi, P. R., Latgé, J. P., and Steinbach, W. J. (2014). Aspergillus fumigatus and related species. Cold Spring Harb. Perspect. Med. 5 (2), a019786. doi: 10.1101/cshperspect.a019786

 Thoendel, M. J., Jeraldo, P. R., Greenwood-Quaintance, K. E., Yao, J. Z., Chia, N., Hanssen, A. D., et al. (2018). Identification of prosthetic joint infection pathogens using a shotgun metagenomics approach. Clin. Infect. Dis. 67 (9), 1333–1338. doi: 10.1093/cid/ciy303

 Tong, T., Shen, J., and Xu, Y. (2018). Serum galactomannan for diagnosing invasive aspergillosis in pediatric patients: A meta-analysis. Microb. Pathog. 118, 347–356. doi: 10.1016/j.micpath.2018.03.059

 Wilson, M. R., Sample, H. A., Zorn, K. C., Arevalo, S., Yu, G., Neuhaus, J., et al. (2019). Clinical metagenomic sequencing for diagnosis of meningitis and encephalitis. N Engl. J. Med. 380 (24), 2327–2340. doi: 10.1056/NEJMoa1803396

 Xie, G., Zhao, B., Wang, X., Bao, L., Xu, Y., Ren, X., et al. (2021). Exploring the clinical utility of metagenomic next-generation sequencing in the diagnosis of pulmonary infection. Infect. Dis. Ther. 10 (3), 1419–1435. doi: 10.1007/s40121-021-00476-w

 Yang, L., Song, J., Wang, Y., and Feng, J. (2021). Metagenomic next-generation sequencing for pulmonary fungal infection diagnosis: Lung biopsy versus bronchoalveolar lavage fluid. Infect. Drug Resist. 14, 4333–4359. doi: 10.2147/idr.S333818

 Zhang, K., Yu, C., Li, Y., and Wang, Y. (2020). Next-generation sequencing technology for detecting pulmonary fungal infection in bronchoalveolar lavage fluid of a patient with dermatomyositis: a case report and literature review. BMC Infect. Dis. 20 (1), 608. doi: 10.1186/s12879-020-05341-8

 Zhou, W., Li, H., Zhang, Y., Huang, M., He, Q., Li, P., et al. (2017). Diagnostic value of galactomannan antigen test in serum and bronchoalveolar lavage fluid samples from patients with nonneutropenic invasive pulmonary aspergillosis. J. Clin. Microbiol. 55 (7), 2153–2161. doi: 10.1128/jcm.00345-17



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 © 2022 Bao, Song, Chen, Zhong and Tang. 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: 17 August 2022

doi: 10.3389/fcimb.2022.961297

[image: image2]


Tropheryma whipplei detection by metagenomic next-generation sequencing in bronchoalveolar lavage fluid: A cross-sectional study


Minmin Lin 1,2†, Kongqiu Wang 1†, Lidi Qiu 3, Yingjian Liang 1, Changli Tu 1, Meizhu Chen 1, Zhenguo Wang 1, Jian Wu 1, Yiying Huang 1, Cuiyan Tan 1, Qijiu Chen 1, Xiaobin Zheng 1 and Jing Liu 1,2*


1 Department of Pulmonary and Critical Care Medicine (PCCM), the Fifth Affiliated Hospital of Sun Yat-sen University, Zhuhai, China, 2 Guangdong Provincial Key Laboratory of Biomedical Imaging and Guangdong Provincial Engineering Research Center of Molecular Imaging, The Fifth Affiliated Hospital of Sun Yat-sen University, Zhuhai, China, 3 Department of Infectious Disease Intensive Care Unit, The Fifth Affiliated Hospital of Sun Yat-sen University, Zhuhai, China




Edited by: 

Jinmin Ma, Beijing Genomics Institute (BGI), China

Reviewed by: 

Chunling Dong, Second Affiliated Hospital of Jilin University, China

Lei Rong, The University of Hong Kong, China

*Correspondence: 
 Jing 
Liu
 liujing25@sysu.edu.cn

†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 June 2022

Accepted: 29 July 2022

Published: 17 August 2022

Citation:
Lin M, Wang K, Qiu L, Liang Y, Tu C, Chen M, Wang Z, Wu J, Huang Y, Tan C, Chen Q, Zheng X and Liu J (2022) Tropheryma whipplei detection by metagenomic next-generation sequencing in bronchoalveolar lavage fluid: A cross-sectional study. Front. Cell. Infect. Microbiol. 12:961297. doi: 10.3389/fcimb.2022.961297



Tropheryma whipplei is the bacterium associated with Whipple’s disease (WD), a chronic systemic infectious disease primarily involving the gastrointestinal tract. T. whipplei can also be detected in different body site of healthy individuals, including saliva and feces. Traditionally, Tropheryma whipplei has a higher prevalence in bronchoalveolar lavage fluid (BALF) of immunocompromised individuals. Few studies have explored the significance of the detection of T. whipplei in BALF. Herein, we retrospectively reviewed 1725 BALF samples which detected for metagenomic next-generation sequencing (mNGS) from March 2019 to April 2022 in Zhuhai, China. Seventy BALs (70/1725, 4.0%) from 70 patients were positive for T. whipplei. Forty-four patients were male with an average age of 50 years. The main symptoms included cough (23/70), expectoration (13/70), weight loss (9/70), and/or dyspnea (8/70), but gastrointestinal symptoms were rare. Chronic liver diseases were the most common comorbidity (n=15, 21.4%), followed by diabetes mellitus (n=13, 18.6%). Only nine patients (12.9%) were immunocompromised. Twenty-four patients (34.3%) were finally diagnosed with reactivation tuberculosis and 15 patients (21.4%) were diagnosed with lung tumors, including 13 primary lung adenocarcinoma and two lung metastases. Fifteen patients (21.4%) had pneumonia. Among the 20 samples, T. whipplei was the sole agent, and Mycobacterium tuberculosis complex was the most common detected other pathogens. Among the non-tuberculosis patients, 31 (31/46, 67.4%) had ground glass nodules or solid nodules on chest CT. Our study indicates that T. whipplei should be considered as a potential contributing factor in some lung diseases. For non-immunocompromised patients, the detection of T. whipplei also needs attention. The mNGS technology improves the detection and attention of rare pathogens. In the future, the infection, colonization, and prognosis of T. whipplei in lung still need to be studied.
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Introduction

Tropheryma whipplei is the bacterium associated with Whipple’s disease (WD), described by George H.Whipple in 1907 (GH, 1907). Whipple’s disease is a rare, chronic, and systemic illness, which mainly involves the gastrointestinal tract. It can also lead to the involvement of joints, nervous system, and cardiovascular system. The most common symptoms of patients with classic Whipple’s disease are arthralgia, diarrhea, weight loss, lymphadenopathy, abdominal pain, and fever (Dolmans et al., 2017). Only a few studies on the prevalence and incidence rate of Whipple’s disease were performed. According to a research from the United States, the overall prevalence of Whipple’s disease in the US was 9.8 cases per 1 million people (Elchert et al., 2019). Of concern, the classic Whipple’s disease is typically found in Caucasian populations, but carriage is common in the native Asian and Africa populations (Keita et al., 2015).

T. whipplei is a rod-shaped, Gram-positive bacterium belonging to Actinomycetes. With the development of molecular biology technology, the bacterial 16S ribosomal DNA was first identified in small-bowel biopsy specimens of patients with classic Whipple’s disease by nucleotide sequencing and PCR amplification in 1991 (Relman et al., 1992). Subsequently, the T. whipplei DNA has been detected in various samples by using PCR, including stool (Schoniger-Hekele et al., 2007), saliva, urine, blood, cerebrospinal fluid, and bronchoalveolar lavage fluid (BALF) (Fenollar et al., 2012). In some studies, T. whipplei has been shown to be an etiological pathogen in pneumonia (Bousbia et al., 2010). Moreover, T. whipplei was significantly more common in BALF in HIV-positive individuals, which was considered to be a potential contributing factor with lung complications (Lozupone et al., 2013). This further indicates that T. whipplei may be involved in the occurrence of some lung diseases.

With the application of metagenomic next-generation sequencing (mNGS) technology with high sensitivity in our country, the detection of T. whipplei has increased. However, at present, the epidemiology of T. whipplei in BALF in our country is still lacking. Therefore, the BALF samples which detected for mNGS in our hospital were reviewed, and the characteristics of patients with positive T. whipplei were analyzed.



Material and methods


Study patients and cases definition

We retrospectively reviewed 1725 BALF samples which detected for metagenomic next-generation sequencing from March 2019 to April 2022 at the Fifth Affiliated Hospital of Sun Yat-sen University in Zhuhai, China. The collection process of BALF was in line with clinical operation standard and followed the principle of sterility. The involved sub-segments were washed with 20 to 50ml normal saline. 3-5ml BALF samples were placed in sterile sputum containers, stored in -20°C, and then sent to BGI (Shenzhen, China) for detection.

The baseline data on patients with positive Tropheryma whipplei was collected, including demographic information, laboratory data, clinical symptoms, imaging examination results, diagnosis, pathological results, and treatment history. Immunocompromised status was defined as any of the following: (1) solid organ transplantation; (2) long-term therapy with corticosteroid (≥ 20mg prednisone or equivalent daily for ≥ 14d or a cumulative dose > 600mg of prednisone) or other immunosuppressive drugs; (3) agranulocytosis after cancer chemotherapy; (4) hematological malignancy; (5) inherited or acquired severe immunodeficiency or human immunodeficiency virus infection.



DNA extraction and mNGS sequencing

1.5mL microcentrifuge tube with 0.6mL sample and 250μL 0.5mm glass bead were attached to a horizontal platform on a vortex mixer and agitated vigorously at 2800-3200 rpm for 30 min. Then 7.2μL lysozyme was added for wall-breaking reaction. 0.3mL sample was separated into a new 1.5mL microcentrifuge tube and DNA was extracted using the TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH) according to the manufacturer’s recommendation. DNA libraries were constructed through DNA-fragmentation, end-repair, adapter-ligation and PCR amplification. Agilent 2100 was used for quality control of the DNA libraries. Quality qualified libraries were pooled, DNA Nanoball (DNB) was made and sequenced by MGISEQ-2000 platform.



Bioinformatic analysis

High-quality sequencing data were generated by removing low-quality reads, followed by computational substraction of human host sequences mapped to the human reference genome (hg19) using Burrows-Wheeler Alignment (Li and Durbin, 2009). The remaining data by removal of low-complexity reads were classified by simultaneously aligning to Pathogens metagenomics Database (PMDB), consisting of bacteria, fungi, viruses and parasites. The classification reference databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomesT. whipplei was considered positive when at least 3 reads were mapped to the species level.



Statistical analysis

Categorical variables were expressed as percentages. Continuous variables subject to normal distribution were expressed by mean and SD, otherwise, median and IQR. Comparative analysis was conducted by t test, Pearson’s test, Fisher’s exact test, or Mann-Whitney U test where appropriate. Data analysis was performed with SPSS 20.0 and GraphPad Prism. P < 0.05 was considered significant.




Results


Clinical presentation

Seventy BALs (70/1725, 4.0%) from 70 patients were positive for T. whipplei. Forty-four patients were male (62.9%). The age of the 70 patients ranged from 25 to 78 years (mean age: 50 years). All patients were hospitalized. Twenty-eight (40%) patients were hospitalized in infectious diseases department, 24 (34.3%) in thoracic surgery, 15 (21.4%) in respiratory department, two in an intensive-care unit and one in endocrine department at the sampling time of BALF. The distribution of sampling time was dispersed. The main clinical symptoms of patients included cough (23/70), expectoration (13/70), weight loss (9/70), and/or dyspnea (8/70) (Table 1). Only nine patients complained about gastrointestinal symptoms such as abdominal pain, diarrhea, vomiting, or poor appetite. One patient had joint pain, and one had neurological symptoms. Nearly half of the patients (n=32) had no clinical symptoms.


Table 1 | The characteristics of patients with T. whipplei positive in BALF.





Comorbidity, immune status, and inflammatory response

Chronic liver diseases were the most common comorbidity (n=15, 21.4%), including hepatitis B, cirrhosis and fatty liver, followed by diabetes mellitus (n=13, 18.6%). Non-immunocompromised patients accounted for the majority. Immunodeficiency in nine patients (12.9%) was due respectively to drug including cyclosporin (n=1) or corticosteroids (n=1), and to medical conditions including HIV infection (n=5) and solid organ transplantation (n=2) (Figure 1). Four patients had extrapulmonary tumors. Almost all patients were tested for relevant inflammatory indicators after admission and before treatment. The overall inflammatory response was not strong. The average white blood cell count and haemoglobin of all 70 patients was 6.2×10^9/L (IQR 5.06-7.09×10^9/L) and 132 g/L (IQR 120-149 g/L) respectively. The median C-reactive protein was 3.5 mg/L (IQR 1-11.12 mg/L) (Table 1). The overall BMI index was normal (mean: 23.17, SD: 3.67), and patients with tuberculosis had a lower BMI (21.35 vs 24.13, p=0.002).




Figure 1 | Distribution of major comorbidities in patients with positive T. whipplei in BALF.





Histological presentation

Twenty-one patients underwent surgery, three underwent transbronchial lung biopsy and three underwent percutaneous lung biopsy. Therefore, a total of 27 patients had lung histopathological results. The histopathological results of 15 patients were tumors, including primary lung adenocarcinoma (n=13), metastatic intestinal adenocarcinoma (n=1) and metastatic esophageal squamous cell carcinoma (n=1). Two patients showed multinucleated giant cells in histopathology, which were considered to be tuberculosis; One patient’s histopathology was positive for PAS and silver hexamine staining, which was considered as cryptococcal infection. The remaining histopathological results included nonspecific inflammatory cell infiltration (n=5), hamartoma (n=2), suspected lung cancer (n=1), and suspected multifocal micronodular alveolar epithelial hyperplasia (MMPH) (n=1).

Whipple’s disease often involves the gastrointestinal tract. Therefore, we collected the gastroscopic results. In the lamina propria of the duodenal (as well as the gastric antral region, jejunum, or ileum), foam macrophages containing large amounts of diastase-resistant PAS-positive particles was the typical histological detection. Six patients underwent gastroscopy within three months, which showed various degrees of gastritis. Other gastroscopic findings included gastric antrum ulcer (n=1), duodenal erosion and superficial ulcer (n=1), gastric mucosal intraepithelial neoplasia (n=1), gastric polyp (n=1) and esophageal cancer (n=1). Pathological biopsy of duodenal lesions showed lymphocyte and plasma cell infiltration, but PAS staining was not performed.



mNGS and microbiological association

Among 20 BALF samples, T. whipplei was the only pathogen detected. The most common detected bacterial pathogen with T. whipplei was Mycobacterium tuberculosis complex, followed by Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, Haemophilus parainfluenzae, and Actinomyces. The most common detected fungi was Candida albicans, followed by Pneumocystis jirovecii. Human gamma-herpes virus 4 (Epstein-Barr virus, EBV) was the most detected virus (Table 2). The mapped reads number of T. whipplei was normalized to reads per million (RPM). The RPM value of T. whipplei in immunodeficiency patients outnumbered those in non-immunodeficiency patients, but it did not reach statistical difference. The RPM value of T. whipplei sequences was not related to whether it was the sole agent and whether the patients had symptoms (Figure 2). Immunodeficient patients had higher detection rate of fungi and virus, but only virus reached statistical difference (66.7% vs 18.0%, p=0.005) (Supplementary Figure S1). The detection rate of Mycobacterium tuberculosis complex in patients with diabetes was significantly higher (38.5% vs 8.8%, p=0.015).


Table 2 | Pathogen detected by mNGS.






Figure 2 | Comparisons of the RPM value of T. whipplei according to immune deficiency status (A), mixed detection (B), and clinical symptoms (C).





Chest CT findings

According to the classification of diseases, we simply described the chest CT findings. Among the tuberculosis (TB) patients, the most chest CT findings were common reactivation TB changes, including focal or patchy heterogeneous consolidation, poorly defined nodules or linear opacities, cavity (n=6), tuberculoma (n=1), and pleural effusion (n=1). One patient’s chest CT showed miliary tuberculosis. Among the non-TB patients, 31 (31/46, 67.4%) had ground glass nodules or solid nodules on chest CT. The remaining CT findings included patchy, mass, pleural effusion (n=6), cystic (n=2), cavity (n=2), and interstitial fibrosis (n=2). Classification of chest CT in non-tuberculosis patients, especially considering the T. whipplei as the main pathogen, it could be roughly divided into nodular type, pneumonia type and mixed type, as shown in Figure 3. In general, the chest imaging manifestations were various.




Figure 3 | Classification of chest computed tomography (CT) in non-tuberculosis patients. (A) Nodular type: ground glass nodules or solid nodules, (B) Pneumonia type: focal or patchy mixed density shadow, and (C) Mixed type: other manifestations such as cavity, cystic or pleural effusion.





Diagnosis, treatment, and prognosis

Twenty-four patients (34.3%) were finally diagnosed with reactivation tuberculosis and received anti-tuberculosis treatment. Sixteen of them improved after treatment. Fifteen patients (21.4%) were diagnosed with pneumonia, and all received antimicrobial treatment, such as β-lactams/β-lactamase inhibitor, Trimethoprim-sulfamethoxazole, doxycycline or quinolones. Six patients improved radiographically after treatment. More immunocompromised patients were diagnosed with pneumonia (p=0.001). According to histopathology, fifteen patients (21.4%) were diagnosed with lung tumors, including 13 primary lung adenocarcinoma and two lung metastases. Fourteen of them received surgery and one received chemotherapy. The remaining diagnoses include unexplained pulmonary nodules (n=4), benign pulmonary nodules (n=3), pleurisy (n=3), cryptococcal infection (n=1), and suspected lung cancer (n=1) (Figure 4). None of the patients died in hospital.




Figure 4 | Diagnostic distribution of T. whipplei positive patients in BALF.






Discussion

Although WD was described as early as 1907, T. whipplei was only successfully cultured in macrophages until 1997 (Schoedon et al., 1997). Due to the lack of specificity of the clinical manifestations, and the lack of understanding of WD, the disease was often misdiagnosed or undiagnosed in our country. With the development of molecular methods and application of mNGS technology, the number of positive cases detected in BALF increased. Meanwhile, there was an increasing number of cases reported about pulmonary infection caused by T. whipplei or pulmonary involvement of WD in recent years. However, the significance of T. whipplei detection in BALF still needs to be comprehensively considered. Our study found that the majority of T. whipplei positive patients in BALF were non-immunodeficient, with a large proportion of patients diagnosed with tuberculosis, lung tumors, and pneumonia. Pulmonary nodules were the main manifestation of chest CT. To our knowledge, our study has the largest sample size in the epidemiological study of T. whipplei detected in BALF in China.

In this study, mNGS was used to detect T. whipplei. In the process of sequencing and bioinformatics analysis, the technology has strictly set up positive and negative controls and carried out quality control. The distribution of departments during the patients sampling was relatively scattered, and the collection time was evenly distributed. Therefore, the possibility of nosocomial infection or outbreak could be ruled out, and the contamination in the collection process or laboratory process could also be basically ruled out. Accordingly, we consider the detected results to be credible.

The prevalence of T. whipplei in our study was slightly lower than that reported by Lagier et al. (6.1%, 88/1438) (Lagier et al., 2016), which was close to the 3% (6/210) reported by Boubia et al. (2010). Respiratory symptoms, weight loss and fever were the main clinical manifestations of patients, while gastrointestinal symptoms were rare, which was similar with the previous case reports of pneumonia caused by T. whipplei (Urbanski et al., 2012; Guo et al., 2021). However, nearly half of the patients in our study were asymptomatic, and the overall inflammatory response was not strong. This suggests that some patients may be carriers of T. whipplei in the lungs. Our results indicated that non-immunodeficient status was predominant in T. whipplei positive patients in BALF, which was inconsistent with the previous view that T. whipplei was more prevalent among HIV-positive individuals (Lozupone et al., 2013; Garcia-Alvarez et al., 2016). The case-control study of Lagier et al. found that the prevalence of T. whipplei may not be related to immune status (Lagier et al., 2016). In addition, our results suggest that patients with diabetes and chronic liver disease may be susceptible to T. whipplei in the lungs, which has not been concerned in previous studies. The significance and causes of T. whipplei detection in non-immunocompromised patients still need to be further explored.

Our study also confirm that T. whipplei is an etiologic pathogen in acute respiratory infections (Lagier et al., 2017). T. whipplei could be co-infected with Pneumocystis jirovecii and Candida albicans, as reported in previous cases (Li et al., 2021; Yan et al., 2021), or leaded to pulmonary infection alone (Guo et al., 2021). Moreover, we also found that immunocompromised patients were more likely to be diagnosed with pneumonia, suggesting that T. whipplei should be considered more as a pathogen when detected in BALF in immunocompromised patients with clinical symptoms. Mycobacterium tuberculosis complex and T. whipplei co-infection or detection were occasionally reported in other studies (Lagier et al., 2016; Zhu et al., 2021). However, our study found that Mycobacterium tuberculosis complex was the most common pathogenic bacteria detected together, and a considerable number of patients (34.3%) were diagnosed as reactivation pulmonary tuberculosis. The reason may be that the incidence of tuberculosis in China is still high. At the same time, our hospital was a designated hospital for tuberculosis treatment, which leaded to the increase of detection rate. On the other hand, both Mycobacterium tuberculosis complex and T. whipplei belong to Actinobacteria. Mycobacterium tuberculosis complex is facultative intracellular bacterium, and T. whipplei is obligate intracellular bacterium. The infection of both bacteria have been associated with macrophages. In the pathogenesis of classic WD, macrophages in duodenal mucosa can be induced by bacteria to polarize into M2/alternatively activated macrophages (Desnues B, Lepidi et al., 2005). The impaired antigen-presenting function of macrophages and dendritic cells further weakened the response of T cells (Moos et al., 2010). In addition, the increased activity of regulatory T cells in the gut and blood further increases the immunosuppressive environment (Schinnerling et al., 2011). However, due to the lack of research on the pathogenesis of T. whipplei in lung infection, we can only speculate that the co-infection or detection of Mycobacterium tuberculosis complex and T. whipplei may be related to the impairment of pulmonary macrophage function. The interaction and causality between T. whipplei and other pathogens in the lung need to be further studied.

We performed a general classification of chest CT findings in non-pulmonary tuberculosis patients, especially those considering T. whipplei as the dominant pathogen. Therefore, our results are representative and convincing. The overall chest CT findings were diverse, with pulmonary nodules as the main manifestation, which had also been mentioned in several previous case reports (Urbanski et al., 2012; Zhang and Xu, 2021). Nevertheless, according to the histopathological results, a considerable number of pulmonary nodules were identified as tumors, most of which were early-stage lung adenocarcinoma. In the long-term follow-up survey of WD patients with a small sample size (35 patients) by Schiepatti et al., 22% (7 patients) had preneoplastic/neoplastic disorders (Schiepatti et al., 2020). At present, the risk factors for the occurrence of pulmonary nodules are not clear. We speculate that there may be a relationship between lung lesions and T. whipplei. Whether the presence of T. whipplei in the lung microbiome may promote the occurrence of pulmonary nodules or even early-stage lung cancer directly or indirectly by changing the immune microenvironment still needs to be further confirmed by prospective studies with a larger sample size.

In this study, duodenal mucosal biopsy was performed in a small number of patients, and PAS staining was not performed in suspected patients, so WD was not clearly diagnosed. As WD is a multisystem disease, untreated WD is fatal (Marth and Raoult, 2003). Therefore, we believe that duodenal mucosal biopsy, PAS staining, and immunohistochemistry can be considered for patients suspected of T. whipplei infection to further improve the diagnosis. PCR in sterile body fluids, such as blood, cerebrospinal fluid, and joint fluid, can help diagnose WD, but most of them are invasive procedures, which still need to be evaluated according to the condition. This study also had limitations. It was a single-center retrospective descriptive study without longitudinal follow-up, and partial information was not comprehensive. No control group was established, so correlation and causality could not be determined. But we believe our study is informative.



Conclusion

In summary, this study objectively analyzed the clinical characteristics of patients with positive T. whipplei detected by mNGS in BALF. Our study adds to the evidence that T. whipplei in BALF may be related to some lung diseases. T. whipplei should be considered as a potential risk factor for pneumonia when detected in immunocompromised patients. For non-immunocompromised patients, the detection of T. whipplei also needs attention because of the relationship between T. whipplei and pulmonary nodules. mNGS has improved the detection and attention of rare pathogens. Moreover, the infection, colonization, and prognosis of T. whipplei in the lung need further study.
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Objective

Lung involvement is a major cause of morbidity and mortality in patients with rheumatic diseases. This study aimed to assess the application value of metagenomic next-generation sequencing (mNGS) for identifying pathogens in patients with rheumatic diseases and diffuse pulmonary lesions.



Methods

This retrospective study included patients who were diagnosed with rheumatic diseases and presenting diffuse pulmonary lesions on chest radiography in Xiangya Hospital from July 2018 to May 2022. Clinical characteristics were summarized, including demographics, symptoms, comorbidities, radiological and laboratory findings, and clinical outcomes. Pulmonary infection features of these patients were analyzed. Furthermore, diagnostic performance of mNGS and conventional methods (including smear microscopy, culture, polymerase chain reaction assay, and serum immunological test) in identifying pulmonary infections and causative pathogens were compared.



Results

A total of 98 patients were included, with a median age of 58.0 years old and a female proportion of 59.2%. Of these patients, 71.4% showed the evidence of pulmonary infections. Combining the results of mNGS and conventional methods, 129 infection events were detected, including 45 bacterial, 40 fungal and 44 viral infection events. Pulmonary mixed infections were observed in 38.8% of patients. The detection rates of mNGS for any pathogen (71.4% vs 40.8%, P < 0.001) and mixed pathogens (40.8% vs 12.2%, P < 0.001) were higher than that of conventional methods. Moreover, mNGS had a significantly higher sensitivity (97.1% vs. 57.1%, P < 0.001) than conventional methods in identifying pulmonary infections, while its specificity (92.9% vs. 96.4%, P = 0.553) were comparable to conventional methods. Antimicrobial and antirheumatic treatments were markedly modified based on mNGS results in patients with rheumatic diseases and diffuse pulmonary lesions.



Conclusions

For patients diagnosed with rheumatic diseases and presenting diffuse pulmonary lesions, mNGS is a powerful complement to conventional methods in pathogen identification due to its high efficiency and broad spectrum. Early application of mNGS can provide guidance for precision treatment, and may reduce mortality and avoid antibiotic abuse.
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Introduction

Rheumatic diseases are a group of autoimmune and inflammatory diseases that are characterized by the presence of inflammation and destruction of joints, tissues and internal organs (Apel et al., 2018; Hardy et al., 2020). Lung is a common target organ of autoimmune mediated injury in patients with rheumatic diseases. Depending on the underlying rheumatic diseases, lung involvement associated with rheumatic diseases shows a considerable heterogeneity in incidence, severity, and the components of the involved lung structure (Ha et al., 2018). For patients with rheumatic disease, lung involvement is recognized as a major cause of morbidity and mortality (Luppi et al., 2022). Besides, internal immune dysregulation and secondary immunosuppression caused by antirheumatic therapy make these patients vulnerable to pulmonary infections, including opportunistic infections, which can also present diffuse pulmonary lesions on chest radiography (Di Franco et al., 2017; Wan et al., 2022). Due to the broad range of diagnostic and therapeutic aspects with an increased risk of mortality, rheumatic diseases complicated by diffuse pulmonary lesions are an important and challenging field in the clinical routine of both pulmonologists and rheumatologists.

Early and proper treatments are vital to improve the prognosis of such patients. However, it remains very difficult to distinguish pulmonary infections from non-infectious lung diseases secondary to rheumatic diseases and further identify the causative pathogens. While culture of blood and lower respiratory tract specimen is routinely conducted, its sensitivity is fairly low. Polymerase chain reaction (PCR) assay for specific microbes is widely used for its high sensitivity and specificity. But only one microbe can be detected by one test, thus its application value is limited in mixed infections, which are frequently seen in immunosuppressed patients. More importantly, these conventional methods are far from perfect to detect rare atypical or novel pathogens.

In recent years, mNGS has become increasingly popular in clinical diagnosis of infectious diseases. mNGS is a microbiologic diagnostic tool that detects all nucleic acids of microorganisms whose sequencing data are included in the database library, thus allowing for an unbiased approach to identify pathogens (Simner et al., 2018). Fast reporting, high accuracy, and the ability to detect multiple pathogens by one test make mNGS a promising microbial detection technology (Wilson et al., 2019), especially in complex miscellaneous infectious diseases among immunosuppressed patients (Peng et al., 2021; Nie et al., 2022). Its diagnostic performance has been highlighted in a variety of infectious diseases, such as pneumonia (Xie et al., 2019), blood stream infections (Jing et al., 2021), and central nervous system infections (Ramachandran and Wilson, 2020). However, whether mNGS is advantageous in patients with rheumatic diseases and suspected pneumonia remains unclear. Therefore, we conducted a retrospective study to assess the application value of mNGS in patients with underlying rheumatic diseases and presenting diffuse pulmonary lesions.



Methods


Study design and subjects

This retrospective diagnostic study was conducted in Xiangya Hospital, a large-scale tertiary care hospital with more than 3,500 beds. Adults diagnosed with rheumatic diseases and admitted with diffuse pulmonary lesions to the respiratory intensive care unit from July 1, 2018 to May 31, 2022 were consecutively included. Patients were eligible for enrollment if they met all the following criteria: (1) confirmed diagnosis of any kind of rheumatic diseases (Zeng et al., 2008); (2) diffuse pulmonary lesions that newly emerged on chest computed tomography (CT); (3) mNGS test of bronchoalveolar fluid (BALF) was performed. Patients were excluded if they met any of the following criteria: (1) age < 18 years; (2) patients who did not undergo mNGS test; (3) pregnant women; (4) patients with incomplete medical records. Finally, a total of 98 patients were enrolled in this study. The clinical composite diagnosis of pulmonary lesions and causative pathogens for pulmonary infections were determined by two senior experts (LYY and LYS) after discussion with the healthcare team, based on clinical symptoms, laboratory findings, chest radiology, microbiologic tests (including conventional methods and mNGS) and treatment response. This study was approved by the Institutional Review Board and Ethics Committee of Central South University and conducted according to the Declaration of Helsinki. All research data were de-identified and anonymously analyzed.



Sample processing and DNA extraction for mNGS

BALF samples were processed as described in a previous study of our group (Jiang et al., 2021). Briefly, BALF was mixed with lysozyme and 1 g of 0.5-mm glass beads, and then the mixture was attached to a horizontal platform on a vortex mixer and agitated vigorously at 2800–3200 rpm for 30 min. For nucleic acid extraction, 300 μL of supernatant was transferred to a 1.5-mL centrifuge tube. Subsequently, DNA was extracted using the TIANamp Micro DNA kit (Tiangen Biotech) according to standard procedures.



DNA library preparation and sequencing for mNGS

The DNA library was constructed by DNA fragmentation, end repair and PCR amplification using MGIEasy Cell-free DNA Library Prep Set (MGI Tech). Agilent 2100 (Agilent Technologies) and Qubit 2.0 (Invitrogen) were used as library quality control. The double-stranded DNA library was converted into single-stranded circular DNA using DNA degradation and circularization. The DNA Nanoballs were generated by rolling circle amplification technology. Qualified DNA Nanoballs were loaded on the chip and then performed 20 M 50-bp single-end sequencing on the MGISEQ-2000 sequencing platform (BGI Genomics) (Jeon et al., 2014).



Bioinformatic analysis for mNGS

After removing low-quality, short reads (length < 35 base pairs), the human host sequence mapped to the human reference genome using Burrows-Wheeler alignment and low complexity reads (Li and Durbin, 2010; Schmieder and Edwards, 2011), the rest of high-quality data were simultaneously aligned to four large microbial databases, including bacteria (6350 species), fungi (1064 species), viruses (1798 species) and parasites (234 species). The coverage ratio and depth of each microorganism were calculated using BEDTools (Quinlan and Hall, 2010).

Clinically significant microbes detected by mNGS were defined as previously described (Peng et al., 2021). For bacteria (excluding mycobacteria), fungi (excluding molds), viruses, parasites and other atypical pathogens, a microbe detected by mNGS was considered clinically significant when its relative abundance at the species level was more than 30%, and its pulmonary pathogenicity has been recorded in literature. Molds with literature-proven pulmonary pathogenicity were considered as clinically significant when the stringently mapped read number (SMRN) at the species level was more than 10. Oral commensals were not considered as clinically significant microbes regardless of their abundance. Finally, clinically significant microbes were determined as putative pathogens if patients showed suggestive symptoms, laboratory findings and/or radiologic features.



Clinical data collection

Demographics, symptoms, underlying rheumatic diseases, usage of corticosteroids and immunosuppressants, radiological abnormalities, APACHE II score, laboratory findings, antimicrobial and antirheumatic treatments (Arnold et al., 2021), and clinical outcomes of each patient were obtained through reviewing medical records. Demographics included the age, gender, and smoking history. Laboratory parameters included peripheral white blood cells, neutrophils, lymphocytes, serum procalcitonin, C-reactive protein, serum (1,3)-β-D-glucan, serum galactomannan at admission to the respiratory intensive care unit. A serum (1,3)-β-D-glucan level higher than 95 pg/mL and serum galactomannan S/CO (signal to cut-off ratio) higher than 0.8 were considered as positive according to the manufacturer’s instruction. Clinical outcomes included the use of invasive mechanical ventilation and treatment failure. Treatment failure was defined as the presence of any condition: (1) all-cause death during hospitalization; (2) persistent or worsening symptoms, signs and/or pulmonary lesions on chest imaging at the end of hospitalization. Conventional methods for identifying pathogens included smear microscopy of lower respiratory tract specimen, bacterial and fungal culture of lower respiratory tract specimen and blood, polymerase chain reaction assay of Epstein-Barr virus and Cytomegalovirus, serum IgM antibody tests for Mycoplasma pneumoniae, Chlamydia pneumoniae, Adenovirus, Influenza virus, Parainfluenza virus, Respiratory syncytial virus, Coxsackieviruses, and Legionella pneumophila. Mixed infection in lung was defined as two or more kinds of pathogens confirmed in one patient.



Statistical analysis

Statistical analyses were performed using SPSS 25.0 software (IBM Corp., Armonk, NY, USA). Continuous variables are presented as medians and interquartile ranges, and categorical variables are presented as counts and percentages. Proportions of different infection events were compared using the chi-square or Fisher’s exact tests. The paired chi-square test was used for comparing the pathogen detection rates of mNGS and conventional methods. Kappa test was used for assessing the consistency of mNGS and conventional methods in pathogen identification. Sensitivity, specificity, positive predictive value and negative predictive value were calculated using the clinical composite diagnosis as the reference standard; the chi-square test was used to compare these proportions between mNGS and conventional methods. Significance was fixed at P < 0.05.




Results


Clinical characteristics of patients

A total of 98 patients diagnosed with rheumatic diseases and diffuse pulmonary lesions were included, and their clinical characteristics were shown in Table 1. The median age was 58.0 years. Among these patients, 59.2% were females, and 27.6% were either current or former smokers. The most common clinical manifestations included dyspnea (100%), fever (90.8%), cough (87.8%) and expectoration (71.4%). The top five underlying rheumatic diseases included rheumatoid arthritis (22.4%), polymyositis/dermatomyositis (21.4%), vasculitis (19.4%), systemic lupus erythematosus (14.3%), and Sjögren’s syndrome (10.2%). There were 58 patients using corticosteroids and 22 patients using immunosuppressants before this admission.


Table 1 | Clinical characteristics of enrolled patients.



On chest CT images, ground-glass opacity (73.5%), interstitial pattern (63.3%), and pleural effusion (53.1%) were frequently seen in these patients. The median oxygen index was 128.0 (94.0-171.0), and the median APACHE II score was 12 (9-15) points. As for laboratory findings, these patients showed significantly lower peripheral lymphocyte counting (median, 0.6× 109/L) and C-reactive protein (median, 87.0 mg/L), while serum procalcitonin level were slightly elevated. Positive rates of serum (1,3)-β-D-glucan and serum galactomannan were 36.1% and 11.4%, respectively. Appropriately half (49.0%) of patients required invasive mechanical ventilation, and 23.5% ended up having treatment failure.



Pulmonary infection features of patients

Of the 98 patients, 71.4% showed the evidence of pulmonary infections, including 42 patients with bacterial infections, 32 with fungal infections and 27 with viral infections (Figure 1A). Overall, the proportion of bacterial infections was significantly higher than that of fungal or viral infections (Figure 1A). Proportions of mixed infections were 38.8%, 22.4%, 24.5%, and 23.5% for total, bacterial, fungal and viral infections, respectively (Figure 1B). In patients infected with fungi or viruses, mixed infection was much more common than single infection (Figure 1B). Combining the results of mNGS and conventional methods, 129 infection events were detected, including 45 bacterial infections, 40 fungal infections, and 44 viral infections (Figure 2).




Figure 1 | Proportions of different types of infections in patients with rheumatic diseases and diffuse pulmonary lesions. (A) Proportions of total, bacterial, fungal and viral infection events; (B) Proportions of single and mixed infection events.






Figure 2 | Categorization of infection events detected by mNGS and conventional methods alone or simultaneously. Detection rates of bacteria, fungi or viruses were compared between mNGS and conventional methods.



The whole pathogen spectrum in patients with rheumatic diseases and diffuse pulmonary lesions was presented in Figure 3. Pseudomonas aeruginosae was the most commonly detected bacterium (8/98, 8.2%), followed by Klebsiella pneumonia (7/98, 7.1%), Acinetobacter baumannii (6/98, 6.1%), Burkholderia cepacia (6/98, 6.1%), and other bacteria. The most common fungus was Pneumocystis jirovecii (17/98, 17.3%), followed by Aspergillus (11/98, 11.2%), Candida albicans (6/98, 6.1%), and other fungi. Epstein-Barr virus (23/98, 23.5%) and Cytomegalovirus (18/98, 18.4%) were the most frequently detected viruses. Most of infection events were identified by either mNGS alone or simultaneous mNGS and conventional methods, and only 4 infection events were detected by conventional methods alone.




Figure 3 | Distribution of pathogenic microorganisms detected by mNGS and conventional methods alone or simultaneously.





Performance of mNGS and conventional methods for identifying pathogens

Results of pathogen number detected by mNGS or conventional methods were shown in Table 2. The detection rates of mNGS for identifying any pathogen (71.4% vs 40.8%) and mixed pathogens (40.8% vs 12.2%) were both significantly higher than that of conventional methods, with statistically significant differences (P < 0.001). Kappa coefficient (0.344) suggested a mild consistency between mNGS and conventional methods. Diagnostic performance of mNGS and conventional methods in identifying pulmonary infections were further compared. As shown in Table 3, mNGS had a significantly higher sensitivity (97.1% vs. 57.1%, P < 0.001) and negative predictive value (92.9% vs. 47.4%, P < 0.001) than conventional methods, while its specificity (92.9% vs. 96.4%, P = 0.553) and positive predictive value (97.1% vs. 97.6%, P = 0.896) were comparable to conventional methods.


Table 2 | Comparison of pathogen species detected by mNGS and conventional methods.




Table 3 | Diagnostic performance of mNGS and conventional methods.





Impact of mNGS results on clinical treatments

Modifications on clinical treatments based on mNGS results were summarized in Table 4. After the report of mNGS results, 10.2% of patients started systemic use of corticosteroids, 29.6% had increased dosage of corticosteroids, and 8.2% had reduced dosage of corticosteroids. Use of immunosuppressants, therapeutic plasma exchange, and Tocilizumab were initiated in 16.3%, 24.5% and 2.0% of patients, respectively. Antimicrobial treatments were also markedly affected by mNGS results. Among all patients, 62.2% had changed antimicrobial spectrum, 28.6% had narrowed antimicrobial spectrum, and 20.4% had antimicrobial de-escalation. Besides, 28.6% of patients had removed and 13.3% had added at least one antimicrobial agent based on mNGS results.


Table 4 | Impact of mNGS results on clinical treatments.






Discussion

In this study, we summarized the pulmonary infection features and assessed the diagnostic value of mNGS in patients with rheumatic diseases and diffuse pulmonary lesions. The probability of bacterial, fungal or viral infections is high, and mixed infections are common in these patients. mNGS shows a good ability for detecting pathogens and is advantageous to identifying mixed infections in lung.

Lung involvement in patients with rheumatic disease is common and associated with significant morbidity and mortality (Doyle and Dellaripa, 2017). Meanwhile, the estimated rates of infectious complications can be as high as 26–50% among patients with polymyositis/dermatomyositis or systemic lupus erythematosus (Hsu et al., 2019), and lung is the most frequent infection site (Mok et al., 2011). To distinguish between pulmonary infections and non-infectious diseases is the crucial but challenging step for clinical physicians, even with the efforts of multidisciplinary collaboration. On one hand, conventional microbiological methods have a low yield for pathogen detection. On the other hand, pulmonary lesions mixing infectious with non-infectious diseases are often observed in these patients. Therefore, how to improve the identification of pulmonary infections and causative pathogens is of a great clinical significance for the management of these patients. By combining conventional methods and mNGS, we found that pulmonary infections were confirmed in more than 70% of patients. Mixed infections in lung were observed in 38.8% of patients with rheumatic diseases, in line with a previous study (Chen et al., 2021). Besides, our data showed that mixed infections were more common in patients with fungal or viral infections. These results highlight the importance of fast and comprehensive pathogen identification in patients with rheumatic diseases.

Based on high-throughput sequencing methods, mNGS enables identification of a comprehensive spectrum of potential microbes by a single test, and becomes a powerful approach for the diagnosis of infectious disease. While the usefulness of mNGS in immunocompromised patients with suspected pneumonia has been confirmed by previous studies (Jiang et al., 2021; Peng et al., 2021; Sun et al., 2021), its application value in patients specifically with rheumatic diseases has remained unexplored. We found that the sensitivity of mNGS were markedly higher than that of conventional methods, and the specificity of mNGS was comparable to that of conventional methods. Particularly, mNGS had an advantage in identifying mixed infections over conventional methods, as demonstrated by a higher detection rate (40.8% vs 12.2%) of co-pathogens. Furthermore, mNGS has a unique utility in detecting unculturable and difficult-to-culture microorganisms, such as Pneumocystis jirovecii and Nocardia (Saubolle and Sussland, 2003; Liu et al., 2018). While PCR test is commonly used for diagnosis of Pneumocystis jirovecii pneumonia, simultaneous PCR test of Pneumocystis jirovecii was not performed in these patients, due to its inaccessibility in our hospital. Besides, there were a small number of pathogens detected by conventional methods but not by mNGS, including two infection events of Aspergillus, one of Klebsiella pneumonia, and one of Epstein-Barr virus. Although mNGS is well recognized to have a high sensitivity in detecting various pathogens (Parize et al., 2017; Chen et al., 2020), false negative results of mNGS are not rare. Moreover, diagnostic sensitivity of mNGS in fungal infections such as Aspergillus is relatively lower (Peng et al., 2021). Difficulty in disrupt the thick polysaccharide cell wall of Aspergillus can be an important reason (Zinter et al., 2019). Therefore, the application value of mNGS should be highlighted as a necessary component of the comprehensive pathogen identification system for the diagnosis of pneumonia in patients with rheumatic diseases.

It is worth noting that mNGS results provide important guidance for clinical treatments of patients in this study. As therapeutic strategies for lung diseases secondary to rheumatic diseases are partially contradictory to pulmonary infections, physicians may be overcautious when making treatment plans for patients with rheumatic diseases and diffuse pulmonary lesions. For example, use of immunosuppressive agents can increase the risk of infections and reduce the efficacy of antimicrobial treatment, leading to a clinical dilemma. Without effective interventions, pulmonary lesions usually progress within a short period of time, and consequently cause a high risk of mortality (Atzeni et al., 2018). In this study, both antimicrobial and antirheumatic treatments are greatly modified based on mNGS results. Initial antimicrobial treatments were modified in 83.7% of patients after the report of mNGS results, which could enhance the precision antimicrobial therapeutics and reduce antibiotic side effects. Moreover, corticosteroids, immunosuppressants and therapeutic plasma exchange were not started until the report of mNGS results in a considerable number of patients, indicating that except for detecting possible pathogens, mNGS tests may be helpful in excluding infections in patients with rheumatic diseases. These modifications on clinical treatments may be beneficial to patient prognosis, as suggested by a relatively low rate of treatment failure (23.5%) in this study. However, prospective studies are required to confirm the potential clinical benefits of mNGS in these patients.

Prompt and appropriate clinical management is directly associated with patient prognosis. Thus, it is crucial to early recognize possible pulmonary infections in patients with rheumatic diseases. This study revealed the infection features in patients with rheumatic diseases and diffuse pulmonary lesions. More importantly, application value of mNGS for identifying pathogens in these patients was highlighted. Therefore, this study has significant clinical implications and provides useful information for physicians. Based on our data and clinical experience, we proposed a guiding strategy flow-chart for clinical management of patients with rheumatic diseases and presenting diffuse pulmonary lesions (Figure 4). First of all, we recommend fast and comprehensive microbiological tests including conventional methods and mNGS side-by-side within 24 hours after patient admission. Next, multidisciplinary team discussion should be held to decide the therapeutic strategies of patients. Individual therapeutic strategies must be adopted, avoiding delays in effective treatment and antibiotic abuse.




Figure 4 | Flow-chart for suggested clinical management of patients diagnosed with rheumatic diseases and presenting diffuse pulmonary lesions. CT, computed tomography; mNGS, metagenomic next-generation sequencing; MDT, multidisciplinary team.



There are several limitations in the present study. First, this is a single-center retrospective study, thus the intrinsic bias was unavoidable. Second, there is no standard method and widely accepted threshold values for interpreting mNGS results so far, which may affect the objectiveness of mNGS interpretation, especially when distinguishing colonization, infection and contamination. Furthermore, although our data support the diagnostic value of mNGS in patients with rheumatic diseases and diffuse pulmonary lesions, whether its use could improve patient prognosis requires further investigation in large-scale prospective studies.



Conclusions

In summary, pulmonary infections, including mixed infections, are very common among patients with rheumatic diseases and diffuse pulmonary lesions. The application of mNGS should be highlighted as a powerful complement to conventional methods in clinical management of patients with rheumatic diseases and presenting diffuse pulmonary lesions, due to its high efficiency and broad spectrum of pathogen identification.
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Talaromyces marneffei (T. marneffei) is an opportunistic pathogen. Patients with inborn errors of immunity (IEI) have been increasingly diagnosed with T. marneffei in recent years. The disseminated infection of T. marneffei can be life-threatening without timely and effective antifungal therapy. Rapid and accurate pathogenic microbiological diagnosis is particularly critical for these patients. A total of 505 patients with IEI were admitted to our hospital between January 2019 and June 2022, among whom T. marneffei was detected in 6 patients by metagenomic next-generation sequencing (mNGS), and their clinical and immunological characteristics were summarized. We performed a systematic literature review on T. marneffei infections with published immunodeficiency-related gene mutations. All patients in our cohort were confirmed to have genetic mutations in IL12RB1, IFNGR1, STAT1, STAT3, and CD40LG. T. marneffei was detected in both the blood and lymph nodes of P1 with IL12RB1 mutations, and the clinical manifestations were serious and included recurrent fever, weight loss, severe anemia, splenomegaly and lymphadenopathy, all requiring long-term antifungal therapy. These six patients received antifungal treatment, which relieved symptoms and improved imaging findings. Five patients survived, while one patient died of sepsis after hematopoietic stem cell transplantation. The application of mNGS methods for pathogen detection in IEI patients and comparison with traditional diagnosis methods were investigated. Traditional diagnostic methods and mNGS tests were performed simultaneously in 232 patients with IEI. Compared to the traditional methods, the sensitivity and specificity of mNGS in diagnosing T. marneffei infection were 100% and 98.7%, respectively. The reporting time for T. marneffei detection was approximately 26 hours by mNGS, 3-14 days by culture, and 6-11 days by histopathology. T. marneffei infection was first reported in IEI patients with IL12RB1 gene mutation, which expanded the IEI lineage susceptible to T. marneffei. For IEI patients with T. marneffei infection, we highlight the application of mNGS in pathogenic detection. mNGS is recommended as a front-line diagnostic test for rapidly identifying pathogens in complex and severe infections.




Keywords: Talaromyces marneffei, metagenomic next-generation sequencing, inborn errors of immunity, IL12RB1 mutation, T-cell-mediated immunity, intrinsic and innate immunodeficiencies



1 Introduction

Talaromyces marneffi (T. marneffei), previously known as Penicillium marneffei, is an emerging pathogenic fungus causing fatal systemic mycosis in Southeast Asia, especially Thailand, northeastern India, Vietnam, southern China, Hong Kong and Taiwan (DiSalvo et al., 1973; Deng et al., 1988; Hu et al., 2013). The common manifestations of disseminated T. marneffei infection include recurrent fever, anemia, weight loss, skin lesions, hepatosplenomegaly, lymphadenopathy, and gastrointestinal and respiratory signs. When T. marneffei infection disseminates systemically, it can run a rapidly progressive course and be life-threatening without timely and effective antifungal therapy (You et al., 2021).

The vast majority of T. marneffei cases are diagnosed in HIV-positive patients (Supparatpinyo et al., 1994; Kawila et al., 2013), while cases have also been described in other immunocompromised individuals, such as patients with adult-onset acquired immunodeficiency due to autoantibodies against interferon-gamma (IFN-γ) (Guo et al., 2020), various inborn errors of immunity (IEI) (Tangye et al., 2020), hematological malignancies, diabetes mellitus and those taking corticosteroids or immunosuppressive agents (Qiu et al., 2015). In recent years, T. marneffei infection in children with IEI has been increasingly diagnosed. Genetic mutations involving STAT1, STAT3, CD40LG, CARD9 and IFNGR1 have been reported to be associated with T. marneffei infection (Ma et al., 2009; Lee et al., 2012; Du et al., 2019; Lee et al., 2019; Ba et al., 2021; You et al., 2021). However, as more cases are reported, other potential gene mutations may be discovered that predispose the host to T. marneffei infection.

Early identification and rapid diagnosis of T. marneffei infection are critical to a good prognosis. Traditional diagnostic methods of T. marneffei infection rely on culture or microscopy, which are time-consuming and have a lower positive rate. In recent years, the development of metagenomic next-generation sequencing (mNGS) has greatly improved the detection of pathogenic microorganisms (Chiu and Miller, 2019; Li et al., 2020; Qian et al., 2020; Chen et al., 2021; Su et al., 2022). mNGS can simultaneously accomplish the detection of bacteria, fungi, viruses, parasites and other pathogens with high efficiency and high sensitivity (Goldberg et al., 2015; Schlaberg et al., 2017). Currently, mNGS has matured into clinical applications in the diagnosis of complex and severe infections (Wang et al., 2020).

In this study, we reported the clinical and immunological characteristics of six patients with T. marneffei infection in a cohort of Chinese patients with IEI and emphasized the application value of mNGS in the diagnosis of T. marneffei infection. We aimed to improve the early recognition of T. marneffei infection in IEI patients. The immunodeficiency spectrum of T. marneffei infection was further broadened.



2 Methods

This study was approved by the Ethics Committee of the Children’s Hospital of Fudan University. Written informed consent was obtained from the parents of all patients.


2.1 Study design and patients

Patients with IEI admitted to the Children’s Hospital of Fudan University between January 2019 and June 2022 were enrolled consecutively, and patients with T. marneffei infection were retrospectively summarized.

Children with IEI were defined as patients previously assigned a diagnosis of IEI or patients admitted for abnormal clinical manifestations, including severe/unusual infections, and then diagnosed with IEI. The clinical manifestations, immune function, genetic testing, and pathogenic microorganisms were evaluated. Routine tests of peripheral blood, urine, stool and blood culture were performed in all patients. The cultures of sputum or bronchoscopic alveolar lavage fluid (BALF) were detected in patients with pulmonary infection. Further mNGS testing was performed in patients considered to have severe or unusual pathogen infection.

Definition of terms: The age at the last follow-up was defined as the age at July 2022 or the age at death. The diagnosis of bacterial infections was based on positive culture results. The (1–3) -β-d-glucan (G) tests were defined as positive when > 100 pg/ml (Lu et al., 2011; Li et al., 2015). The galactomannan (GM) index was defined as positive when > 0.5. The GM test is highly sensitive to Aspergillus infection (Guo et al., 2010). The diagnostic criteria for Bacillus Calmette Guerin (BCG) disease were described in a previous publication (Zhou et al., 2018). Epstein-Bar virus (EBV) and cytomegalovirus (CMV) infections were based on PCR detection of DNA. Disseminated T. marneffei infection was defined as infections involving more than two organs or systems.



2.2 Routine immune function evaluation

Routine blood counts and immunological function analyses were performed. We used nephelometry to detect immunoglobulins (Igs), including IgG, IgA, and IgM. Lymphocyte subsets were measured using flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA). The following validated antibodies were used for flow cytometry: anti-CD3 (UCHT1), anti-CD8 (RPAT8), anti-CD27 (M-T271), anti-CD45RA (HI100), anti-CD4 (RPA-T4), anti-TCRαβ (T10B9.1A-31), anti-TCRγδ (B1), anti-CD19 (HIB19), anti-CD24 (ML5), anti-CD38 (HIT2), and anti-IgD (IA6-2) (all from BD Biosciences) (Ding et al., 2018). Flow cytometry detection of CD119 and CD212 was performed.



2.3 Genetic analysis

Genomic DNA was extracted from the peripheral blood of the patients and their parents using the QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany). DNA quality was assessed using a NanoDrop ultraviolet spectrophotometer (Thermo Fisher Scientific, USA).

Next-generation sequencing was performed using a panel that included all previously reported immunodeficiency genes. Genomic DNA fragments of patients were ligated with adaptors so that two paired-end DNA libraries with insert sizes of 500 bp were formed for all samples. After enrichment, the DNA libraries were sequenced on the HiSeq 2000 platform in accordance with the manufacturer’s instructions (Illumina, San Diego, CA). The variants were annotated in ANNOVAR and VEP software and predicted with SIFT, PolyPhen-2 and MutationTaster.



2.4 Culture and identification of T. marneffei

T. marneffei was traditionally identified by culture or histopathology (Cao et al., 2019). In our study, T. marneffei was isolated from bacterial or fungal cultures of blood and BALF samples. This microorganism typically took approximately 3 to 14 days (Le et al., 2011; Cao et al., 2019). T. marneffei was identified by the following criteria (Segretain, 1959; Liyan et al., 2004; Cao et al., 2019) (1): Colonies of T. marneffei were verified by a MALDI-TOF mass spectrometer system (Bruker, Germany) (2). Positive fungal cultures were confirmed by Gram staining of a smear of the blood culture broth, followed by subculture onto Sabouraud dextrose agar (SDA) with incubation at 25 ˚C and 37 ˚C in room air. Yeast conversion was performed to confirm the identification of T. marneffei, and typical fungal colonies were observed (yeast phase at 37 ˚C with no red pigment production and mycelia at 25 ˚C with massive red pigment production) (3). Microscopically, the fungus had typical filamentous reproductive structures of the genus Penicillium, including the presence of conidiophore-bearing biverticillate penicilli, with each penicillus being composed of four to five metulae with smooth-walled conidia. T. marneffei. can be observed in histopathological sections, and methenamine silver or periodic acid-Schiff (PAS) staining was preferred. The presence of sausage-like cells, 2-3 μm in diameter, or elongated yeast-like organisms with clear central septum was the specific feature of T. marneffei (Liyan et al., 2004).



2.5 Metagenomic next-generation sequencing


2.5.1 Nucleic acid extraction

Blood and lymph node biopsy tissue samples were collected according to standard procedures. Plasma was prepared from blood samples, and circulating cell-free DNA (cfDNA) was isolated from plasma with the QIAamp Circulating Nucleic Acid Kit (Qiagen) according to the manufacturer’s protocols. Lymph node biopsy tissue was extracted using the QIAamp DNeasy Blood & Tissue Kit (Qiagen) according to the manufacturer’s protocols. The quantity and quality of DNA were assessed using Qubit (Thermo Fisher Scientific) and NanoDrop (Thermo Fisher Scientific), respectively.



2.5.2 Library preparation and sequencing

DNA libraries were prepared using the KAPA Hyper Prep kit (KAPA Biosystems) according to the manufacturer’s protocols. An Agilent 2100 was used for quality control, and DNA libraries were 75 bp single-end sequenced on an Illumina NextSeq 550Dx (Illumina).



2.5.3 Bioinformatics analysis

Raw sequencing data were split by bcl2fastq2, and high-quality sequencing data were generated using Trimmomatic by removing low-quality reads, adapter contamination, duplicates and shot (length<36 bp) reads. Human host sequences were subtracted by mapping to the human reference genome (hs37d5) using Bowtie2. Reads that could not be mapped to the human genome were retained and aligned with the microorganism genome database for microbial identification by Kraken and for species abundance estimation by Bracken. The microorganism genome database contained genomes or scaffolds of bacteria, fungi, viruses and parasites (downloaded from GenBank release 238, ftp://ftp.ncbi.nlm.nih.gov/genomes/genbank/).



2.5.4 Interpretation and reporting

We used the following criteria for positive mNGS results: 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, viruses and parasites, the result was considered positive if a species detected by mNGS had at least 3 nonoverlapping reads. Pathogens detected in the negative ‘no-template’ control (NTC) were included only if the detected reads were ≥10-fold greater than those in the NTC.




2.6 Statistical analysis

Data were analyzed using SPSS 26.0 (IBM Corp., Armonk, NY, USA). Categorical variables were displayed as numbers and percentiles. The paired McNemar chi-square test was used to analyze the diagnostic efficiency of mNGS vs. conventional culture methods. Two-sided P values < 0.05 were considered statistically significant.




3 Results

From January 2019 to June 2022, a total of 505 cases of IEI were admitted to our hospital (Table 1). One hundred and three (20.4%) patients were diagnosed with IEI before admission, while 402 (79.6%) patients were definitively diagnosed with IEI after admission. Most of the patients (425/505) were admitted with various infectious manifestations. All patients underwent routine blood cultures. Seventy-three patients underwent histopathology. Nearly half of the patients (232/505) underwent further mNGS testing. Therefore, 232 patients (45.9%) underwent both culture and mNGS detection.


Table 1 | Baseline of patients with IEI in our cohort.



T. marneffei infection was detected in six patients. The frequency of T. marneffei infection was 1.2% (6/505) in our cohort. The genetic mutations of T. marneffei-infected patients included IL12RB1, IFNGR1, STAT3, STAT1 and CD40LG (Figure 1A). Detailed clinical (Table 2) and immunological (Table 3) information of each patient is described as follows.




Figure 1 | Gene distribution of patients with T. marneffei infection in IEIs. Gene distribution in our cohort (A). Gene distribution in previously reported cases (B).




Table 2 | Clinical characteristics of T. marneffei infection in 6 patients with IEI.




Table 3 | Hematological and immunological parameters at the time of T. marneffei infection in the six patients.




3.1 Case description


3.1.1 Patient 1

A 3-year-old girl was admitted to our hospital with the chief complaint of lymphadenopathy and intermittent fever. The girl was vaccinated with BCG after birth, and she developed left subaxillary and cervical lymph node enlargement at the age of 3 months. The local hospital performed lymph node resection and administered anti-tuberculosis treatment for 6 months. Nine months after drug withdrawal, the cervical lymph node enlargement recurred, and anti-tuberculosis therapy was administered again. IL12RB1 complex heterozygous mutations were detected: exon 14-16 deletion (maternal) and c.875-885 deletion (paternal). The expression of IL12RB1 protein was impaired (Figure 2). At the age of 3, the child developed recurrent fever, severe anemia, hepatosplenomegaly, and lymphadenopathy (Figure 3A), and the blood culture suggested T. marneffei. The serum G test (271.89 pg/ml) and GM test (6.682) were significantly increased. T. marneffei was detected in the blood (reads, 14) and lymph nodes (reads, 108380) by mNGS (Figure 3B). Therefore, isoniazid, rifampicin and ethambutol were used for antituberculosis, itraconazole for antifungal, and IFN-γ for immune regulation. The erythrocyte sedimentation rate (ESR) (120 mm/H) and G test (112.6 pg/ml) remained high after 2 months of anti-infective therapy, despite negative pathogens in blood by mNGS. Imaging examination revealed that the lymph nodes were still enlarged (Figure 4A2), and the liver and spleen lesions were smaller than before. After nearly 3 months of treatment with itraconazole, the biopsy of cervical lymph nodes suggested granulomatous inflammation (Figure 3C). PAS staining of the cervical lymph node tissues revealed fungal spores (Figure 3D), and T. marneffei was still identified by mNGS (reads, 15545702). Antifungal therapy was adjusted to amphotericin B liposomes intravenously for 2 weeks, followed by oral itraconazole. The follow-up CT scans revealed that the lymph nodes were obviously shrunken (Figure 4A3). ESR and G tests were reduced to normal, and then she was discharged.




Figure 2 | The expression of IL12RB1 (CD212) and IFNGR1 (CD119) protein in P1-P3. IL12RB1 protein was not expressed in P1 and P2. IFNGR1 protein was not expressed in P3.






Figure 3 | Histopathological staining and mNGS results in P1 and P5. Lymph node enlargement of the right axilla was seen in P1 (A). Confirmation of T. marneffei-specific amplification from lymph node tissue by mNGS showed 108,380 unique sequence reads of T. marneffei, accounting for 18.93% of the genome coverage (B). Granulomatous inflammation observed during histopathological examination of the cervical lymph node (C). PAS staining of the cervical lymph node revealed fungal spores (arrows) (magnification × 400) (D). A large number of neutrophil infiltrates were observed in the histopathological examination of abdominal lymph nodes of P5, and a patchy distribution of tissue cells was observed. Fungal spore-like substances were scattered or clustered in some tissue cells (magnification × 400) (E). PAS staining of the abdominal lymph node tissues revealed fungal spores (arrows) (magnification × 400) (F).






Figure 4 | Dynamic changes in imaging examinations of patients during follow-up. Imaging examination of P1 revealed that the axillary and mediastinal lymph nodes were enlarged (A.1). After oral itraconazole and anti-tuberculous therapy for nearly 2 months, chest CT re-examination showed that the axillary and mediastinal lymph nodes were still enlarged (A.2). A lymph node biopsy was performed on April 19, 2022, and mNGS indicated high reads of T. marneffei. Antifungal therapy was adjusted to amphotericin B for 2 weeks, followed by oral itraconazole. One month later, the imaging examination suggested that the lymph nodes were smaller than before (A.3). Chest CT of P3 suggested pneumonia and partial consolidation of the left lung with slight pleural effusion in the acute phase (B.1), and the patient received oral itraconazole antifungal combined with anti-tuberculosis therapy. Chest CT re-examination revealed significant improvement in the lungs after 3 months (B.2) and 8 months (B.3). Abdominal CT of P5 indicated hepatosplenomegaly and multiple abnormal lesions at the beginning (C.1). He received intravenous voriconazole treatment for 25 days and then oral voriconazole. The multiple abnormal lesions improved after treatment for 2 weeks (C.2) and 3.5 months (C.3).





3.1.2 Patient 2

A 5-month-old boy (P2) was referred for enlarged axillary lymph nodes and ulceration of the BCG vaccination site. From 3 months of age, the child presented with left axillary lymph node enlargement and suppuration at the BCG vaccination site. Lymph node dissection and abscess removal were performed at 4 months of age. Acid fast bacilli were seen on pus smear, and Xpert examination of focal tissue suggested Mycobacterium tuberculosis. Mycobacterium tuberculosis (reads, 124) and Escherichia coli (reads, 952090) were detected in stool by mNGS. The child began to receive anti-tuberculosis treatment with isoniazid, rifampicin and ethambutol. At the age of 5 months, his lung CT indicated pulmonary cavities, and Mycobacterium tuberculosis was detected in BALF by mNGS. Levofloxacin was further added. In addition, the two blood GM test results were 0.589 and 1.497, respectively. Two mNGS tests of blood were performed 9 days apart, both of which were positive for T. marneffei (reads 29 and 6), and itraconazole was used for antifungal treatment. Whole-exome sequencing revealed a homozygous mutation of the IL12RB1 gene, c.632G>C, p. R211P, derived from his parents. IL12RB1 protein was not expressed (Figure 2). He received oral itraconazole for 6 months with a good response and has continued anti-tuberculosis treatment to date.



3.1.3 Patient 3

This male child was hospitalized for pneumonia during the neonatal period and was admitted with sepsis and liver dysfunction at the age of 2 months. At 3 months of age, he developed enlarged left axillary lymph nodes, redness, swelling and ulceration at the BCG vaccination site. The PPD test was strongly positive, and lymph node biopsy suggested granulomatous lesions. Isoniazid, rifampicin and ethambutol were used as anti-tuberculosis therapy, and IFN-γ was given as immunotherapy. Further genetic analysis indicated a homozygous mutation in the IFNGR1 gene: c. 655G>A, p.G219R. IFNGR1 protein was confirmed not expressed (Figure 2). His parents discontinued medication on their own. The child developed leg pain at 24 months old and mandibular swelling 2 months later. Imaging examination suggested multiple bone destruction. The anti-tuberculosis treatment was performed again. He had recurrent fever, and lung CT suggested pneumonia and partial consolidation of the left lung (Figure 4B1). T. marneffei (reads, 15) was detected in BALF by mNGS, and then itraconazole was added for antifungal treatment for 9 months. After 3 and 8 months of antifungal treatment, chest CT revealed significant improvement (Figures 4B2, 4B3).



3.1.4 Patient 4

The girl presented with recurrent skin eczema with pruritus from 1 month after birth. At the age of 9 months, the child developed low fever with a peak temperature of 38°C, accompanied by cough and expectoration, and pulmonary CT suggested bronchopneumonia. Routine blood examination revealed eosinophils of 1.58 × 109/L and IgE raised to 548 IU/ml. The BALF was positive for T. marneffei by culture and mNGS (reads, 43) and CMV DNA. The GM test of the BALF was not tested at that time. She was treated with amphotericin B for 20 days, followed by voriconazole. Fever and cough recurred, and fibrobronchoscopy was performed again at 14 months. BALF indicated an elevated result of the GM test (1.335), and Staphylococcus aureus (reads, 42) and Streptococcus pneumoniae (reads, 14) were detected by mNGS. Voriconazole and linezolid were given for anti-infective therapy, and regular intravenous immunoglobulin (IVIG) was recommended. Gene testing suggested a STAT3 gene heterozygous mutation: c.1394 C>T, p. S465F. With an NIH score of 39 (Grimbacher et al., 1999; Grimbacher et al., 1999), she was diagnosed with hyper IgE syndrome. Hematopoietic stem cell transplantation was performed at 18 months of age. She was in good condition during the six-month follow-up after transplantation.



3.1.5 Patient 5

The patient developed recurrent nausea at 27 months of age without an obvious cause. Two months later, the symptoms worsened, with lethargy and fever. The G test was elevated at 1817.7 pg/ml, and abdominal CT indicated hepatosplenomegaly and multiple abnormal lesions (Figure 4C1). Routine blood tests suggested anemia and thrombocytopenia, while elevated levels of amylase and lipase suggested pancreatitis. Multiple lymph nodes were enlarged throughout the body, and histopathological examination of the abdominal lymph node biopsy presented a large number of neutrophil infiltrates and fungal spores in the tissue cells (Figures 3E, F). T. marneffei was further detected in blood by culture and mNGS (reads, 1452), and voriconazole was used for antifungal treatment. In addition, recurrent thrush began at the age of 1 year old, and genetic testing was performed, which revealed one de novo heterozygous mutation in the STAT1 gene: c.821G>A, p.R274Q. After voriconazole treatment for 3 months, T. marneffei was negative in blood by mNGS. The multiple abnormal lesions in the liver and spleen improved (Figure 4C3). Then, he took itraconazole as a preventive antifungal treatment. Now the child has stopped antifungal drugs and is generally being well.



3.1.6 Patient 6

The male patient presented with left axillary lymph node enlargement at 2 months of age, followed by supraclavicular lymph node enlargement. The 4-month-old child developed poor appetite, and Pneumocystis jiroveci was further detected in sputum and blood. The G test results significantly increased to 767-2242 pg/ml. Isoniazid and rifampicin were given for anti-tuberculosis treatment, sulfamethoxazole (SMZ) for Pneumocystis jiroveci, linezolid for bacteria, and itraconazole for anti-fungal treatment. According to his clinical presentations, he was considered to have an IEI, and his genetic test result was hemizygous CD40LG deletion. The child developed recurrent diarrhea and fever at the age of 2 after his parents stopped the medications on their own. Lung CT suggested exudation in both lungs. Abdominal MRI suggested abnormal signals in the spleen and both kidneys, multiple small lymph nodes in the abdominal cavity and ascites. T. marneffei (reads, 31) was detected in blood, and T. marneffei (reads, 58) and Pneumocystis jiroveci (reads, 4) were detected in BALF. Gastroenteroscopy showed ulceration of rectal, colonic, and small intestinal ulcers. Cefoperazone sulbactam, metronidazole, itraconazole, and SMZ were used as anti-infection treatments, and mesalazine was used as an inhibitor of intestinal inflammation. He died of sepsis after hematopoietic stem cell transplantation.




3.2 Diagnostic methods and sample types

A statistical study was performed in 232 patients who underwent both traditional standard and mNGS tests simultaneously (Table 4). We defined the patient as a positive case if T. marneffei was detected, regardless of specimen type. Traditional gold standard tests were culture and histopathology. Both mNGS and traditional methods were positive in 3 patients and negative in 226 patients. T. marneffei was detected only by mNGS in 3 patients but was negative by traditional methods. Next, we evaluated the diagnostic accuracy of mNGS in detecting T. marneffei infection. The sensitivity, specificity, positive likelihood ratio, and negative likelihood ratio of mNGS in our cohort were 100%, 98.7%, 76.9, and 0, respectively. McNemar chi-square analyses showed that there was no significant difference between the two methods (p=0.25).


Table 4 | Diagnostic accuracy analysis of mNGS compared to traditional diagnostic methods.



The sample detection methods of these 6 patients with T. marneffei infection were analyzed in detail. T. marneffei was identified in a total of 15 samples from six patients (Figure 5). In our cohort, T. marneffei was most commonly detected by mNGS, covering 5 blood samples, 3 BALF samples, and 2 lymph node samples. Only two blood samples and one BALF sample were identified by culture. The histopathological examination of the lymph nodes in two samples indicated the presence of T. marneffei infection. Culture and mNGS were performed on 12 samples from these six patients simultaneously. T. marneffei was identified in 2 samples by the culture method (16.7%, 2/12) and 8 samples by the mNGS method (66.7%, 8/12). One biopsy sample of a cervical lymph node was tested by histopathological staining and mNGS simultaneously. T. marneffei was identified with mNGS (reads, 15545702), and the histopathological PAS staining was also positive.




Figure 5 | Distribution of sample types with T. marneffei positivity. In our cohort, T. marneffei was detected in 15 samples using different methods, including mNGS (n=10), culture (n=3), and histopathological staining (n=2). In the previous cohort, T. marneffei was mainly detected by cultures (n=36) and histopathological staining (n=4), and only two patients were detected by mNGS (n=2).



The time required for diagnosis using different methods for all six patients was further analyzed. The median reporting time for mNGS was 26 hours, with a range of 21.5-30 hours. The cultural identification periods of T.marneffei in the three positive samples were 3, 10 and 14 days. Two positive lymph node pathologic results were reported within 6 and 11 days. Therefore, the time consumption of mNGS was much less than that of culture or histopathology.



3.3 Literature review

A systematic literature review was performed in PubMed on human T. marneffei infections published between 1950 and 2022 using the key words ‘‘Talaromyces marneffei’’ or ‘‘Penicillium marneffei’’ or ‘‘Penicilliosis’’ or ‘‘Talaromycosis’’. Articles reporting T. marneffei-infected patients with immune-related gene mutations were included. HIV-positive cases were excluded. As a result, a total of 28 cases with confirmed IEI from seventeen articles were analyzed. The characteristics of the patients are summarized in Table 5 (Yuen et al., 1986; Kamchaisatian et al., 2006; Ma et al., 2009; Sripa et al., 2010; Lee et al., 2012; Lee et al., 2014; Fan et al., 2018; Li et al., 2018; Du et al., 2019; Lee et al., 2019; Chen et al., 2020; Pan et al., 2020; Zhang et al., 2020; Ba et al., 2021; Chen et al., 2021; Fan et al., 2021; You et al., 2021).


Table 5 | Primary Immunodeficiencies reported in HIV-negative children with T. marneffei infection.



The median age of patients detected with T. marneffei reported previously was 3 years, ranging from 5 months to 34 years. Most of them were Chinese (82%, 23/28), and the others were from Thailand. Twenty patients (71%) had disseminated T. marneffei disease involving blood or bone marrow, lungs, colon, skin, lymph nodes, and liver. The immunodeficiency genes included CD40LG (35%), STAT1 (29%), STAT3 (22%), CARD9 (7%) and IFNGR1 (7%). Comparisons between our cohort and previously reported gene spectra are shown in Figure 1B.

A total of 46 positive clinical samples from these 28 patients were collected (Figure 5). T. marneffei was mainly detected by cultures (78.2%) of blood, bone marrow, sputum, BALF, tissue and so on. Histopathological staining of the biopsy tissue was followed (8.7%), including lymph node, liver, colonic mucosa and bone marrow samples. Only two patients were detected to have T. marneffei by mNGS (4.3%), 566 reads in BALF (Zhang et al., 2020) and 248 reads in blood (Ba et al., 2021). The detection method of T. marneffei in the remaining four samples (8.7%), including endobronchial biopsy, lymph node biopsy and hepatic biopsy, was not available.

Nearly half of the patients (12/28) were treated with amphotericin B, followed by itraconazole or voriconazole. Other patients were treated with itraconazole (5/28), voriconazole (2/28), or amphotericin B (3/28) alone. Only one patient received intravenous amphotericin B and oral flucytosine. The treatments of five patients were unknown. Except for one patient lost to follow-up, most patients (21/28) had improved symptoms with effective antifungal therapy. Six patients (6/28) died. Two patients died of multiorgan failure, one patient died of respiratory failure due to rapid disease progression, one patient died of massive pulmonary hemorrhage at 16 years old, and the other two patients died of unknown reason.




4 Discussion

T. marneffei is an opportunistic infectious pathogen. Inhalation of conidia is the primary route of infection, which are subsequently phagocytosed by alveolar macrophages, and then T. marneffei disseminates to the reticuloendothelial system, causing systemic infection when the host immune response is suppressed (Supparatpinyo et al., 1994). Therefore, patients susceptible to T. marneffei are usually immunosuppressed. Fungal infections in children with IEI are a growing concern.

T-cell-mediated immunity plays a central role in the immune defense mechanism against T. marneffei infection. Congenital athymic mice developed severe pulmonary and disseminated systemic Penicillium disease (Kudeken et al., 1996; Kudeken et al., 1997). A literature review showed that CD40 ligand deficiency was the most common type of immune deficiency in T. marneffei infection. CD40L mediates the interaction between T cells and different cells through ligation with its receptor CD40 (van Kooten and Banchereau, 2000; Erdos et al., 2005; Du et al., 2019). CD40 ligand-deficient patients suffered from opportunistic infections, especially Pneumocystis jiroveci and Cryptosporidium parvum infections. Recently, Pamela P. Lee discussed endemic mycoses in IEI, in which she highlighted T. marneffei infection in CD40 ligand deficiency in Southeast Asia (Lee and Lau, 2017).

Intrinsic and innate immunodeficiencies associated with T. marneffei infection have also been reported, such as STAT1 and CARD9. Caspase recruitment domain–containing protein 9 (CARD9) is an adaptor molecule in the cytosol of myeloid cells required for the induction of T-helper cells producing interleukin-17 (Th17 cells), and it can effectively integrate the recognition signals of various natural immune receptors and plays an important role in antifungal immunity (Drummond et al., 2011; Salazar and Brown, 2018; You et al., 2021). Signal transducer and activator of transcription (STAT) proteins are critical transcription factors for the appropriate regulation of cellular responses to interferons, cytokines, growth factors, and hormones. There is tight regulation of their function via several mechanisms, and STAT1 and STAT3 play a central role (Villarino et al., 2015). A consistent immunophenotype in GOF STAT1 and HIES patients is impaired development of Th17 lymphocytes, which could be the reason for their susceptibility to chronic mucocutaneous candidiasis or invasive fungal infection (Stark and Darnell, 2012; Olbrich and Freeman, 2018; Danion et al., 2020). This could explain the T. marneffei infection of P4 with STAT3 and P5 with STAT1 mutation.

It is noteworthy that the IL12RB1 gene was first reported to be associated with T. marneffei infection in our cohort. T. marneffei infection has previously been reported in children with IFNGR1 gene mutations. Both the IL12RB1 and IFNGR1 genes are involved in Mendelian susceptibility to mycobacterial disease (MSMD). Susceptibility to nontuberculous mycobacteria (NTM) infection, talaromycosis, histoplasmosis, cryptococcosis, melioidosis, and nontyphoidal salmonellosis has been reported in IFN-γ knockout mice or in patients with IFN-γ signaling defects, such as MSMD (Erb et al., 1999; Tang et al., 2010; Lee et al., 2013; Chi et al., 2016). A high prevalence of anti–IFN-γ autoantibodies is the major cause of severe T. marneffei infections in HIV-negative adults in China, which suggests that IFN-γ has a role in combating this fungal infection in humans (Guo et al., 2020). Human and mouse macrophages can control T. marneffei growth and kill intracellular yeast cells when activated by T-cell-derived cytokines (Cogliati et al., 1997; Sisto et al., 2003). IFN-γ is essential in the control of intracellular pathogens, such as Mycobacterium tuberculosis and fungi (Cooper et al., 1993). The fungicidal activity of T. marneffei yeast by macrophages could be enhanced by IFN-γ via stimulation of macrophages, which involves the nitric oxide (NO)-mediated killing system (Cogliati et al., 1997; Kudeken et al., 1998). In our study, three children were confirmed to have MSMD, including IL12RB1 gene deficiency (P1, P2) and IFNGR1 deficiency (P3). They had Mycobacterium tuberculosis and T. marneffei infections simultaneously. The clinical manifestations of P1 were the most serious, with recurrent fever, weight loss, severe anemia, splenomegaly and lymphadenopathy, requiring prolonged intensive antifungal treatment, as well as concomitant anti-Mycobacterium treatment.

Recently, mNGS has been successfully applied in the diagnosis of disseminated T. marneffei infection. The traditional standard for infection diagnosis relies on culture, histopathological staining and microscopy. Studies have shown that the combination of quantitative polymerase chain reaction (qPCR) and serum GM detection can be a valuable tool for the diagnosis of T. marneffei infection (Li et al., 2020; Wei et al., 2021). Patients with fungemia often have high GM results, such as P1, P2, P5 and P6. The measurement of BALF-GM is likely to be a useful tool for diagnosing invasive aspergillosis (Guo et al., 2010); however, its role in diagnosing T. marneffei has not been well established. mNGS is a new diagnostic technology to sequence all biological genomes in various clinical samples (Voelkerding et al., 2009). Compared with culture-based methods, mNGS showed obvious advantages with respect to high detection efficiency and quick speed. The detection accuracy of microorganisms, along with the positive rate, was higher in mNGS (Tsang et al., 2021; Zhou et al., 2021), which provides a faster and more accurate diagnostic method in clinical practice. The diagnostic efficiency analysis revealed that mNGS had a high diagnostic sensitivity of 100% and specificity of 98.7%. The significantly high positive likelihood rate indicated high accuracy of mNGS in determining T. marneffei, and the significantly low negative likelihood rate predicted that negative mNGS results could exclude T. marneffei infection. However, there was no significant difference between the two methods (p=0.25). Our study was a retrospective study, and there could be a risk of bias, which may originate in the relatively few patients enrolled, data collection and incomplete clinical data.

In clinical practice, the rapid diagnosis of T. marneffei infection in patients with IEI is of great importance. Disseminated T. marneffei infection may run a rapidly progressive course and be life-threatening without timely and effective antifungal therapy. However, cultures are quite time consuming (Cao et al., 2019), with a relatively limited positive rate due to the difficulty in cultivating slow-growing and fastidious microbes (Mo et al., 2002), which results in delayed diagnosis and increased mortality. A few studies have shown that mNGS has marked advantages over conventional methods for pathogenic diagnosis, particularly opportunistic pathogens and mixed infections in patients with IEI (Parize et al., 2017; Tang et al., 2021). For novel, rare, and treatment-refractory infectious diseases and for patients with immunocompromising disease, mNGS can significantly improve the pathogen detection rate and can be used as the front-line detection method (Cao et al., 2020). Unlike previous studies, mNGS was the main methodology in our cohort. mNGS can detect T. marneffei in a variety of samples, while traditional culture methods are often negative. In addition, the detection period of T. marneffei by mNGS was approximately 26 hours. Since infection can progress rapidly in children with immunodeficiency disease, pathogens should be identified as soon as possible using mNGS, and treatment can be initiated in time. Immunodeficient children may benefit from rapid detection of pathogens by mNGS.



5 Conclusion

T. marneffei is an opportunistic pathogen, suggesting potential immune impairment in infected individuals. We reported two cases of IL12RB1 mutation in children infected with T. marneffei, extending the immunodeficiency spectrum of T. marneffei infection. For IEI patients with T. marneffei infection, we highlight the application of mNGS in the clinical diagnosis. mNGS is proposed as an important adjunctive diagnostic approach for rapidly identifying pathogens in complex and severe infections.
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Whipple’s disease is a rare chronic systemic disease that affects almost any organ system of the body caused by the intracellular bacterium Tropheryma whipplei, which is found ubiquitously in the environment. Sequencing of the T. whipplei genome has revealed that it has a reduced genome (0.93 Mbp), a characteristic shared with other intracellular bacteria. Until our research started, 19 T. whipplei strains had been sequenced from cultures originated in France, Canada, and Germany. The genome of T. whipplei bacterium has not been studied in Asia yet. Here, two metagenome-assembled genomes (MAGs) of T. whipplei from China were reconstructed through metagenomic next-generation sequencing (mNGS) and genome binning. We also provided genomic insights into the geographical role and genomic features by analyzing the whole genome. The whole-genome phylogenetic tree was constructed based on single-nucleotide polymorphism (SNP) distance calculations and then grouped by distance similarity. The phylogenetic tree shows inconsistencies with geographic origins, thus suggesting that the variations in geographical origins cannot explain the phylogenetic relationships among the 21 T. whipplei strains. The two Chinese strains were closely related to each other, and also found to be related to strains from Germany (T. whipplei TW08/27) and France (T. whipplei Bcu26 and T. whipplei Neuro1). Furthermore, the Average Nucleotide Identity (ANI) matrix also showed no association between geographic origins and genomic similarities. The pan-genome analysis revealed that T. whipplei has a closed pan-genome composed of big core-genomes and small accessory genomes, like other intracellular bacteria. By examining the genotypes of the sequenced strains, all 21 T. whipplei strains were found to be resistant to fluoroquinolones, due to the genetic mutations in genes gyrA, gyrB, parC, and parE. The 21 T. Whipplei strains shared the same virulence factors, except for the alpC gene, which existed in 7 out of the 21 T. whipplei strains. When comparing 21 entire T. whipplei pan-genomes from various nations, it was discovered that the bacterium also possessed a closed genome, which was a trait shared by intracellular pathogens.




Keywords: tropheryma whipplei, whole-genome analysis, bronchoalveolar lavage (BAL), immunodeficiency – primary, metagenome-assembled genome (MAGs)



Introduction

The Gram-positive bacterium Tropheryma whipplei causes a rare multi-systematic infectious disease known as Whipple’s disease, which has clinical manifestations of fever, weight loss, lymphadenopathy, and polyarthritis, as well as cardiac manifestations and central nervous system complications (Ratliff et al., 1984; Durand et al., 1997). The “intestinal lipodystrophy” disease was first reported by George H. Whipple in 1907 and renamed Whipple’s disease by Black-Schaffer in 1949 (Black-Schaffer, 1949). A bacterial infection was long believed to be responsible for Whipple’s disease until in 1961 when the real origin of the disease was discovered by electron microscopy. Researchers detected bacterial inclusions in macrophages and monocytes, which together constituted the predominant infected cell types of this disease (Yardley and Hendrix, 1961). Researchers discovered that T. whipplei is a fastidious bacterium and extremely difficult to culture. The bacterium was first successfully isolated and grown in inactivated human mononuclear phagocytes by Schoedon in 1997, but culture could not be reproduced (Schoedon et al., 1997). In 2000, Raoult isolated the bacterium T. whipplei Twist from the aortic valve of a patient with endocarditis and propagated it in a human fibroblast cell line with the doubling time of 18 days; however, it could not be cultivated in the absence of living eukaryotic cells (Raoult et al., 2000). Subsequently, Raoult found a doubling time of 32 to 34 h for T. whipplei Twist strain, when propagated in the MRC5 cell culture system (Masselot et al., 2003). However, this doubling time was still longer than the slowly growing bacterium M. tuberculosis (14.3 h to 24 h) (James et al., 2000). In 2001, the T. whipplei strain Twist-Marseille was proposed by La Scola as the type strain of a new species of a new genus. The detailed characterization of the bacterium was described and deposited at the Collection Nationale de Culture de Micro-organisms de l’Institut Pasteur, Paris, France (La Scola et al., 2001).

The cultivation of T. whipplei made it possible to reveal the genome. So far, 19 strains of T. whipplei had been successfully cultured, and their genomes were sequenced by Bentley et al. (2003); Raoult et al. (2003), and Wetzstein (2017). Similar to other intracellular bacteria with rudimentary metabolic functions, genomic sequencing revealed that T. whipplei had a reduced genome (T. whipplei Twist, 0.93 Mbp). T. whipplei is ubiquitous in the environment, and it can lead to widespread colonization of the lower respiratory tract of healthy children and adults (Dickson et al., 2015). The bacterium could result in endocarditis, gastrointestinal infection, neurological complications and pulmonary infection, but the incident of Whipple’s disease is very rare. There were some reports of pulmonary infection caused by T. whipplei, which were diagnosed by metagenomic next-generation sequencing (Li et al., 2021; Zhu et al., 2021). T. whipplei is a commensal bacterium that only causes Whipple’s disease in a small number of individuals. Our understanding of the genome of T. whipplei from China is still not clear, due to the harsh cultivation conditions and the lengthy culture period. Metagenomic next-generation sequencing (mNGS) is a high-throughput sequencing technique that sequences all nucleic acids in a sample simultaneously in situ, which includes T. whipplei DNA if an individual had been infected by Whipple’s disease. The possible clinical mNGS applications are tremendous, including diagnosis of infectious diseases, outbreak tracking, infection control surveillance, and new pathogen discovery, among many other purposes. This emerging approach is an unbiased hypothesis-free diagnostic tool. It has been widely applied to guiding infectious disease management and developing treatment strategies. Next-generation sequencing (NGS) makes it possible to analyze genomes precisely and accurately, which aids the detection of single-nucleotide polymorphisms (SNPs) on a large scale. A metagenome-assembled genome T. whipplei shenzhen1 was assembly based on binned metagenome data of bronchoalveolar lavage samples from 26 non-immunodeficient patients, and metagenome-assembled genome T. whipplei shenzhen2 genome was assembled based on metagenome data of a bronchoalveolar lavage sample from an immunodeficient patient. All bronchoalveolar lavage samples from patients were collected by Peking University Shenzhen Hospital in China. The purpose of this study is to answer whether there was any difference between T. whipplei shenzhen1 and T. whipplei shenzhen2 genome, as well as the 19 genomes of T. whipplei that had been deposited in the NCBI database, including the two completed genomes of T. whipplei Twist and T. whipplei TW08/27 (Bentley et al., 2003; Raoult et al., 2003; Wetzstein, 2017).



Materials and methods


Sample collection and DNA extraction

Bronchoalveolar lavage fluid (BALF) samples were collected from one immunodeficient patient and 26 non-immunodeficient patients who had been admitted to Shenzhen Peking University Shenzhen Hospital with pulmonary infection. We subsequently extracted total genomic DNA from each BALF sample. Briefly, 0.6 ml of BALF and 250 μl of 0.5-mm glass beads in a 1.5-ml microcentrifuge tube were attached to a horizontal platform on a vortex mixer and agitated vigorously at 2,800–3,200 rpm for 30 min. Then, 7.2 μl of lysozyme was added for wall-breaking reaction. A 0.3-ml sample was separated into a new 1.5-ml microcentrifuge tube and DNA was extracted using the TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH) according to the manufacturer’s recommendation.



DNA library construction and sequencing

The extracted DNA obtained in the previous step was first fragmented to yield 300-bp fragments using enzymatic digestion (RM0434, BGI Wuhan Biotechnology). To construct the DNA library, fragmented DNA was further end-repaired, ligated to adapters, and amplified using PCR with the PMseq high-throughput gene detection kit for infectious pathogens (combined probe anchored polymerization sequencing method, BGI-Shenzhen, China, RM0438), according to the manufacturer’s instruction. Based on the qualified double-strand DNA library, the single-stranded circular DNA library was then generated through DNA denaturation and circularization. Then, DNA nanoballs (DNBs) were formed by rolling circle amplification (RCA) using a universal kit for sequencing reaction (Combinatorial Probe-Anchor Synthesis, BGI-Shenzhen, China, RM0170). DNBs were qualified by the Qubit® ssDNA Assay Kit (Thermo Fisher Scientific) and were further sequenced by the MGISEQ-2000 platform (MGI, China).



Metagenome-assembly genome of T. whipplei

A quality control step was conducted on the metagenomic sequencing data by using the fastp tool to filter out low-quality and contaminated reads. By utilizing the Burrows-Wheeler alignment algorithm, the human DNA reads that aligned to human reference genome HG19 were eliminated, and only microbe reads were reserved. The remaining data were mapped and classified by aligning the reads to genomes of bacteria, fungi, viruses, and parasites from the Pathogens Metagenomics Database (PMDB). The classification reference databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/). T. whipplei was found in all 27 BALF samples, according to the mNGS diagnostic results. The T. whipplei shenzhen1 genome was assembled by combining metagenomic sequencing data of BALF samples from 26 non-immunodeficient patients with low-quality reads, and host genomes were removed. The T. whipplei shenzhen2 genome was assembled using metagenomic sequencing data of BALF sample from one immunodeficient patient. Briefly, the reads were subjected to de novo metagenomic assembly through metaSPAdes, and contigs shorter than 1,000 nt were discarded from further processing. Reads were mapped to contigs using Bowtie2, and the mapping output was used for contig binning through MetaBAT2. Lastly, putative genomes were subjected to quality control to generate the final set of reconstructed draft genomes. Two metagenome assembled genomes of T. whipplei from China were obtained. Table 1 summarizes the origin and the genome information of T. whipplei strains from China in this study and the 19 T. whipplei genomes reported by other researchers.


Table 1 | Summary of 21 T. whipplei strains studied in this study.





Whole-genome phylogenetic tree analysis

Conducting whole-genome phylogenetic tree for microbial pathogens is a powerful approach that assists scientists to gain a better understanding of how species have evolved while explaining the similarities and differences among species. A wide range of genomic features can be observed across the entire genome derived from mNGS. These characteristics make phylogeny building extremely accurate. To discover the evolution of the 21 T. whipplei strains’ origin from different countries, the phylogenetic trees were constructed based on SNP datasets.



Characterization of core-genome and pan-genome

To characterize the core- and pan-genomes of the 21 strains of the T. whipplei genome, the PEPPAN pipeline, which can construct pan-genomes from thousands of genetically diverse bacterial genomes, was applied (Zhou et al., 2020). Genes presented in all 21 T. whipplei genomes were considered to be the core-genome, genes presented in more than 95% but not in all strains were defined as the softcore genes, genes presented in 15%–95% of the genomes were considered the shell genes, while genes presented in lower than 15% of the genomes were defined as the cloud genes. The pan-genome analysis of the 21 T. whipplei was performed by Anvi`o workflow to display the genome, which is an advanced analysis and visualization platform that offers both automated and/or user-specified characterization of metagenomic assembly genomes. (Eren et al., 2015)



Average nucleotide identity analysis

Average nucleotide identity analysis is a useful approach to compare genetic relatedness among prokaryotic genomes The whole-genome average nucleotide identity (ANI) values for the 21 T. whipplei strains belonging to diverse geographic origins (Goris et al., 2007; Jain et al., 2018) were calculated to assess the genome similarities by using the FastANI v.0.1.3 software, which produces accurate ANI estimates and is a more efficient approach than alignment (e.g., BLAST)-based approaches.



Identification of antibiotic-resistant genes and virulence genes

To comprehend the virulence genes of the T. whipplei pathogens, 21 T. whipplei genomes were annotated with the Prokka annotation pipeline (ProkkaAnnotation v.3.2.1), and we then utilized the BLAST search tool for all known VF-related genes found in the virulence factor database (VFDB) (Chen et al., 2005). At the same time, the virulence factors were compared between T. whipplei strains originating from different countries. Reliable virulence genes were confirmed if the sequence identities were greater than 80% and the query coverages were greater than 80%, in which the values are used as benchmarks for virulence factor detection. The aligned amino acid sequences of GyrA, GyrB, ParC, and ParE for 21 T. whipplei strains were submitted to ESPript 3 to perform the sequence similarities, respectively (Robert and Gouet, 2014).

For the 21 genomes of T. whipplei, antibiotic resistance genes were predicted by aligning the hybrid assembled sequences in the CARD database using RGI v4.2.2 (Resistance Gene Identifier). Subsequently, the genes and the subsequent protein sequence were predicted using Prodigal. During this step, sequences that had an identity of less than 75% or a length coverage of less than 50% with the resistant genes denoted in the database were removed (Jia et al., 2017). The antibiotic resistance genes of T. whipplei were predicted using RAST (Rapid Annotation using Subsystem Technology, https://rast.nmpdr.org/), which is an automated service for annotating bacterial genomes.




Results

The pathogen diagnosis of severe respiratory diseases was carried out using clinical metagenomic next-generation sequencing on 27 BALF samples from one immunodeficient patient and 26 non-immunodeficient patients who were admitted to Shenzhen Peking University Hospital. The metagenome-assembled genome of T. whipplei shenzhen1 was constructed based on the binned metagenomes of 26 BALF samples from non-immunodeficient patients, whereas the metagenome-assembled genome T. whipplei shenzhen2 genome was built based on one metagenome of a BALF sample from an immunodeficient patient.


Whole-genome phylogenetic tree analysis

The whole-genome phylogenetic tree constructed with 21 strains of the T. whipplei genome comprises three major clades, while one clade contains two subclades (Figure 1). The two strains T. whipplei shenzhen1 and T. whipplei shenzhen2 from China, the two strains T. whipplei TW08/27 and T. whipplei Meuro1 from Germany, and the one strain T. whipplei Bcu26 from France are located within the same subclade in the phylogenetic tree. Furthermore, the clades and subclades in the phylogenetic tree are not correlated with the geographical origins of T. whipplei.




Figure 1 | Whole-genome phylogenetic tree of 21 T. whipplei was constructed by single-nucleotide polymorphism (SNP) distance calculation, and the geographical origin of strains was obtained. The heatmaps represent the predicted resistance genes of chromosomal mutations known to confer resistance (gyrase and topoisomerase mutations conferring fluoroquinolone resistance) and the predicted virulence factors of T. whipplei.





Characterization of core-genome and pan-genome

To uncover the view of T. whipplei genome contents, the core-genome and pan-genome for 21 T. whipplei assembled genomes were calculated. The pan-genome of T. whipplei contained 977 genes, which were predicted by using the PEPPAN pipeline. The core-genome contained 809 genes that are common to all 21 strains of T. whipplei, and the core-genome accounts for 82.8% of the pan-genome, indicating that T. whipplei has a closed pan-genome. An additional 22 genes belong to the softcore genes, 58 genes form the shell genes, and 88 genes belong to the cloud genes. The pan-genome of 21 T. whipplei genomes was further analyzed by Anvi`o pan-genomic pipeline to visualize the pan-genome (Figure 2). As Figure 2 shows, the single-copy core genes occupy a major part of the pan-genome. Thirteen singleton gene clusters were found from T. whipplei TW08/27, which is the maximum number of singleton gene clusters of T. whipplei. We could thus hypothesize that T. whipplei is a strictly intracellular living organism that has a reduced genome, and no significant horizontal gene transfer has taken place in the past.




Figure 2 | Anvi’o representation of the pan-genome of T. whipplei shenzhen1, T. whippleishenzhen2, and 19 other T. whipplei based on the presence/absence of gene clusters. The inner layers represent individual genomes organized by their phylogenetic relationships as indicated by the dendrogram. The first 21 layers represent each genome. Circle bars represent the occurrence of gene clusters in each genome, and the dark colors indicate the existence of the gene cluster. The subsequent seven layers correspond to various statistics related to the analysis, i.e., single-copy core gene clusters, combine homogeneity index, functional homogeneity index, geometric homogeneity index, maximum number of paralogs per gene cluster, number of genes per gene cluster, and the number of contributing genomes per gene cluster.





Average nucleotide identity analysis

The whole-genome ANI lay between 99.11% and 99.98%, whereas the median ANI of all sequenced strains is 99.54% when all 21 T. whipplei genomes were compared with each other. The genomes with maximum and minimum ANI values for T. whipplei shenzhen1 are T. whipplei Bcu26 (99.74%) and T. whipplei strain Endo32 (99.38%) originating from France. The genome with maximum ANI for T. whipplei strain shenzhen2 is T. whipplei Bcu26. At the same time, the ANI between the two T. whipplei strains from China is 99.65%. As Figure 3 illustrates, the average nucleotide identity value calculated between all pairs of strains shows no discernible difference associated with geographical origins.




Figure 3 | Heatmap of Average Nucleotide Identity (ANI) values for 21 whole genomes of T. whipplei strains from the different geographical origins (orange, Canada; red, China; blue, France; black, Germany).





Identification of antibiotic-resistant genetic determinants and virulence genes

Submitting the 21 strains of T. whipplei sequenced genomes to the Resistance Gene Identifier failed to detect any antibiotic resistance genes. However, after utilizing RAST-Annotation, the specific mutation in the genes for DNA gyrase (gyrA and gyrB) and topoisomerase IV (parC and parE) leading to the genotypic antibiotic resistance to fluoroquinolones was found in T. whipplei. Some reports proved that gyrA, gyrB, parC, and parE gene mutations induce resistance to fluoroquinolones, due to the altered structures of the target proteins of fluoroquinolones (Gonzalez et al., 1998; Pantel et al., 2012; Johnning et al., 2015; Chien et al., 2016). Alignment of the amino acid sequences of GyrA, GyrB, ParC, and ParE of the 21 T. whipplei strains showed that these genes are highly conserved within the species (Figures S1–S4). The T. whipplei GyrA and ParC quinolone resistance-determining regions (QRDRs) are shown in Figures S1, S3. According to Didier Raoult’s report (Masselot et al., 2003), the T. whipplei GyrA QRDR extends from the alanine at position 65 to the glutamine at position 104, and the ParC QRDR extends from the alanine at position 80 to the histidine a position 119. The amino acid sequences of GyrA and ParC QRDR from the 21 T. whipplei strains and that of Escherichia coli were aligned, and the Ser-to-Ala mutation is indicated in Figure 4. The positions of this mutation are at positions 81 and 96, respectively. Alanines at these positions have previously been associated with increased fluoroquinolone resistance in T. whipplei, E. coli, and Mycobacteria (Cullen et al., 1989; Yagupsky et al., 1990; Masselot et al., 2003). The T. whipplei GyrB and ParE QRDR were identified by aligning with known homologous QRDR sequences of Mycobacterium fortuitum H37Rv (Cole et al., 1998). The GyrB QRDR of T. whipplei extends from the serine at position 474 to the glutamine at position 512. The ParE QRDR of T. whipplei extends from the alanine at position 488 to alanine at position 526. The mutations that likely to cause the fluoroquinolone resistance (e.g., Asp to Asn) were not detected in the GyrB and ParE QRDR regions.




Figure 4 | Alignment of amino acid sequences of GyrA and ParC QRDRs from the 21 T. whipplei strains and E. coli K-12. Numbers refer to the amino acid positions in the T. whipplei GyrA and ParC sequence.



The virulence factors of T. whipplei were investigated through the virulence factor database, which harbors information of bacterial virulence factors from various known pathogens. Twenty virulence factors had been predicted to play a role in the pathogenesis of T. whipplei (Figure 1). These include six bacterial VF categories: adherence (groEL and ufa), immune modulation (wzt, wbtL, rffG, gnd, manB, and yhxB/manB), nutritional/metabolic factor (phzC1, carA, fepG, carB, and fepC), regulation (relA, purM, phoR, and phoP), stress survival (clpC and clpP), and motility (flmH), but further studies need to be done to understand the role of these virulence factors. Among the 21 T. whipplei strains, 19 virulence factors are shared among the strains, while the clpC gene is found in 7 out of 21 T. whipplei strains. It encodes a general stress protein belonging to the HSP-100/Clp family, which promotes intracellular bacteria Listeria monocytogenes to escape from the macrophage phagocytosis (Rouquette et al., 1998).




Discussion

T. whipplei is a fastidious bacterium that is difficult to culture, and not until after 2000 could the researchers successfully culture this bacterium in the human fibroblast cell line in the laboratory (Raoult et al., 2000). There is increasing evidence to suggest that the predominant reservoir of T. whipplei is found in humans, as T. whipplei is known to be viable in the human respiratory tract, fecal, and saliva samples. It also suggests that T. whipplei might be transmitted through both fecal–oral and oral–oral routes (La Scola et al., 2011; Pightling et al., 2018). In previous studies, 19 T. whipplei strains were isolated from various specimens, including the aortic valve, small intestine biopsy, mesenterial lymph node, and bronchoalveolar lavage cutaneous biopsy, in which the pathogens were cultured and the genomes were sequenced (Bentley et al., 2003; Raoult et al., 2003; Wetzstein, 2017). The cultivation of T. whipplei requires living eukaryotic cells, while the bacterium has a very slow replication with a doubling time of 18 days, which severely impedes routine culture-based diagnostics and genomic analysis. On the other hand, obtaining the bacterial whole genome is significant to understanding the properties of this pathogen, including antibiotic resistance, molecular epidemiology, and pathogenic virulence. Utilizing whole-genome sequence analyses could supplement epidemiological studies and trace back evidence for epidemic regulations (Pightling et al., 2018). Moreover, it could help identify sources of pathogens during disease outbreaks. In this study, we report two genome sequences of T. whipplei shenzhen1 and T. whipplei shenzhen2, which were assembled using clinical metagenomic sequencing, without the need to conduct long-term bacterial cultivation.

In comparative genomics, the genetic content of 21 T. whipplei was compared to each other. The antibiotic resistance genes and virulence genes were predicted, and the phylogenetic relationships between the strains were determined. Interestingly, even strains of T. whipplei that originate from different geographical regions have close relationships, including the isolate T. whipplei shenzhen2 from an immunodeficient patient. T. whipplei is an intracellular bacterium that has a closed pan-genome, suggested by investigating the core and pan-genomes of T. whipplei. It has a limited capacity to acquire foreign genes likely due to its limited horizontal gene transfer mechanisms. As shown by the whole-genome phylogenetic tree and the ANI matrix, there is no correlation between the strains and their geographical origins. All T. whipplei strains exhibit genotypic resistance to fluoroquinolones, due to mutations found in the gyrA, gyrB, parC, and parE genes in the RAST annotation. Mutations in the quinolone resistance-determining region (QRDR) of gyrA, gyrB, parC, and parE leading to reduce susceptibility to fluoroquinolone have been reported in many bacterial species (Gonzalez et al., 1998; Pantel et al., 2012; Johnning et al., 2015; Chien et al., 2016). All T. whipplei strains exhibit genotypic resistance to fluoroquinolones, due to the GyrA and ParC QRDR with an alanine residue at positions 81 and 96 (Masselot et al., 2003). The QRDRs of T. whipplei GyrB and ParE were defined as codons 474 to 512 in GyrB, and 488 to 526 in the ParE, but the specific amino acid relative to fluoroquinolone resistance was not discovered. Although the mechanisms of quinolone resistance of GyrB and ParE have not been fully investigated, we still hypothesize that T. whipplei has a natural resistance to fluoroquinolones.

In conclusion, we have obtained two metagenome-assembled genomes of T. whipplei from China using metagenomic next-generation sequencing (mNGS). The 21 T. whipplei strains share highly similar genomic characteristics despite originating from different countries. Aided by the mNGS culture-independent characterization of pathogens, we therefore propose that clinical mNGS could be considered as an approach to obtain and analyze genomic information for difficult or “unculturable” microorganisms.
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Background

Metagenomic next-generation sequencing (mNGS) is increasingly being used to detect pathogens directly from clinical specimens. However, the optimal application of mNGS and subsequent result interpretation can be challenging. In addition, studies reporting the use of mNGS for the diagnosis of invasive fungal infections (IFIs) are rare.



Objective

We critically evaluated the performance of mNGS in the diagnosis of pulmonary IFIs, by conducting a multicenter retrospective analysis. The methodological strengths of mNGS were recognized, and diagnostic cutoffs were determined.



Methods

A total of 310 patients with suspected pulmonary IFIs were included in this study. Conventional microbiological tests (CMTs) and mNGS were performed in parallel on the same set of samples. Receiver operating characteristic (ROC) curves were used to evaluate the performance of the logarithm of reads per kilobase per million mapped reads [lg(RPKM)], and read counts were used to predict true-positive pathogens.



Result

The majority of the selected patients (86.5%) were immunocompromised. Twenty species of fungi were detected by mNGS, which was more than was achieved with standard culture methods. Peripheral blood lymphocyte and monocyte counts, as well as serum albumin levels, were significantly negatively correlated with fungal infection. In contrast, C-reactive protein and procalcitonin levels showed a significant positive correlation with fungal infection. ROC curves showed that mNGS [and especially lg(RPKM)] was superior to CMTs in its diagnostic performance. The area under the ROC curve value obtained for lg(RPKM) in the bronchoalveolar lavage fluid of patients with suspected pulmonary IFIs, used to predict true-positive pathogens, was 0.967, and the cutoff value calculated from the Youden index was −5.44.



Conclusions

In this study, we have evaluated the performance of mNGS-specific indicators that can identify pathogens in patients with IFIs more accurately and rapidly than CMTs, which will have important clinical implications.
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Introduction

An increasing number of people are living with immunodeficiencies as a result of medical interventions such as aggressive of prolonged cancer treatments, allogeneic organ and hematopoietic cell transplantation, or the use of corticosteroids for the treatment of autoimmune and autoinflammatory diseases (Ferrarese et al., 2020). The immunosuppressed individual is at a higher risk of developing more invasive fungal infections (IFIs) (Pasqualotto et al., 2006; Ben et al., 2008; Kim et al., 2017; Prattes et al., 2021; Suleyman and Alangaden, 2021), which affects two million individuals each year worldwide (D’enfert and Bougnoux, 2014; Suleyman et al., 2022). The clinical manifestations of IFIs are not typical, and thus, diagnosis mainly relies on etiological evidence. A timely and accurate diagnosis is crucial for the prognosis and survival of patients with IFIs (El-Baba et al., 2020). However, existing techniques such as tissue staining, in vitro culture, serological testing, and diagnostic imaging are inadequate for the reliable detection of IFI-causing pathogens. Nearly 60% of IFIs still have an unknown etiology, which delays targeted drug treatment and, in turn, affects patient recovery (Donnelly and Maertens, 2013). The gold standard for diagnosing IFIs is the presence of molds or yeasts in a deep tissue biopsy or a culture obtained by a sterile procedure. Unfortunately, histopathological testing is rarely available in a timely manner because of the risks involved in performing biopsies, whereas culture methods are insensitive and time-consuming. Recently, a real-time PCR approach has shown promise in the detection of Aspergillus, Pneumocystis, and Candida spp. (Donnelly and Maertens, 2013; Donnelly et al., 2020). Despite this, PCR is a hypothesis-driven method that is designed to detect specific pathogens and is therefore not capable of detecting rare and emerging infectious agents (Schlaberg et al., 2017).

Advances in genome sequencing technologies and bioinformatics approaches provide powerful alternatives to overcome such clinical diagnostic challenges (Wang et al., 2021). Metagenomic next-generation sequencing (mNGS) is a culture-independent, hypothesis-independent, broad-spectrum sequencing method, which capable of overcoming the limitations of current diagnostic tests. mNGS enables the universal pathogen detection of viruses, bacteria, fungi, and parasites in a single run (Miao et al., 2018). Since its first application in a clinical setting, mNGS has played an increasingly important role in pathogen identification (Palacios et al., 2008). However, there are still many challenges preventing the routine use of mNGS in the clinic. The primary challenge is that there is currently no common standard for interpreting mNGS results. Although numerous studies have reported the clinical application of mNGS, the majority involve summary retrospective analyses of the diagnostic performance of this novel methodology on a heterogeneous group of patients (Qian et al., 2020; Gu et al., 2021; Liu et al., 2022a). mNGS analyses focusing on the diagnosis of IFIs are rare. Furthermore, it has not yet been reported which indicator is most suitable for distinguishing between pathogens and colonizing/contaminant microorganisms that are present in the sample, the reagents, or the laboratory environment.

In this study, we evaluated the performance of an mNGS indicator [lg(RPKM)] to identify pathogenic fungi in patients with suspected pulmonary IFIs and established a cutoff value for the identification of pathogens. Using this cutoff value, we compared the diagnostic value of mNGS with conventional microbiological tests (CMTs). Finally, we analyzed the correlation between eight clinical infection indicators and various forms of fungal infection.



Materials and methods


Study setting and design

We retrospectively reviewed 327 cases of suspected pulmonary IFIs at nine tertiary hospitals in the Shandong Province, China (Liaocheng People’s Hospital, Liaocheng Infectious Diseases Hospital, Liaocheng Traditional Chinese Medicine Hospital, Liaocheng Third People’s Hospital, Liaocheng Brain Hospital, Liaocheng Dongchangfu District Hospital, Dong’e County People’s Hospital, Guan County Central Hospital, and Guan County Traditional Chinese Medicine Hospital) between August 2020 and February 2022. We followed the revised diagnostic criteria of IFIs outlined by the European Organization for Research and Treatment of Cancer/Invasive Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases Mycoses Study Group (EORTC/MSG) (De Pauw et al., 2008; Alexander et al., 2021). See supplementary document Table S1 for our diagnostic criteria. Eventually, 310 patients with suspected pulmonary IFIs were enrolled and 17 were excluded (Figure 1A). Clinical data of patients were rigorously evaluated, summarized, and compiled until death or hospital discharge. All the enrolled patients were subjected to mNGS, CMTs, and a serological test (Figure 1A). We divided the 310 subjects into three groups: 1) the fungal infections group, 2) the non-fungal infections group, and 3) the Candida group according to the grouping principles outlined in Figure 1C. This study was approved by the Medical Ethics Committee of Liaocheng People’s Hospital (No. 2022097). All samples in this study were anonymized, and the experiments were performed in accordance with the Declaration of Helsinki.




Figure 1 | Flowchart. (A) Flowchart of participant enrollment criteria. (B) Workflow of mNGS. Sample pre-treatment includes the following: (1) inactivation: dry bath at 56°C for 30 min; (2) lysozyme treatment at 30°C for 10 min; (3) add micro glass grinding beads to the lysate and vortex the samples at 1,000 x g for 20 min. (4) Lysis: collect supernatants and add proteinase k and lysis solution at 70°C for 15 min. DNA extraction includes (5) application of 100% ethanol concentration to induce nucleic acid precipitation, (6) DNA binding, (7) washing, and (8) elution. Library construction includes (9) nucleic acid fragmentation (10), adapter ligation, (11) DNB library preparation, (12) sequencing in BGI-seq 50, and (13) data analysis. (C) Group analysis workflow for the samples included in the study. 1. A positive result was defined as the presence of fungal infection that was detected by any of the following methods: mNGS, G and GM tests, and culture. 2. The final clinical diagnosis of IFIs was made by a decision-making group comprised of clinical experts, laboratory scientists, and bioinformatics experts, and based on the comprehensive evaluation of all available clinical data. Decision was made according to the revised diagnostic criteria of IFIs outlined by the EORTC/MSG.





Conventional microbiological testing and examination of infection indices

Bronchoalveolar lavage fluid (BALF) samples collected from patients with suspected pulmonary IFIs underwent CMTs and mNGS in parallel. CMTs were carried out according to the standard procedures (Donnelly et al., 2020). The 1,3-β-D glucan (G) assay (the G test) and galactomannan (GM) assay (the GM test) were performed according to the manufacturer’s instructions (Xinuo Biopharmaceutical Co., Ltd., Tianjin, China). The following parameters were subsequently assessed: white blood cell count, neutrophil count, lymphocyte count, monocyte count (Sysmex Co., Ltd., Kobe, Japan), C-reactive protein (CRP) and procalcitonin (PCT) (Shanghai i-Reader Biotech Co., Ltd., Shanghai, China), interleukin-6 (IL-6) [Abbott Diagnostic (Shanghai) Co., Ltd., Shanghai, China], and serum albumin (Beckman Co., Ltd., Brea, America) using the manufacturer’s recommendations.



Metagenomic next-generation sequencing

The mNGS uses BGI’s high-throughput genetic detection of pathogenic microorganisms (PMseq) process. BALF samples from patients with suspected pulmonary IFIs were collected and stored on dry ice until mNGS. The samples were inactivated at 56°C for 30 min using a dry bath, prior to the addition of wall-lysing enzyme and incubation at 30°C for 10 min. Next, micro glass grinding beads (MGI Tech Co., Ltd., Wuhan, China) were added to the lysate, and the samples were vortexed at 1,000 x g for 20 min. Supernatants were subsequently collected and subjected to DNA extraction using the TIANamp Micro DNA kit (DP316, TIANGEN Biotech, Jiangsu, China). Nucleic acid concentration was determined using the Qubit dsDNA HS Assay kit together with the Qubit 4 Fluorometer (Invitrogen Singapore Pte, Ltd., Singapore, Singapore). Nucleic acid fragmentation (into 250- to 350-bp fragments) was then performed using an enzyme digestion kit (MGI Tech Co., Ltd., Wuhan, China). The digested DNA was purified using commercially available magnetic beads (MGI Tech Co., Ltd., Wuhan, China), and DNA libraries were prepared (after end repair, adapter ligation, and PCR amplification) using the DNA construction kit (MGI Tech Co., Ltd., Wuhan, China). The library was quantified using the Qubit 4 Fluorometer (Invitrogen); the ExKubit dsDNA Assay Kit and Agilent 2100 (Agilent Technologies, Santa Clara, CA) were used to control fragment length. DNA nanoballs (DNBs) were subsequently prepared from the library using rolling circle amplification (BGI Genomics, Wuhan, China). Next, a loading sample was prepared and sequenced on the BGISEQ-50 platform (BGI Genomics, Wuhan, China) using the 50–base read length (SE50) sequencing strategy. Hela cells and Acinetobacter baumannii (ATCC 19606) were used as negative and positive controls, respectively, and were consistently included in the analysis of each batch of samples. A specific synthetic sequence tagged onto each specimen was used as an internal standard to monitor the whole process. The quality of the extracted DNA, the sequencing library, DNBs, and final sequence data were all measured to a great degree of accuracy. The workflow of mNGS test was shown in Figure 1B.

For the bioinformatics aspect of mNGS, raw sequencing data were processed, and high-quality data were selected after removing adapter and low-quality sequences. The high-quality data were then mapped to the human genome (hg19; https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.13/) using the Burrows–Wheeler Alignment (BWA; http://bio-bwa.sourceforge.net/) method and stripped for annotated human genome data (Li and Durbin, 2009). The remaining sequencing data were simultaneously aligned against Pathogenic metagenomics database (PMDB) microbial genome databases, which included the genomes of viruses, bacteria, fungi, and parasites, using BWA, to generate the original mapping list. The PMDB database contained sequence data from 6,039 bacteria, 2,700 DNA viruses, 1,064 fungi, 234 parasites, and 137 mycoplasma/chlamydia (all associated with human disease). Reference genomes in the database were downloaded from the National Center for Biotechnology Information (ftp://ftp.ncbi.nlm.nih.gov/genomes/).



Statistical analysis and data visualization

Bioinformatics analyses and data visualization were performed using the R software. The type of specimen, genome length, sequencing depth, and the throughput rate of the platform will affect the reads number in mNGS. We chose the reads per kilobase of transcript per million mapped reads (RPKM) as the normalization method for mNGS reads, based on the study by Liu et al. (Liu et al., 2022c) and the sequencing characteristics of this study (single-end sequencing). RPKM was calculated using the formula: gene reads/[the total mapped reads (millions) × genome length (KB)].

The Shapiro–Wilk test was used to determine whether the quantitative data conformed to a normal distribution. The Student’s t-test and Wilcoxon rank test were used to compare two groups that followed a normal or an abnormal distribution, respectively. The Pearson chi-squared (χ2) test or the Fisher’s exact test was used for the comparison of categorical data frequencies. The correlation between two different indicators was analyzed and expressed as Spearman’s r values. A receiver operating characteristic (ROC) curve was drawn for the selection of the best indicator of the true-positive specific pathogen. We applied the Youden index to determine the cutoff values for log(RPKM) and read counts in the ROC curve. The Youden index (J) is main summary statistic of the ROC curve used in the interpretation and evaluation of a biomarker, which defines the maximum potential effectiveness of a biomarker (Youden, 1950; Faraggi, 2000). A P-value of < 0.05 was used as a measure of significance.




Results


Clinical characteristics

The 310 participants who enrolled in our study were all hospital inpatients, comprising 96 women (31%) and 214 men (69%), with a median age of 64.5 [interquartile range (IQR), 50–74], range from 0.75 to 93 years. The median duration of hospitalization was 16 days (IQR, 11–23). Of the 310 participants, 152 were admitted to the intensive care unit (ICU), 79 died during therapy (equal to a 25% 30-day mortality rate), 79 received empiric antifungal drug therapy before mNGS, and 268 were immunocompromised. The causes of immunosuppression are classified in Table 1.


Table 1 | Patient and sample characteristics.





Identification of fungi by CTMs and mNGS

Of the 310 study participants, 80 patients were diagnosed with respiratory IFIs, of which 63 cases showed signs of bacterial co-infection. One hundred seventy-nine patients were excluded from further analyses of fungal infection; of these, 162 participants were diagnosed with bacterial infection, and 17 were diagnosed with non-infectious disease (Figure 2A). In addition, Candida spp. were detected in the BALF of 51 patients. Because pulmonary Candida infection is rarely confirmed by histopathology, the Candida-positive patients were placed into the suspected Candida colonization group.




Figure 2 | Identification of pathogenic fungi by conventional culture methods and mNGS. (A) Bacterial infection status of the fungal infection and non-fungal infection groups. The comparison between the two groups was made using the Pearson chi-squared (χ2) test. P < 0.05 indicates a significant difference. (B) Matrix of fungal species detected the culture method; the number of points represents species detection frequency. (C) Profile of fungal species detected by the culture method that distinguishes between colonization, false positives, and true positives. (D) Matrix of fungal species detected by mNGS; the number of points represents detection frequency (species with frequencies <10 were all grouped together). (E) Profile of fungal species detected by mNGS that distinguishes between colonization, false positives, and true positives; the number of points represents detection frequency (species with frequencies <10 were grouped other).



In comparison with the non-fungal infection group, the percentage of immunosuppressed patients was higher in fungal infection group (Table 2). CMTs identified 82 fungal strains in 71 samples, of which the most common was Candida albicans, accounting for 48.7% of all strains (Figure 2B). Nineteen “true positive samples” were eventually selected, in which 22 strains of five species were detected. Aspergillus fumigatus was the most frequently detected species; 14 strains of A. fumigatus were detected (Figure 2C). In contrast, mNGS detected suspicious fungal sequences in 290 patients. One hundred forty fungal strains were detected 617 times; C. albicans was again the most common, accounting for 9.2% of all strains (Figure 2D). mNGS positively identified 51 patients who were clinically considered to have fungal infection, in which 20 kinds of species were detected 68 times. The most common species was A. fumigatus; 27 A. fumigatus strains were detected, accounting for 39.7% of all identified strains (Figure 2E).


Table 2 | Demographic characteristics of study participants with fungal or non-fungal infections of the respiratory tract.





Evaluation and optimization of mNGS-mediated diagnostic efficacy

The ROC curve was used to evaluate the performance of mNGS, whereas the final clinical diagnosis was used as the gold standard. In mNGS, the number of reads is affected by the type of specimen, genome length, sequencing depth, and the throughput rate of the platform. The use of read numbers for laboratory-based diagnosis may therefore lead to bias. To rule out these effects, the number of sequencing reads was replaced with the logarithm of reads per kilobase per million mapped reads [lg(RPKM)]; RPKM was calculated using the formula: gene reads/[the total mapped reads (millions) × genome length (KB)]. The results showed that read number and lg(RPKM) were significantly higher when infection was classed being “true positive” (Figures 3A, B). In terms of diagnostic efficacy, both read number and lg(RPKM) can effectively evaluate fungal infection. The area under the ROC curve (AUC) for the read number was 0.939, and the cutoff value calculated according to the Yoden index was greater than 4. Concurrently, we obtained a sensitivity rate of 86.76% and a specificity rate of 86.98% (Figure 3C). We found that the AUC value for lg(RPKM) was 0.967, and the cutoff value calculated according to the Yoden index was greater than −5.44. The sensitivity and specificity rates were 95.59% and 84.6%, respectively (Figure 3D). The DeLong method (DeLong et al., 1988) was used to compare the two ROC curves, showing that lg(RPKM) had significantly higher diagnostic efficiency in relation to fungal detection than the read count method (Table 3).




Figure 3 | Accuracy of mNGS. (A) The difference in the number of detected reads between true- and false-positive fungi. (B) The half violin diagram shows the difference in lg(RPKM) values between true- and false-positive fungi. (C, D) Evaluating the performance of lg(RPKM) (C) and read counts (D) between the true- and false-positive pathogenic fungal groups using ROC curves.




Table 3 | Pairwise comparison of ROC curves.





Comparison of the diagnostic efficiencies of mNGS and CMTs

The total turnaround time (TAT) of mNGS (from nucleic acid extraction to result reporting) is ~24 h, which is higher than that of the G and GM tests. However, the TAT of mNGS was much lower than the average duration of fungal cultures (Figure 4). To clarify the actual diagnostic performance of mNGS in this study, the cutoff value of lg(RPKM) was used to identify the presence of IFI-causing fungi in the study subjects. After taking the final clinical decision as the gold standard, the results showed that the AUC for lg(RPKM) was higher than for the G and fungal culture tests, meaning that lg(RPKM) was superior at identifying fungal infections in patients. Moreover, the positive and negative coincidence rates were also higher than those of the culture method (Figure 5A, C, D). After eliminating the influence of Candida infection on the test results, the AUC value of the G test improved from 0.634 to 0.646 (Figures 5A, E). In identifying Aspergillus spp. infection, the AUC values of the GM assay and mNGS were 0.727 and 0.874, respectively. The diagnostic performance of mNGS was significantly better than that of GM test (P = 0.0104; Figures 5B, F).




Figure 4 | Timeline for mNGS and CMTs. Culture-based pathogen identification can take days to weeks. In comparison, mNGS testing using the BGI sequencing platforms has an overall turnaround time of 24 h.






Figure 5 | ROC curves and 2 × 2 contingency tables showing the respective diagnostic performance for different fungal detection methods; plotted are mNGS test sensitivities and specificities, relative to the clinical gold standard. PPA and NPA are shown in lieu of sensitivity (sens) and specificity (spec), respectively, if a composite standard was used. (A) Diagnostic efficacy of the 1,3-β-D glucan test (G test) for fungi (removal of patients with suspected Candida infection). (B) Diagnostic efficacy of the galactomannan test (GM test) for Aspergillus. (C) Diagnostic efficacy of the culture method for fungi. (D) Diagnostic efficacy of mNGS for fungi. (E) Diagnostic efficacy of the 1,3-β-D glucan test (G test) for fungi. (F) Diagnostic efficacy of mNGS for Aspergillus.





Correlation analysis between laboratory indices and fungal infection

Indicators such as white blood cell count, CRP, PCT, IL-6, and albumin may reflect the state of the body after infection to varying degrees. We used the Spearman method to analyze the correlation of eight indicators with the presence of fungal infection. The results showed that the serum albumin levels and lymphocyte counts were significantly lowered, and the CRP levels were significantly raised after fungal infection (Figures 6C, E, H). Leukocyte, neutrophil, monocyte, PCT and IL-6 were not significantly different between the fungal and non-fungal infection groups (Figures 6A, B, D, F, G). In addition, this study found that serum albumin as well as lymphocyte and monocyte counts were significantly negatively correlated with fungal infection, whereas the CRP and PCT values showed a significant positive correlation with fungal infection (Figure 6I; Table 4).




Figure 6 | The correlation between eight clinical infection indicators and fungal infection. (A–H) Differential analysis of eight clinical infection indices in the fungal and non-fungal infection groups. The Student’s t-test was used to evaluate the significance of any differences detected, and values with a P < 0.05 were considered as significant. (I) Heat map corresponding to the correlation analysis between the clinical infection indicators and fungal infection; a correlation coefficient is shown at each spot of the matrix. The Spearman method was used for the correlation analysis.




Table 4 | The correlation between conventional indicators and fungal infection was analyzed using the Spearman’s method.






Discussion

IFIs are prevalent in critically ill patients and individuals suffering from pulmonary disease. Furthermore, diagnosing IFIs is challenging because of the non-specific symptoms and a low diagnosis rate (Liu et al., 2022b). The diagnosis of IFIs in immunocompromised patients is even more difficult, as the symptoms are more insidious than those of patients without immunosuppression and the sensitivity of serological tests is lower following the inhibition of the immune response. In immunocompromised patients, the major instigators of fungal pulmonary infection are Aspergillus spp. and Pneumocystis jirovecii (Fishman and Rubin, 1998; Chong et al., 2006; Brown et al., 2012). Infection with fungi such as Histoplasma spp., Blastomyces spp., and Coccidioides spp. is epidemic in America and Africa but is rare in China, which was in accordance with our results (Azoulay et al., 2020).

In this study, all subjects were suspected of pulmonary IFIs and showed symptoms or radiographic signs of fungal infection, 53% of them were ultimately judged to have a simple bacterial infection. Thus, in the absence of a laboratory diagnosis, bacterial infections can interfere with fungal infections. The occurrence of fungal-bacterial co-infection may be related to the immunocompromised state of the subjects in the fungal group, which was generally immunocompromised and severe. The characteristics of infection in the case of bacterial–fungal co-infection, as well as the specific mechanisms of interaction, need to be further investigated.

Candida spp. are the most frequently detected fungal pathogen in BALF; the top five species are Candida albicans, Candida glabrata, Candida tropicalis, Candida parapsilosis, and Candida krusei (Williams et al., 2013). Invasive candidiasis usually refers to candidemia and deep-seated infections such as those resulting in intra-abdominal abscesses, peritonitis, or osteomyelitis (Pappas et al., 2018). Despite the ubiquitous existence of Candida spp. in respiratory specimens, especially in the critically ill and immunosuppressed patients, true histopathologically confirmed that Candida pneumonia is rare (Meersseman et al., 2009; Hamet et al., 2012).

Fungal culture is time-consuming, and the positive rate of growth can be influenced by potential initiation of empirical antibiotics therapy. In contrast, mNGS, which rely on sequencing the DNA already present in clinical samples, can be completed in a short time. In our study, mNGS detected more fungal species than CMTs and with higher degrees of sensitivity and specificity. However, the false-positive rate of mNGS was significantly higher than that of CMTs. Therefore, it is necessary to distinguish between true positives and false positives when interpreting mNGS results. We used lg(RPKM) and read number as indicators for plotting ROC curves and evaluating the performance of mNGS. According to our analysis, lg(RPKM) and read number all showed excellent capacity for IFI diagnostics, and an identification cutoff was also established. Among these prediction parameters, lg(RPKM) exhibited superior performance. To further clarify the actual diagnostic efficacy of the lg(RPKM) threshold in fungal detection, we should apply this threshold to the all cases of suspected fungal infection.

Detection of (1,3)-β-d-glucan (BDG; a cell wall component of all fungi except Cyrptococcus and mucormycetes) and GM (an Aspergillus spp. hyphal cell wall constituent) in the blood or BALF of patients is widely used for the diagnosis of IFIs. The BDG is an adjunct marker of IFIs, but it does not distinguish between Candida spp., Aspergillus spp., and P. jirovecii, which are all associated with a high false-positive rate (Theel and Doern, 2013). In our study, the false-positive rate of BDG in the diagnosis of IFIs was 58.87%, which was lowered to 51.11% on subtraction of the Candida-associated bias and infection with other suspected colonizing fungi. Our study indicates that the combination of mNGS and BDG detection can improve the diagnostic efficiency of IFIs. According to reports, GM specifically identifies aspergillosis (Donnelly et al., 2020), with 21%–86% sensitivity and 80%–92% specificity in serum samples and with 60%–100% sensitivity and 68%–100% specificity in the BALF (Miceli and Kauffman, 2017). In our study, the sensitivity rate of BALF GM in the diagnosis of Aspergillus infection was 65.71% and the specificity rate was 78.12%, which was consistent with previous studies (Miceli and Kauffman, 2017; Donnelly et al., 2020). The AUC value for mNGS in the diagnosis of Aspergillus infection was 84.7%, which was significantly higher than for GM (72.7%). These findings indicate that mNGS could be especially useful in the diagnosis of Aspergillus infection.

We found that the efficiency of P. jirovecii detection was much higher for mNGS than that for CMTs. P. jirovecii is an important opportunistic fungus that can colonize the respiratory tract and be transmit from person to person via the airborne route. Thus, iatrogenically immunocompromised patients are the principal risk group for P. jirovecii infection. It was reported that one-third of Pneumocystis pneumonia cases occur in HIV-negative immunocompromised patients, possibility of due to an increase in infection when the CD4+ lymphocyte counts drop below 200 cells/µl (Morris et al., 2004; Laura et al., 2016). Immunofluorescence staining and/or PCR of sputum (in a sputum induction test) or BALF samples are feasible methods for the diagnosis of P. jirovecii pneumonia (PJP). However, the positive rate of direct immunofluorescent staining is relatively low, and PCR requires prior knowledge of the organisms present in the sample (Alexandre et al., 2016). As a new pathogen detection strategy, mNGS reached a sensitivity rate of 100% in the diagnosis of PJP, according to a study of HIV-negative immunocompromised patients (Jiang et al., 2021). Jiang et al. found that the sensitivity of mNGS was remarkably higher than those of Gomori methenamine silver staining (GMS; 25.0%) or the serum BDG test (67.4%) (Jiang et al., 2021). The specificity of mNGS (96.3%) also significantly surpassed the serum BDG test (81.4%) (Jiang et al., 2021). Similar conclusions were reached by other independent studies, in which mNGS outperformed GMS and BDG detection techniques for P. jirovecii infection (Xu et al., 2021; Sun et al., 2022; Duan et al., 2022).

Most of the current studies on the diagnosis of IFD by mNGS are clinical case reports (Chen et al., 2021; Wang et al., 2022; Cui et al., 2022; Hu et al., 2022). Several studies have focused on the diagnosis of pulmonary infections by mNGS, Peng et al. reported on 60 patients with suspected pneumonia in severe immunodeficiency and analyzed the diagnostic efficacy of mNGS versus CMTs for pneumonia (Peng et al., 2021). Peng et al. concluded that mNGS was more effective than CMTs for viral infections in the lung, but the opposite was true for fungal infections. This differs from the conclusion that we reached. In the study by Peng et al., many Aspergillus-positive patients tested negative for mNGS because of the thick polysaccharide cell wall of Aspergillus, which made DNA extraction difficult. In our study, it has been possible to lyse Aspergillus and extract the relevant DNA for amplification detection well, benefiting from the development of pre-treatment techniques for mNGS. A related study by Lin et al., which included 69 immunodeficient patients with suspected pneumonia, concluded in agreement with us that the diagnostic efficacy of mNGS was significantly better than that of CMTs (Lin et al., 2022). Both studies by Peng et al. and Lin et al. compared the sensitivity and specificity of the two methods through simple statistical calculations, without using statistical tools such as ROC curves to comprehensively analyze the difference in diagnostic efficacy between mNGS and CMTs, and did not give diagnostic cutoff values. To the best of our knowledge, the current study is the largest study to evaluate the diagnostic performance of mNGS in immunocompromised patients with invasive fungal disease.

Our study has several limitations. First, the DNA extraction method that we used can be generically applied to viruses, bacteria, fungi, and parasites. Thus, the DNA extraction efficacy for fungi could have been suboptimal due to the thickness of the fungal cell walls, which may require more vigorous DNA extraction methods. Second, we could not definitively distinguish between Candida infection and colonization, so this aspect of the data was excluded in certain types of analysis. Finally, the mNGS includes indicators such as read counts, [lg(RPKM)] in addition to genome coverage, and the relative abundance of each organism. Because a single indicator can only reflect part of the characteristics of a test system (Yuan et al., 2019), it is necessary to use multiple indicators to evaluate the test performance of mNGS in combination.

In conclusion, we established mNGS to be a promising diagnostic technique for IFIs. Compared with CMTs, mNGS has multiple advantages in identifying true-positive fungal infections. Although many challenges remain in the clinical application of mNGS, our study had shed new light on the applicability of this novel methodology for the diagnosis of IFIs.
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Objective

To compare the diagnostic accuracy of metagenomic next-generation sequencing (mNGS) for cryptococcosis in patients with different immune statuses with that of conventional detection.



Methods

A total of 1442 specimens including 71 specimens from patients with cryptococcosis were analyzed in the study. The chi square test was used to screen the sensitivity and specificity of different detection methods for different specimen types. One-way ANOVA was used to compare the mNGS results with age, CD4, lymphocytes, IFN, IL-6, IL-2 and serum antigen assay.



Results

The sensitivity of mNGS was 44.29% in Cryptococcus infection cases. The positive rate of mNGS results for bronchoalveolar lavage fluid (BALF, 87.50%) from immunocompromised patients was higher than that of BALF from immunocompetent patients (40.00%, p=0.04). The sensitivity of the serum Cryptococcus capsular antigen assay was 80.00% in immunocompetent patients and 96.42% in immunocompromised patients (p = 0.049). A positive rate of detection of Cryptococcus from mNGS was higher when cryptococcal antigen ≥1:160 (p=0.022) in immunocompromised patients. A positive rate of detection of Cryptococcus from mNGS was higher when lymphocyte counts were lower in both immunocompetent patients(p=0.017) and in immunocompromised patients(p=0.029).



Conclusions

The sensitivity of mNGS is lower than that of serum cryptococcal antigen assay and histopathology in immunocompetent patients. However, BALF detection is recommend for immunocompromised patients compared with tissue and CSF. The positive mNGS result was correlated with lower lymphocyte counts, higher IL-2 and higher serum antigen assay in immunocompromised patients.
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Introduction

Cryptococcosis is an invasive fungal infection caused by Cryptococcusneoformans or CryptococcusC. gattii that has become increasingly prevalent in both immunocompetent and immunocompromised patients. Cryptococcosis is confirmed by positive culture, which can define the types of Cryptococcus and their antifungal susceptibility, but this method always takes 3-5 days. Positive results of cryptococcal antigen assays of serum, bronchoalveolar lavage fluid (BALF) or cerebrospinal fluid (CSF) and positive histopathologic results can help to quickly diagnose the infection but may be present false positive and false negative results.

Metagenomic next-generation sequencing (mNGS) is a technique that is increasingly used for the clinical diagnosis of infectious diseases, especially when the pathogen of the infectious disease cannot be cultured or detected normally (Han et al., 2019). Most studies have reported the use of mNGS in the diagnosis of bacterial and viral infections (Miao et al., 2018; Xie et al., 2019). In addition, many cases of rare pathogen infections detected by mNGS have been reported (Salzberg et al., 2016). However, few studies have analyzed the value of mNGS in the diagnosis of fungal infections, especially in patients with cryptococcosis. In our research, we summarized 1442 mNGS results and evaluate their diagnostic accuracy compared with that of conventional diagnosis methods.

Previous studies on cryptococcosis have mainly focused on cryptococcal infections in immunocompromised patients with central nervous system (CNS) infections. As a new detection method, for the first time, mNGS was analyzed and evaluated for its efficacy in both immunocompetent and immunocompromised patients, mainly for pulmonary cryptococcosis.



Materials and methods


Case series

Cases met the inclusion criteria if the patients were admitted to the Department of Infectious Disease from Zhongshan Hospital, Fudan University, from April 1, 2017, to January 31, 2021. This study is part of a research project that aims to detect pathogens from patients with clinically suspected infections using mNGS. The demographic, clinical feature, laboratory result, pathogenic finding, treatment and outcome data were extracted from the Hospital Information System of Zhongshan Hospital. The project was approved by the ethics committee of Zhongshan Hospital. All data were checked by two physicians (QM and YS), and a third researcher (JP) settled any difference in interpretation between the two primary reviewers.



Case definition

Cases with an admitting diagnosis of suspected pulmonary infection or central nervous system infection were included in this retrospective analysis. Cryptococcus detection by mNGS (strict mapping read number (SMRN)≥1 or strict mapping read number genus (SMRNG)≥1) was defined as a positive result. Cryptococcosis includes confirmed cryptococcosis and clinical cryptococcosis.Confirmed cryptococcosis was defined as a positive Cryptococcus culture of a specimen from any site. Clinical cryptococcosis was defined byorpositive results on histopathologyor positive cryptococcal antigen assay, together with clinical or radiographic evidence of disease (Baddley et al., 2008). Immunocompromised hosts were considered to have at least one predisposing condition, including AIDS, liver cirrhosis, hematologic malignancy, malignant solid tumor, chronic steroid use and rheumatologic disease (rheumatoid arthritis, lupus, psoriatic arthritis, ankylosing spondylitis (AS), Sjogren’s syndrome, and inflammatory myopathy) (Brizendine et al., 2013; Lin et al., 2015).



Laboratory diagnosis


Culture and identification

Cryptococcus was cultured from CSF, sputum, BALF, blood and tissue biopsy on Sabouraud Dextrose GC Agarplates(OXOID, Thermo Scientific, USA). Colonies are observed on solid agar plates after 48 to 72 hours incubation at 30°C to 35°C in aerobic conditions and will appear as opaque, white-to-cream colonies that may turn orange-tan or brown after prolonged incubation. Identifcation of fungal isolates was performed using the MALDI-Biotyper system.


Histopathology

Cryptococcus can be identified by histologic staining of tissues from the lung, skin, and other organs. The organism is observed as a yeast that reproduces by narrow-based budding. The yeast is identified by special stains that label the polysaccharide capsule including periodic acid-Schiff and Gomori methenamine silver. Biobsy was independently analysed by two trained examiners.



Serology

All blood, BALF and CSF samples were analysed using the Latex Cryptococcus Antigen Detection System (IMMY, Norman, USA). The test was performed according to the manufacturers’ instructions. Samples were independently analysed by two trained examiners, and no incongruences occurred. The results were read out in titre levels.





mNGS procedure for specimens

A 0.5-3 mL sputum or BALF or CSFspecimen from the patients was collected according to standard procedures. Sputum was liquefied by addition of 0.1% DTT for 30 min at room temperature, and BALF or CSF was directly submitted to the next operation. Then, 1.5 mL microcentrifuge tubes with 0.5 mL of specimen and 1 g of 0.5 mm glass bead were attached to a horizontal platform on a vortex mixer and agitated vigorously at 2800-3200 RPM for 30 min. Next, 0.3 mL of specimen was separated into a new 1.5 mL microcentrifuge tube, and DNA was extracted using a TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH) according to the manufacturer’s recommendation. DNA could also be extracted directly from 300 μL CSF specimens and tissue specimens using the TIANamp Micro DNA Kit. The extracted DNA was sonicated to obtain 200-300 bp fragments (Bioruptor Pico protocols). Then, DNA libraries were constructed through end repair, adapter ligation and PCR amplification. We used an Agilent 2100 for quality control of the DNA libraries, and quality qualified libraries were sequenced by the BGISEQ-100 platform (Jeon et al., 2014). High-quality sequencing data were generated by removing low-quality and short (length<35 bp) reads, followed by computational subtraction of human host sequences mapped to the human reference genome (hg19) using Burrows–Wheeler alignment (Li and Durbin, 2009). The remaining data were classified by the removal of low-complexity reads and by simultaneous alignment to four microbial genome databases. The reference database for microbial classification was The Pathogens metagenomics Database (PMDB, v6.0), a commercial pathogen alignment database developed by PathoGenesis Pharmaceutical Technology (BGI-Shenzhen, Shenzhen), containing 4,945 whole genome sequence of viral taxa, 6,350 bacteral genomes or scaffolds, 1064 fungi related to human infection, and 234 parasites associated with human diseases. The PMDB contains genomes and genome assembles from NCBI, including Refseq and high quality genome assembles registered with NCBI.



Statistical analysis of the data

Depending on the distribution of the data, categorical variables were described as percentages, and continuous variables were described as the mean and standard deviation. The chi square test was used to screen the sensitivity of mNGS from BALF, tissue and CSF, the specificity of mNGS from sputum, BALF, tissue, CSF and blood, the sensitivity of antigen assay from blood, BALF and CSF, the sensitivity of pathology from tracheoscopic, lung puncture and total and the sensitivity of culture from BALF, CSF and tissue. One-way ANOVA was used to compare the mNGS results withage ,CD4, lymphocytes, IFN, IL-6, IL-2,serum antigen assay. A probability (P) value <.05 implies a statistically significant difference. Statistical analyses were performed using SPSS software (version 23). The figures were constructed using GRAPHPAD PRISM 8.0.




Results


Specimens and patient characteristics

A total of 1442 specimens were included in the analysis, with 71 specimens from cryptococcosis cases and 1371 specimens from non-cryptococcosis cases (Figure 1). 61 (85.92%) specimens from 71 cryptococcosis cases were positive in antigen assay from blood, 20 (28.17%) were positive in culture, and 39 (54.93%) were positive in pathology. Of all 71 specimens from cryptococcosis cases before diagnosis, 19 specimens of cases did not use any antibacterial and antifungal drugs, 32 used antibacterial drugs, 8 used antifungal drugs, and 12 used both antibacterial and antifungal drugs. Of 20 specimens from confirmed Cryptococcus patients, 9 were from immunocompetent patients and 11 were from immunocompromised patients. Of 51 specimens from clinical Cryptococcus patients, 33 were from immunocompetent patients and 18 were from immunocompromised patients.Of all the specimens, 969 specimens were from immunocompetent patients, among which 530 (54.70%) specimens were from males with an average age of 53.79 ± 16.43 years and 439 (45.30%) specimens were from females with an average age of 54.05 ± 17.15 years. A total of 473 specimens were from immunocompromised patients, among which 251 (53.07%) specimens were from males with an average age of 55.90 ± 14.11 years and 222 (46.93%) specimens were from females with an average age of 59.36 ± 14.90 years. The distribution of different kinds of specimens from patients with different immune states is shown in Figure 2. SMRN of cryptococcosis cases ranged from 1 to 1333873 and the median was 40.5, SMRNG of cryptococcosis cases ranged from 1 to 1506102 and the median was 48.




Figure 1 | Flow chart of sample selection and classification. In total, 1442 specimens were divided into cryptococcosis and NOT cryptococcosis on the retrospective diagnosis of the corresponding patients, mNGS+ refers to strict mapping reads number(SMRN)2 for strict mapping reads number genus(SMRNG)21. mNGS, metagenomic next generation sequencing.






Figure 2 | Disease distribution and different kinds of samples from the patients with different immune states. Others includes pleural effusion.





Sensitivity and specificity of mNGS from different specimens

The sensitivity of mNGS was 44.29% in Cryptococcus infection cases, and the specificity was 99.8%. The positive rate of mNGS of BALF from immunocompromised patients was higher than that of BALF from immunocompetent patients (p=0.04) (Figure 3).




Figure 3 | Sensitivity and specificity of mNGS from different samples by different immune statuses. The sensitivity of mNGS with sputum from 7 immunocompetent patients was 0%, and the positive rate of 3 sputum samples of immunocompromised patients was 33.33%. Sensitivity of mNGS from blood was not detected in immunocompetent patients. Two immunocompromised patients with disseminated cryptococcal infections were evaluated for mNGS of blood and the positive rate was 50%. The specificity of mNGS for sputum samples was 97.31% in immunocompetent patients and 98.79% in immunocompromised patients. The specificity of blood samples was 99,32% in immunocompetent patients and was 98.01% in immunocompromised patients. *means results has statistically significant.





Sensitivity of different detection methods

The sensitivity of the serum cryptococcal antigen assay in immunocompetent patients was 80%, and that in immunocompromised patients was 96.42% (p = 0.049). Compared with those from immunocompromised patients, there were no significant sensitivity differences in the pathology, culture and tissue from immunocompetent patients (Figure 4).




Figure 4 | Sensitivity of different detection methods in different samples Sensitivity of 2 skin pathology from immunocomprised patients was 100%. The CSF culture in one immunocomptent patients of CNS cryptococcus infection was positive (100%), and 2 samples of CSF culture were positive from 6 samples of immunocomprised patients (33.3%).





mNGS results with laboratory indexes

A positive rate of detection of Cryptococcus from mNGS was higher when cryptococcal antigen ≥1:160 (p=0.022) in immunocompromised patients. A positive rate of detection of Cryptococcus from mNGS was higher when lymphocyte counts were lower in both immunocompetent patients(p=0.017) and immunocompromised patients(p=0.029), as shown in Table 1.


Table 1 | Relationship between positive mNGS results and laboratory indexes in patients with different immune statuses.





Negative results from conventional detection methods and positive results from mNGS

From 3 patients diagnosed with community-acquired pneumonia, 2 sputum specimens and 1 BALF specimen for which Cryptococcus read number were detected were considered false positives. mNGS of 2 BALF specimens from immunocompetent cases detected the read number of Cryptococcus, but the serum antigen assay, pathology and culture were all negative. Combined with the patient’s clinical manifestations clinical diagnosis of Cryptococcus was considered (Table 2).


Table 2 | List of patients with negative traditional detection method and positive mNGS results.






Discussion

Pulmonary fungal infections are one of the main problems in patients with immune disorders, and one of these infections is cryptococcosis, which must be differentiated from other fungal infections using precise laboratory methods (direct examination, culture, histopathology, antigens). As a new accurate diagnostic technique, the diagnostic value from mNGS in cryptococcosis patients with different immune states is worth exploring (Zarrinfar et al., 2012; Zanganeh et al., 2018; Kashefi et al., 2021). In our previous research, the values of mNGS outperformed those of culture, especially for Mycobacterium tuberculosis, viruses, anaerobes and fungi (Miao et al., 2018). This article confirms that the diagnostic value of mNGS in cryptococcosis is superior than that of culture.

The sensitivity of mNGS was only 44.29% in the diagnosis of Cryptococcus infections in our study, which was lower than that of cryptococcal antigen assay tests (>95% sensitivity) (Kabanda et al., 2014) and pathology (88% sensitivity in CT-guided percutaneous needle biopsy). The Cryptococcus cell wall is a two-layered structure composed of α-1,3-glucan, β-1,3 and β-1,6-glucan, chitin, chitosan, mannoproteins and other GPI-anchored proteins. The inner layer is mainly composed of β-glucans and chitin arranged as fibers parallel to the plasma membrane, and the outer layer contains α-glucan and β-glucan. The main reason for the low positive rate of Cryptococcus is that the nucleic acid cannot be released due to the thick cell wall and incomplete disruption of the Cryptococcus cell wall (Wang et al., 2018; Garcia-Rubio et al., 2020). Although mNGS has no advantage in sensitivity and cost, it is a fast method that takes less than 24 hours and reports microbial population identification. As cryptococcal antigen tests can be yield false negative results and biopsy could also fail, positive mNGS findings could remind clinicians of Cryptococcus infections and help to prove the diagnosis quickly (Wilson et al., 2011). Appropriate targeted antifungal drugs can be chosen immediately due to the speed of the test, and the microbial population can be identified.

In our research, three mNGS results were positive for Cryptococcus but were confirmed to be false positives. Since Cryptococcus is not a common contaminant or background fungus, a SMRN≥1 or a SMRNG≥1 should be reported in our rules. False positives may be caused by the operator’s misoperation, contamination by the same batch of specimens or other undetected reasons. On the other hand, the results of 2 cases were negative by traditional detection methods, and only mNGS results were positive. Since the clinical manifestation and imaging findings were consistent with cryptococcosis and pulmonary lesions were absorbed after anti-cryptococcal treatment, these positive results were considered true positives. Therefore, positive results in Cryptococcus detection from mNGS alone could not independently confirm cryptococcosis, and the clinical manifestations and results of conventional methods should be additionally considered for the diagnosis of cryptococcosis.

Positive mNGS results are quite different for different types of specimens. In our research, the positive rates of Cryptococcus detection in BALF and CSF specimens were higher than that in lung tissues, while the positive rate in sputum was the lowest. Since few blood specimens were analyzed, the corresponding rate could not be assessed in this research. In a previous study, 90 patients with focal pulmonary infections were analyzed, and the sensitivity of mNGS analysis in the pathological specimen group, transbronchial brushing group and bronchoalveolar lavage group was 90%, 66.7 and 50%, respectively (Chen et al., 2021). The positive rate of mNGS in tissues in radial probe endobronchial ultrasound guided transbronchial lung biopsy (TBLB) (78.7%) was significantly higher than that in the TBLB group (60.6%) (Li et al., 2020). Therefore, obtaining and analyzing appropriate specimens are recommended to improve the sensitivity of the mNGS detection.

Articles about the value of laboratory tests in patients with cryptococcosis with different immune states are relatively rare. The cryptococcal antigen assay is less sensitive in HIV-negative than in HIV-positive patients, and values of 56–83% have been reported in HIV-negative immunocompromised patients with Cryptococcus pneumonia (Singh et al., 2008). In our research, including the cryptococcal antigen assay, the sensitivity of the detection methods in different specimens from immunocompromised patients was higher than that from immunocompetent patients. Therefore, etiological detection should be employed more in immunocompromised patients since cryptococcal infections are preferentially observed immunocompromised patients.

Cytokines are key modulators of the immune response and play an essential role in the defense mechanism against fungal infections. Research on immune response patterns in septic shock patients indicated that increases in IFN-γ and IL-6 levels were significantly elevated in septic patients suffering from fungal infection, especially in the early course of the disease (O.Decker et al., 2017). A study of patients with cryptococcal meningitis reported that a CSF proinflammatory response consists of an interplay of Th1 (IFN-γ and IL-6), Th2 (IL-4 and IL-10) and Th17 cytokines (IL-17A) and has been shown to be highly predictive of increased macrophage activation, rapid infection clearance and consequently improved survival (Jarvis et al., 2015). Another study also reported that IFN-γ could improve host immune responses against cryptococcal infection in HIV-infected patients (Jarvis et al., 2012). In our study, specimens with increasing cytokine levels (IL-2>400) yielded more positive mNGS results. Therefore, mNGS-based Cryptococcus findings correspond with plasma cytokine levels, which means that in patients with increasing cytokine levels, the mNGS-based approach revealed signs of a Cryptococcus infection prior to the culture-based finding, providing the opportunity to initiate targeted antifungal therapy in infected patients.



Conclusion

The sensitivity of mNGS is lower than that of serum cryptococcal antigen assay and histopathology in immunocompetent patients.BALF detection is recommend for immunocompromised patients compared with tissue and CSF. The positive mNGS result was correlated with lower lymphocyte counts, higher IL-2 and higher serum antigen assay in immunocompromised patients



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: EMBL-EBI, PRJEB55094.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of Zhongshan Hospital Fudan University. 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

YS conceived and designed the work that led to the submission, QM played an important role in interpreting the results, NL acquired data, B-JH revised the manuscript, and JP revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Key Research and Development Program of China(2021YFC 2300400),the Clinical Research Plan of SHDC (SHDC2020CR2031B) and the Fund of Zhongshan Hospital (2021ZSFZ15).



Conflict of interest

The 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.



References

 Baddley, J. W., Perfect, J. R., Oster, R. A., Larsen, R. A., Pankey, G. A., Henderson, H., et al. (2008). Pulmonary cryptococcosis in patients without HIV infection: factors associated with disseminated disease. Eur. J. Clin. Microbiol. Infect. Dis. 27, 937–943. doi: 10.1007/s10096-008-0529-z

 Brizendine, K. D., Baddley, J. W., and Pappas, P. G. (2013). Predictors of mortality and differences in clinical features among patients with cryptococcosis according to immune status. PloS One 8 (3), e60413. doi: 10.1371/journal.pone.0060431

 Chen, Y., Yan, X., Li, N., Zhang, Q., Lv, Y., and Ruan, T. (2021). Metagenomic next-generation sequencing of radial ultrasound bronchoscopy-guided "cocktail" specimens as an efficient method for the diagnosis of focal pulmonary infections: a randomised study. Ann. Palliat Med. 10 (2), 2080–2088. doi: 10.21037/apm-20-2578

 Garcia-Rubio, R., de Oliveira, H. C., Rivera, J., and Trevijano-Contador, N. (2020). The fungal cell wall: Candida, cryptococcus, and aspergillus species. Front. Microbiol. 10. doi: 10.3389/fmicb.2019.02993

 Han, D., Li, Z., Li, R., Tan, P., Zhang, R., and Li, J. (2019). mNGS in clinical microbiology laboratories: on the road to maturity. Crit. Rev. Microbiol. 45 (5-6), 668–685. doi: 10.1080/1040841X.2019.1681933

 Jarvis, J. N., Meintjes, G., Bicanic, T., Buffa, V., Hogan, L., Mo, S., et al. (2015). Cerebrospinal fluid cytokine profiles predict risk of early mortality and immune reconstitution inflammatory syndrome in HIV-associated cryptococcal meningitis. PloS Pathog. 11 (4), e1004754. doi: 10.1371/journal

 Jarvis, J. N., Meintjes, G., Rebe, K., Williams, G. N., Bicanic, T., Williams, A., et al. (2012). Adjunctive interferon-gamma immunotherapy for the treatment of HIV-associated cryptococcal meningitis: a randomized controlled trial. AIDS 26, 1105–1113. doi: 10.1097/QAD.0b013e3283536a93

 Jeon, Y. J., Zhou, Y., Li, Y., Guo, Q., Chen, J., Quan, S., et al. (2014). The feasibility study of non-invasive fetal trisomy 18 and 21 detection with semiconductor sequencing platform. PloS One 9 (10), e110240. doi: 10.1371/journal.pone.0110240

 Kabanda, T., Siedner, M. J., Klausner, J. D., Muzoora, C., and Boulware, D. R. (2014). Point-of-care diagnosis and prognostication of cryptococcal meningitis with the cryptococcal antigen lateral flow assay on cerebrospinal fluid. Clin. Infect. Dis. 58 (1), 113–116. doi: 10.1093/cid/cit641

 Kashefi, E., Seyedi, S. J., Zarrinfar, H., Fata, A., Mehrad-Majd, H., Najafzadeh, M. J., et al. (2021). Molecular identification of candida species in bronchoalveolar lavage specimens of hospitalized children with pulmonary disorders. J. Babol Univ Med. Sci. 23, 331–336. doi: 10.22088/jbums.23.1.331

 Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with burrows-wheeler transform. Bioinformatics 25 (14), 1754–1760. doi: 10.1093/bioinformatics/btp324

 Li, G., Huang, J., Li, Y., and Feng, J. (2020). The value of combined radial endobronchial ultrasound-guided transbronchial lung biopsy and metagenomic next-generation sequencing for peripheral pulmonary infectious lesions. Can. Respir. J. 2020, 2367505. doi: 10.1155/2020/2367505

 Lin, Y.-Y., Shiau, S., and Fang, C.-T. (2015). Risk factors for invasive cryptococcus neoformans diseases: a case-control study. PloS One 10 (3), e0119090. doi: 10.1371/journal.pone.0119090

 Miao, Q., Ma, Y., Wang, Q., Pan, J., Yao, Z., Wenting, J., et al. (2018). Microbiological diagnostic performance of metagenomic next-generation sequencing when applied to clinical practice. Clin. Infect. Dis. 67, S231–S240. doi: 10.1093/cid/ciy693

 O.Decker, S., Sigl, A., Grumaz, C., Stevens, P., Vainshtein, Y., Zimmermann, S., et al. (2017). Immune-response patterns and next generation sequencing diagnostics for the detection of mycoses in patients with septic shock-results of a combined clinical and Experimental.Investigation. Int.J.Mol.Sci. 18 (8), 1796. doi: 10.3390/ijms18081796

 Salzberg, S. L., Breitwieser, F. P., Kumar, A., Hao, H., Burger, P., Rodriguez, F. J., et al. (2016). Next-generation sequencing in neuropathologic diagnosis of infections of the nervous system. Neurol. Neuroimmunol Neuroinflamm 3 (4), e251. doi: 10.1212/NXI.0000000000000251

 Singh, N., Alexander, B. D., Lortholary, O., Dromer, F, Gupta, K. L., John, G. T., et al. (2008). Pulmonary cryptococcosis in solid organ transplant recipients: clinical relevance of serum cryptococcal antigen. Clin. Infect. Dis. 46, e12–e18. doi: 10.1086/524738

 Wang, Z. A., Li, L. X., and Doering, T. L. (2018). Unraveling synthesis of the cryptococcal cell wall and capsule. Glycobiology 10, 719–730. doi: 10.1093/glycob/cwy030

 Wilson, D. A., Sholtis, M., Parshall, S., S.Hall, G., and Procop, G. W. (2011). False-positive cryptococcal antigen test associated with use of BBL port-A-Cul transport vials. J. Clin. Microbiol. 49 (2), 702–703. doi: 10.1128/JCM.01169-10

 Xie, Y. A., Du, J. A., Jin, W. A., Teng, X. A., Cheng, R. A., Huang, P. A., et al. (2019). Next generation sequencing for diagnosis of severe pneumonia: China, 2010–2018. J. Infect. 78, 158–169. doi: 10.1016/j.jinf.2018.09.004

 Zanganeh, E., Zarrinfar, H., Rezaeetalab, F., Fata, A., Tohidi, M., Najafzadeh, M., et al. (2018). Predominance of non-fumigatus aspergillus species among patients suspected to pulmonary aspergillosis in a tropical and subtropical region of the middle East. Microbial Pathog 116, 296–300. doi: 10.1016/j.micpath.2018.01.047

 Zarrinfar, H., Saber, S., Kordbacheh, P., Makimura, K., Fata, A., Geramishoar, M., et al. (2012). Mycological microscopic and culture examination of 400 bronchoalveolar lavage (BAL) samples. Iranian J. Publ Health 41 (7), 70–76.



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 © 2022 Su, Miao, Li, Hu and Pan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 21 October 2022

doi: 10.3389/fcimb.2022.962441

[image: image2]


Clinical performance of metagenomic next-generation sequencing for the rapid diagnosis of talaromycosis in HIV-infected patients


Yuhuan Mao 1, Hui Shen 1, Caili Yang 1, Qunying Jia 2, Jianying Li 1, Yong Chen 1, Jinwei Hu 1 and Weiliang Huang 1*


1 Department of Laboratory Medicine, The First Hospital of Changsha, Changsha, China, 2 Hunan Key Laboratory of Oncotarget Gene and Clinical Laboratory, Hunan Cancer Hospital and the Affiliated Cancer Hospital of Xiangya School of Medicine, Central South University, Changsha, China




Edited by: 

Jinmin Ma, Beijing Genomics Institute (BGI), China

Reviewed by: 

Ruijin Guo, Beijing Genomics Institute (BGI), China

Appakkudal R. Anand, Sankara Nethralaya, India

*Correspondence: 

Weiliang Huang
 huangweil66@163.com

Specialty section: 
 This article was submitted to Clinical Microbiology, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 06 June 2022

Accepted: 27 September 2022

Published: 21 October 2022

Citation:
Mao Y, Shen H, Yang C, Jia Q, Li J, Chen Y, Hu J and Huang W (2022) Clinical performance of metagenomic next-generation sequencing for the rapid diagnosis of talaromycosis in HIV-infected patients. Front. Cell. Infect. Microbiol. 12:962441. doi: 10.3389/fcimb.2022.962441




Background

Talaromycosis is an invasive endemic mycosis caused by the dimorphic fungus Talaromyces marneffei (T. marneffei, TM). It mainly affects immunodeficient patients, especially HIV-infected individuals, which causes significant morbidity and mortality. Culture-based diagnosis takes a long turnaround time with low sensitivity, leading to treatment delay. In this study, we aimed to evaluate the performance of Metagenomic Next-Generation Sequencing (mNGS) for the rapid diagnosis of talaromycosis in HIV-infected patients.



Methods

Retrospectively analysis was conducted in HIV-infected cases at Changsha First Hospital (China) from January 2021 to March 2022. Patients who underwent routine microbiological examination and mNGS testing in parallel were enrolled. The clinical final diagnosis was used as a reference standard, and cases were classified into the TM group (60 cases) and the non-TM group (148 cases). The clinical performances of mNGS were compared with culture and serum Galactomannan (GM). The mixed infections detected by mNGS were analyzed. The impact of mNGS detection on treatment was also investigated.



Results

The sensitivity of mNGS test reached 98.3% (95% CI, 89.8-99.9), which was significantly higher than culture (66.7% [95% CI, 53.2-77.9], P < 0.001) and serum GM (83.3% [95% CI, 71.0-91.2], P < 0.05). The specificity of 98.6% (95% CI, 94.7-99.7) was similar to culture (100.0% [95% CI, 96.8-100.0], P = 0.156), and superior to serum GM (91.9% [95% CI, 85.9-95.5], P < 0.05). In bronchoalveolar lavage fluid (BALF) samples, the positive rate of mNGS was 97.6%, which was significantly higher than culture (28.6%, P <0.001). mNGS has excellent performance in the identification of mixed infection in TM group patients. Cytomegalovirus, Epstein-Barr virus and Pneumocystis jirovecii were the most common concurrent pathogens. In summary, 60.0% (36/60) patients were added or adjusted to antimicrobial therapy after mNGS test.



Conclusion

mNGS is a powerful technique with high specificity and sensitivity for the rapid diagnosis of talaromycosis. mNGS of BALF samples may be a good option for early identification of T. marneffei in HIV-infected individuals with manifestations of infection. Moreover, mNGS shows excellent performance in mixed infection, which benefits timely treatment and potential mortality reduction.
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1 Introduction

Talaromyces marneffei (Penicillium marneffei) is a dimorphic pathogenic fungus, which is mainly epidemic in residents, returning travellers, and immigrants with immunocompromised from southern China, Southeast Asia, and northeast India and causes a life-threatening invasive mycosis—— Talaromycosis (Vanittanakom et al., 2006; Samson et al., 2011; Limper et al., 2017). With the increase in immunosuppressive therapy and the prevalence of AIDS, talaromycosis has become more common in clinical practice. Human infection probably occurs through inhalation of fungal spores from the contaminated surroundings (Vanittanakom et al., 2006), causing disseminated disease involving multiple organs/systems such as lungs, blood, bone marrow, lymphatics, and skin (Limper et al., 2017). In HIV-infected patients, T. marneffei is a common opportunistic pathogen after Mycobacterium tuberculosis, Pneumocystis jirovecii, and Cryptococcus, with a mortality of up to 30% (Hu et al., 2013; Jiang et al., 2019). Therefore, early and rapid diagnosis is crucial for antifungal treatment, improving the outcomes, and reducing mortality.

Clinical manifestations of talaromycosis in HIV-infected patients are complex, diverse, and non-specific. So, clinical diagnosis is mainly dependent on laboratory assays. Currently, the culture and species identification of clinical specimens is the golden standard for the diagnosis (Ning et al., 2018). However, it takes 10-14 days to yield a positive result, delaying the early diagnosis and timely treatment (Andrianopoulos, 2020; Chen et al., 2022). In addition, the culture results may be negative because of the low fungal loads in the early stage of infection, which will lead to a missed diagnosis. Microscope findings of yeast organizations in smear staining skin can make a presumptive diagnosis not feasible for patients without skin lesions (Limper et al., 2017; Chen et al., 2020). (1,3)-β-D-glucan (BDG) test and Galactomannan (GM) test were rapid and sensitive (Li et al., 2020), but both of them were unspecific and could not be used for definitive diagnosis. In recent years, novel nonculture-based assays like ELISA and PCR have been explored for early and rapid diagnosis. However, their sensitivity was 82% and 84%, respectively, which cannot meet the clinical diagnosis needs (Wang et al., 2011; Hien et al., 2016; Lu et al., 2016; Ning et al., 2018; Pruksaphon et al., 2018; Ly et al., 2020). T. marneffei is not a usually suspected infection pathogen in non-HIV-infected patients or immunocompromised patients (Li et al., 2022). Furthermore, the research based on PCR or ELISA is rarely carried out in these patients, limiting the early diagnostic performance of these two detection methods.

Metagenomic Next-Generation Sequencing (mNGS) is the application of Next-generation sequencing (NGS) technology in clinical microbiological testing. Compared with the traditional pathogen detection methods, mNGS was faster and unbiased, which can simultaneously detect various infectious pathogens, including viruses, bacteria, fungi, and parasites (Gu et al., 2019). Currently, mNGS has been applied in many infectious diseases, especially in unconventional pathogens, novel pathogens, and mixed infections (Duan et al., 2021). However, only few case reports have reported the usefulness of mNGS in the diagnosis of talaromycosis (Shi et al., 2021; Zhou et al., 2021). The performance of mNGS for the rapid diagnosis of talaromycosis in HIV patients remained unknown. Consequently, this study aimed to evaluate the diagnostic performance of this technique in HIV/AIDS individuals with T. marneffei infection.



2 Methods


2.1 Study design and subjects

This study retrospectively analyzed the HIV-infected patients hospitalized in the Department of Infection and Immunology of Changsha First Hospital (China) from January 2021 to March 2022. Patients who were suspected of opportunistic infection and underwent routine microbiological examination and mNGS in parallel were enrolled. The culture and serum GM results were collected within 7 days of admission. Patients meeting the following criteria were excluded: (1) The type of sample tested for mNGS was not cultured, (2) Culture and GM testing more than 7 days after admission, and (3) clinical data were incomplete.

Diagnosis of talaromycosis refers to the previous guidelines and expert consensus (AIDS-Associated Opportunistic Infections Research Group of the National Science and Technology Major Project of China During the 13th Five-Year Plan Period, 2020; AIDS and Hepatitis C Professional Group, 2021). The criteria were as follows:(1) with fever or respiratory/gastrointestinal abnormality, papulonecrotic skin lesions, lymphadenopathy, Splenomegaly, Hepatomegaly, anemia; (2) computed tomography suggested fungal infection; (3) exclude other fungal infections; (4) the talaromycosis-related symptoms and index resolved after anti-T. marneffei treatment; (5) T. marneffei was identified by culture or specific yeast found by microscopic examination from clinical samples. The clinical final diagnosis was made if (1) and (5) above can be met or if (1)-(4) above can be met. Non-talaromycosis refers to cases with etiology-proven other infectious diseases or non-infectious diseases. The clinical final diagnosis was used as a reference standard, and cases were classified into the TM group and the non-TM group.



2.2 Process of mNGS


2.2.1 DNA extraction

BALF, blood, and bone marrow were collected according to standard operating procedures. 450μl of BALF or bone marrow from patients were mixed with 7.2μl lysozyme, holding 30℃ for 10 min. Then the mixture was transferred to a 2-ml microcentrifuge tube with 250μl 0.5-mm glass beads. The fastprep-24™ 5G instrument was used for vibration crushing, and reaction conditions were 45s*2cycles with an interval of 2 min. Then the supernatant was transferred to a 1.5-ml tube. Finally, a volume of 300μl supernatant or serum was extracted using the TIANamp Micro DNA Kit (TIANGEN BIOTECH) according to the operating manual.



2.2.2 Construction of DNA library and sequencing

For DNA Library construction, the extracted DNA above was processed for breaking, end repair, adapter ligation, and PCR amplification using MGIEasy Cell-free DNA Library Prep Set (MGI Tech). DNA library was detected by Qubit 2.0 (Invitrogen) for quality control. The double-stranded liner DNA library was formed into single-stranded circular DNA by undergoing melting transition and circularization. Then, it was generated to DNA Nanoballs (DNB) through rolling circle amplification (RCA) technology. Qualified DNB was loaded on the chip and ran the “SE50+10” program on the MGISEQ-2000 or MGISEQ-50 platform (BGI Genomics) for sequencing.



2.2.3 Bioinformatic analysis and criteria for positive results

High-quality data were obtained by removing low-quality bases, linker sequences, and short sequences (< 35 bp). The process of subtracting the human host sequence and aligning the remaining sequences were described in the previous study (Jin et al., 2020). The remaining data by removal of low-complexity reads were classified by simultaneously aligning to Pathogens metagenomics Database (PMDB). The PMDB contains the pathogen consisting of bacteria, fungi, viruses and parasites. The classification reference databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/). RefSeq contains 4945 whole genome sequence of viral taxa, 6350 bacteral genomes or scaffolds, 1064 fungi related to human infection, and 234 parasites associated with human diseases. Positive criteria of mNGS results: A. A species-specific strictly mapped reads number (SMRN) per million ratio or SDSMRN of T. marneffei was≥1; B. Other pathogens were defined as the same in the previous study (Peng et al., 2021). The strictly mapped reads number means that, on the basis of meeting the conditions for mapped reads, and the proportion of mapped length in the statistical alignment results is greater than or equal to 90%. The base mismatch rate is less than or equal to 4% or the virus base mismatch rate is less than or equal to 8%, the optimal alignment score is greater than or equal to 30, and the sequence mapped frequency is 1.




2.3 Process of PCR

DNA was extracted according to the steps of 2. 2.1. The amplification was performed in 20μl reaction mix containing 10μl of 2 × TaqMan Universal Master Mix (Applied Biosystems, USA), 1μl (5μM) for each primer, 1μl (5μM) of the TaqMan probe, 5μl of template DNA and 2μl of RNase-free water. The conditions used were: 95℃ for 10 min and 45 cycles of 95℃ for 15 sec, 60℃ for 1 min, and annealing and extension at 60℃ for 1 min. PCR was performed using ABI 7500 (Applied Biosystems, USA), and controls and standard curve were performed in each run. The Cq value≤ 40 was determined as positive. More detailed of PCR method refer to the description of Li, etc. (Li et al., 2020).



2.4 Statistical analysis

The numerical variables were expressed as medians and interquartile ranges, and compared by the Mann-Whitney U test. The nominal variables were described by counts and percentages, and compared by the chi-square test. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) with 95% confidence intervals (CI) of mNGS in the diagnosis of talaromycosis were calculated. Spearman’s test was performed to analyze correlation. P values < 0.05 were considered significant.



2.5 Ethics Statement

The study was approved by the Ethics Committee of Changsha First Hospital, and carried out by relevant guidelines. Patients included in the study were informed and signed the consent for mNGS testing.




3 Results


3.1 Clinical characteristics and laboratory findings

A total of 208 patients were enrolled in this study, with 60 cases for the cases group (TM group) and 148 cases for the control group (non-TM group) according to the clinical final diagnosis. The clinical characteristics and laboratory findings were shown in Table 1. The majority of enrolled participants were male, and there was no difference in the sex composition ratio between the two groups (78.3% VS 85.5%, P = 0.186). However, the TM group had a younger median age (39 VS 51, P<0.001). The most common clinical symptoms in TM patients were fever (90.0%), lymphadenopathy (85.0%), respiratory symptoms (76.7%), and splenomegaly/hepatomegaly (43.3%). Unexpectedly, skin lesions (25.0%) ranked last. In addition to respiratory and gastrointestinal symptoms, the others had a higher incidence than non-TM patients (P < 0.05). Chest Computed tomography (CT) abnormalities in two groups shared a similar high frequency (100% VS 98.6%, P = 0.366).


Table 1 | Clinical data of TM and non-TM patients.



Significant differences in laboratory test results were observed between TM and non-TM group (P < 0.05). In the TM group, the indexes representing bone marrow hematopoietic function, such as hemoglobin, white blood cell, and platelet, were lower than those in the non-TM group. The non-specific inflammatory markers indicating infection, such as procalcitonin, C-reactive protein, adenosine deaminase (ADA), and lactate dehydrogenase (LDH), were significantly increased in the TM group. The median serum BDG test in TM patients was 87.9 pg/ml, remarkably higher than the non-TM patients (42.4 pg/ml). In the TM group, the median CD4+ T cell count was 19 cells/ul, significantly lower than the non-TM group (60 cells/ul). No patients had CD4+ T cell counts over 200 cells/ul, and 86.7% of patients had CD4+ T cell counts less than 50 cells/ul, which was significantly higher than the non-TM group (44.6%, P < 0.001).



3.2 Diagnostic performance and comparison of mNGS, culture, and GM in talaromycosis

In the TM group, mNGS of blood, bone marrow, and BALF were performed in 13 cases, 5 cases, and 42 cases, respectively. 5 bone marrow and 42 BALF samples were cultured in parallel. 4 patients had different type samples for mNGS testing, while it collected not in the same day. So, we just included the earliest collected sample types in this study. In the non-TM group, mNGS test were performed in 22 blood samples, 3 bone marrow samples, and 123 BALF samples, respectively. 3 bone marrow and 123 BALF samples were cultured in parallel. Blood cultures and serum GM were performed in all 208 cases. The test results are shown in Table 2.


Table 2 | Diagnostic performance of mNGS, culture and Serum GM in TM and non-TM patients.



In current clinical practice, culture was a routine method for definitive diagnosis of talaromycosis, and serum GM test was widely used in the rapid adjuvant diagnosis of talaromycosis. Our study defined the optical density value of serum GM ≥ 0.5 as positive. And culture positive was defined as confirmed T. marneffei in any specimen of blood, bone marrow and BALF. The sensitivity of mNGS test reached 98.3% (95% CI,89.8-99.9), which was significantly higher than culture (66.7% [95% CI,53.2-77.9], P < 0.001) and serum GM (83.3% [95% CI,71.0-91.2], P < 0.05). The specificity of mNGS (98.6% [95% CI,94.7-99.7]) was superior to serum GM (91.9% [95% CI,85.9-95.5], P < 0.05), and similar to culture (100.0% [95% CI,96.8-100.0], P = 0.156). Meanwhile, mNGS also had excellent positive predict value (PPV) and negative predict value (NPV) of 96.7% (95% CI,87.6-99.4) and 99.3% (95% CI,95.7-99.9), respectively, and both significantly exceed serum GM test (P < 0.05). More detailed diagnostic performance indices were listed in Table 2.

The SDSMRN of T. marneffei detected by mNGS in the culture-positive patients was significantly higher than in the culture-negative patients (P < 0.05) (Figure 1A). Moreover, Spearman’s analysis shows a positive correlation between the SDSMRN of T. marneffei and serum GM levels in TM patients (R = 0.330, P = 0.010) (Figure 1B).




Figure 1 | Analysis of the strictly mapped reads number per million ratio (SDSMRN) of T. marneffei detected by metagenomic Next-Generation Sequencing(mNGS). (A) Comparison of the SDSMRN of T. marneffei between culture positive and culture negative cases (Mann-Whitney U test). (B) Correlation analysis between the SDSMRN of T. marneffei and serum galactomannan (GM) levels (Spearman’s test). P<0.05 statistic difference.





3.3 PCR validation of T. marnefei detected by mNGS

Among the 208 cases, T. marnefei were detected by mNGS in 61 cases, including 59 in the TM group and 2 in the non-TM group. 39 out of 59 had been confirmed by culture. The remaining 22 cases were verified by real-time polymerase chain reaction (PCR) (Li et al., 2020). 2 cases in the non-TM group were negative. In the TM group, 3 cases (1 BALF, 1 blood and 1 bone marrow) were negative. 16 BALF samples and 1 blood sample detected T. marnefei by the specific PCR.



3.4 Positive rates of mNGS in different types of samples

In the TM group, 12 of the 13 blood samples were both positive for mNGS and culture assay, while one sample was positive for mNGS only. The positive rates of mNGS and culture in blood samples were 100.0% and 84.6%, respectively, with no difference (P > 0.05). 1 of 5 bone marrow samples tested positive for mNGS only, the remaining samples were positive for the two assays, and the positive rates were 100.0% and 80.0%, respectively. However, for all 42 BALF samples, only 12 were positive for both methods, 1 was negative for mNGS, and as many as 29 were positive for mNGS only. The positive rates of these two methods in BALF samples were significantly different, and mNGS was significantly higher than culture (97.6% VS 28.6%, P < 0.001) (Figure 2).




Figure 2 | Positive rate comparison of metagenomic Next-Generation Sequencing (mNGS) and culture in blood, bone marrow and bronchoalveolar lavage fluid (BALF) samples (chi-square test). P<0.05 statistic difference.





3.5 Analysis of concurrent pathogens detected by mNGS

In the TM group, 58 cases (96.7%) of putative co-infections were identified based on mNGS. It should be noted that, due to the limitation of the DNA detection procedure, only DNA viruses were detected in this study. The types of co-infection pathogens identified by mNGS in different kinds of specimens were different. Among 18 blood or bone marrow samples, T. marneffei-virus was the most common mixed infection (72.2%) (Figure 3A). While, in 42 BALF samples, T. marneffei-virus-fungi-bacteria mixed infection accounted for the majority (54.7%) (Figure 3B). Cytomegalovirus and Epstein-Barr virus were the top two common concurrent pathogens (Figures 3C, D). Particularly, in BALF samples, mNGS detected 28 cases of Pneumocystis jirovecii, a common opportunistic infection pathogen in HIV-infected patients (Figure 3D). In addition, mNGS also detected one case of Cryptococcus neoformans, Mycobacterium tuberculosis, and Mycobacterium avium.




Figure 3 | Mixed infection and concurrent pathogens detected by metagenomic Next-Generation Sequencing (mNGS) in talaromycosis (TM) patients. (A) Proportion of different types of mixed infection in blood and bone marrow samples. (B) Proportion of different types of mixed infection in bronchoalveolar lavage fluid (BALF) samples. (C) Numbers of various concurrent pathogens in blood and bone marrow samples. (D) Numbers of various concurrent pathogens in BALF samples.





3.6 Adjustments of antimicrobial therapy after mNGS

By searching electronic medical records, we collected the adjustments of antimicrobial treatment after mNGS testing in 60 TM patients. A total of 36 cases (60.0%) were adjusted for antimicrobial therapy based on mNGS results. 24 cases (40.0%) were added with amphotericin B(AMB), and 3 (5.0%) cases were added with itraconazole and started anti-T. marneffei treatment, respectively. 3 (5.0%) cases were added with trimethoprim-sulfamethoxazole (TMP-SMZ), and 8(13.3%) cases were added with antiviral drugs. All the adjustments were shown in Table 3. BALF (28/42, 66.7%) sample was principal for adjustments of antimicrobial therapy. We mainly observed and recorded the effect of adding AMB and Itraconazole for anti- T. marneffei treatment, and we found that the patient’s clinical symptoms improved, blood culture turned negative 1-2 weeks later, and chest CT improved 2 weeks later.


Table 3 | Adjustments of antimicrobial therapy after mNGS on TM patients.






4 Discussions

This study retrospectively analyzed the results of using the mNGS method to detect T. marneffei in different samples of HIV patients and found that mNGS showed high sensitivity and specificity of 98.3% and 98.6%, respectively. Moreover, we found that mNGS demonstrated apparent advantages in detecting BALF samples and mixed infection.

At present, the culture of clinic samples was the golden standard to identify T. marneffei infection. The statistical results of this study showed that the median turnaround time (TAT) of positive culture was 7 (6-9) days, with a sensitivity of 66.7%. Time-consuming and insensitive lead to the missed and delayed diagnosis of clinical application, which was associated with high mortality (Hu et al., 2013; Qiu et al., 2019). Serum GM detection has been applied to detecting Aspergillus and T. marneffei, which cannot identify a specific genus. The sensitivity of the serum GM assay in this experiment was 83.3%, which was similar to that of Li et al. (Li et al., 2020), but was lower than that of Zheng et al (Zheng et al., 2015). This may be caused by the latter using 1.0 as an optical density cutoff value.

mNGS is an emerging molecular biology-based pathogen detection method with the advantages of rapidity, sensitivity and specificity. In our experiment, the median TAT of mNGS was 1 (1-2) days, which was shorter than culture. Comparing the three detection methods, we found that the sensitivity of mNGS was significantly higher than culture (98.3% vs 66.7%, P<0.001) and serum GM (98.3% vs 83.3%, P<0.05), and the specificity of mNGS was similar to culture. The detection assay based on PCR has not been widely used in the clinic, and a commercial PCR kit for detecting T. marneffei is not available in China at present. In our study, we used the PCR method established by Li et al. to verify 22 mNGS positive specimens (Li et al., 2020). 3 cases of clinically confirmed talaromycosis were not detected by PCR, which may be related to the sensitivity or long-term preservation of samples. Because we only performed PCR on a small number of samples, we did not compare the diagnostic performance of PCR and mNGS in talaromycosis. Recent studies show that the PCR-based method has a sensitivity of 70.4-91.0% (Hien et al., 2016; Lu et al., 2016; Li et al., 2020), which is lower than mNGS in this study. We speculate that the loss of nucleic acid during extraction may have more impacts on the detecting of specific fragments in PCR. The specificity of PCR-based detection methods varies greatly, ranging from 63.0 to 100.0% (Hien et al., 2016; Lu et al., 2016; Li et al., 2020). MP1P antigen of T. marneffei was developed for rapid detection and showed a sensitivity of only 86.3% (n=372) and 72.0% (n=93), respectively, in two studies of relatively large sample size (Thu et al., 2021; Chen et al., 2022). Compared with the detection methods mentioned above, mNGS demonstrates better sensitivity and specificity in the rapid diagnosis of talaromycosis in HIV patients.

Talaromycosis is a systemic fungal infection that can spread along the reticuloendothelial system. So, selecting appropriate samples is critical to improving the positive rate and rapid diagnosis. Microscopic examination of scraping pieces of specific skin lesions in the central depression is the most rapid and straightforward method for a preliminary diagnosis. However, in this study, 75% of patients in the TM group had no skin lesions, which could not be identified by this method. Cultures of blood and bone marrow samples have been recommended and well-studied, but positive only during late-stage infections, and 30-50% of infected individuals are missed (Thu et al., 2021). There was no significant difference in the positive rate of mNGS and culture in blood and bone marrow samples in our study, demonstrates that mNGS was not advantageous with blood and bone marrow.The lung is the primary entry portal and also has the highest burden of talaromycosis (Narayanasamy et al., 2021). However, BALF appears to be a less studied sample type. A retrospective analysis of a large sampling showed that the positive rate of BALF cultures was only 28.1% (n = 427) (Ying et al., 2020), which was similar to the results of our study. Surprisingly, the positive rate of mNGS in BALF reachs 97.6%, significantly higher than in culture (97.6% VS 28.6%, P < 0.001). Moreover, our study also found that the SDSMRN of T. marneffei in culture-negative patients was significantly lower than in culture-positive patients. Given this, we speculate that this is due to the sensitivity limitation, and the early low fungal load infection in the pulmonary cannot be detected by culture in BALF samples. Furthermore, the isolation culture of T. marneffei from BALF samples in advanced HIV/AIDS patients is challenging due to mixed pulmonary infection with multiple pathogens. As a result, pulmonary talaromycosis may have been neglected and underestimated in current practice and reports. These results demonstrate the apparent advantages of mNGS in BALF samples, which may greatly facilitate the early detection of T. marneffei in HIV-infected individuals with manifestations infection.

The pathogen spectrum of mNGS is broad, and it has significant advantages in identifying mixed infections. In advanced HIV/AIDS patients with CD4+T cell counts of less than 200 cells/ul, the risk of infection with T. marneffei was significantly increased, the same as other pathogens (such as Mycobacterium tuberculosis, Cryptococcus, and Pneumocystis jirovecii) (Jiang et al., 2019; Qin et al., 2020), and the risk of mixed infections was also increased. The application of mNGS in this population may give full play to its cost, which is confirmed by our research. Based on the routine microbiological examination, 42.4% talaromycosis patients were identified with other opportunistic infections (Ying et al., 2020), but it was up to 96.7% by mNGS, which is significantly higher. Aside from bacteria, multiple types of pathogens were detected by mNGS, especially for viruses (such as Cytomegalovirus and Epstein-Barr virus) and fungi. Advanced HIV/AIDS patients with a high risk of opportunistic infections can significantly benefit from mNGS testing. Most notably, in BALF samples, we observed another common unculturable opportunistic infection pathogen, Pneumocystis jirovecii, with several cases ranking third, implying that BALF samples could be a good option for effectively identifying the mixed infections of T. marneffei and Pneumocystis jirovecii. In our observation, 60.0% of cases had an adjusted antimicrobial regimen, and 45% of cases started anti-T. marneffei based on mNGS results. It suggested that the powerful technology may guide the safe and effective use of antimicrobial drugs in the future.

Despite the significant advantages of mNGS, there are still some challenges in clinical application. How to scientifically interpret mNGS results remains problem which cannot be ignored. In agreement with previous study, T. marneffei was considered as an exogenous pathogenic fungus, not colonized in the pulmonary (Limper et al., 2017; Chen et al., 2021). So, the SDSMRN of T. marneffei ≥1 was considered positive in our study. However, the microbes and nucleic acid contamination from the process of sample collection and experiments may also be detected with low mNGS reads. Therefore, the mNGS result must be carefully analyzed based on a comprehensive analysis of clinical manifestations and other laboratory tests. Presently, few studies have reported the distinction of pathogens detected by mNGS among contamination, colonization and infection. Authoritative normative guideline was urgently needed. In addition, the high cost of mNGS limits widespread promotion, so the type of patients who can benefit more from this technology should be carefully considered by clinicians.

Our study has some limitations. Firstly, this is a single-centre retrospective analysis. Secondly, this study uses clinical final diagnosis as the classification standard, which is prone to classification bias. Thirdly, this study did not analyze the effect of prophylactic or therapeutic antifungals on mNGS outcomes. In future practice, we should pay more attention to pulmonary talaromycosis. Non-HIV individuals should be included to assess the diagnostic performance of mNGS in talaromycosis, and multicenter prospective studies are also necessary.

In conclusion, mNGS is a powerful technique with high specificity and sensitivity for the rapid diagnosis of talaromycosis. mNGS of BALF samples may be a good option for early identification of T. marneffei in HIV-infected individuals with manifestations of infection. Moreover, mNGS shows excellent performance in mixed infection, which benefits timely treatment and potential mortality reduction in HIV-infected patients.
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The rapid and accurate identification of pathogenic agents is the key to guide clinicians on diagnosis and medication, especially for intractable diseases, such as neurosyphilis. It is extremely challenging for clinicians to diagnose neurosyphilis with no highly sensitive and specific test available. It is well known that the early transmission and immune evasion ability of Treponema pallidum have earned it the title of “stealth pathogen.” Neurosyphilis has complex clinical manifestations, including ocular involvement, which is infrequent and often overlooked, but its neuroimaging results may be normal. Therefore, it is important to find a new test that can detect the presence or absence of Treponema pallidum immediately for the diagnosis of neurosyphilis. We reviewed all the patients admitted to the Sichuan Provincial People’s Hospital between 2021 and 2022 who had ocular involvement and whose clinical samples were examined via metagenomic next-generation sequencing (mNGS), and we found 10 candidates for further analysis. The results of magnetic resonance imaging (MRI) were normal for four patients, and three of them met the diagnostic criteria for neurosyphilis confirmed by mNGS. In addition, the results of mNGS from the three patients were further validated using polymerase chain reaction (PCR). Five of the 10 patients had diplopia manifestations; two (20%) experienced abducens nerve palsies, two (20%) had eyelid drooping, and one (10%) had decreased vision. One of the 10 patients (10%) who was HIV positive and five patients had abnormal MRI results. To our knowledge, Treponema pallidum was detected by mNGS in patients with ocular involvement and normal MRI results for the first time. Given this situation, we recommend mNGS as a potential and supplementary tool for the diagnosis and differential diagnosis of neurosyphilis.
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Introduction

Syphilis has afflicted humans for more than 500 years, and this infection can progress to neurosyphilis, which is bothersome and serious.  (Smibert et al., 2018). In a previous study, 40% of patients with syphilis developed neurosyphilis after Treponema pallidum invaded the central nervous system (CNS) (Ghanem et al., 2020), which is defined as neurosyphilis.  In patients with neurosyphilis, the suppression of systemic immune responses may promote disease progression toward a neurological involvement, whereas CNS damage may be due to uncontrolled local host immune responses (Drago et al., 2016). Hence, neurosyphilis remains a relatively common complication that can occur at any stage of syphilis. Neurosyphilis can be easily treated with appropriate antibiotics, but it is difficult to diagnose because most patients are asymptomatic or have nonspecific symptoms. Neurosyphilis, if left untreated, can lead to syphilitic meningitis, meningovascular syphilis, general paralysis, tabes dorsalis, and ocular forms (Conde-Sendín et al., 2004). Neurosyphilis, which is caused by the infection of the nervous system by Treponema pallidum, is often overlooked because of its rarity. In addition, neurosyphilis with ocular involvement is also known as the “great masquerader” due to the multiple clinical features associated with this infection (Desideri et al., 2022).

Treponema pallidum, a helical to sinusoidal bacterium with outer and cytoplasmic membranes, is a species of spirochete in the Treponemataceae family. Treponema pallidum is a human obligate parasite, the genome of which is a circular chromosome of 1,138,006 base pairs (bp) containing 1,041 predicted coding sequences (open reading frames) (Fraser et al., 1998). Treponema pallidum can invade the central nervous system at the very early stage of infection. Moreover, Treponema pallidum establishes persistent infection by promoting the Treg response in the early stage of syphilis (Li et al., 2013). However, there are limitations to culture Treponema pallidum directly from the lesion exudate or tissue. Furthermore, diagnosing neurosyphilis is difficult because there is no highly specific and sensitive test yet available.

The clinical symptoms and imaging manifestations of neurosyphilis are diverse and lack specificity (Ropper and Longo, 2019). Its clinical manifestations include asymptomatic neurosyphilis, meningeal neurosyphilis, meningeal vascular neurosyphilis, paralytic dementia, tabes dorsalis, gumma swelling, ear syphilis, and syphilis-related eye diseases. Syphilis-related eye diseases can be seen at all stages of syphilis infection and can affect all structures of the eye; both eyes are often involved, which can be an isolated manifestation of neurosyphilis or a manifestation of tabes dorsalis or paralytic dementia, manifested as eyelid drooping, eye movement restriction, diplopia, decreased vision, blindness, conjunctival hyperemia, visual field defect, etc. Overall, neurosyphilis with ocular involvement needs to be distinguished among iridocyclitis, uveitis, conjunctivitis, scleritis, chorioretinitis, optic neuritis, optic nerve periarthritis, optic nerve retinitis, optic atrophy, oculomotor nerve palsy, abducens nerve palsy, pupil abnormalities, etc. Strikingly, patients with neurosyphilis may have no specific neuroimaging findings. Magnetic resonance imaging (MRI) examination remains an essential procedure for the detection of neurosyphilis although the results for two thirds of patients have been normal or nonspecific mild-to-moderate cerebral atrophy.

Currently, the diagnosis of neurosyphilis relies on the interpretation of serum and cerebrospinal fluid (CSF) serological tests as well as CSF characteristics, the patient’s exposure and treatment history, current symptoms, and neurological examination. Serological testing is the detection of antibodies and has been the main method for laboratory diagnosis of syphilis. Presumptive diagnosis of syphilis requires the use of two laboratory serological tests: non-treponemal (TRUST, VDRL, etc.) and treponemal testing (TPHA, TPPA, EIA, etc.) (Gonzalez et al., 2019). Non-treponemal tests detect a mixture of heterophile IgG and IgM although IgM does not help to stage syphilis accurately and should not be relied upon to determine the length of treatment. Above all, these tests require further optimizations and subsequent evaluations. The two types of serological tests (non-treponemal and treponemal) should be used together to reduce false-negative and false-positive rates (Workowski et al., 2021). Serological tests such as the newer automated treponemal tests (EIA, CIA, etc.) for syphilis are very sensitive in the early stages of infection (Janier et al., 2021). However, in the case of neurosyphilis, it is impossible to make a diagnosis by serological testing for syphilis alone, and the sensitivity and specificity of PCR are low, and as such, is not a recommended test (Marks et al., 2018). Additionally, the CSF test is imperfect and has no benchmark. In summary, the diagnosis of neurosyphilis is based on clinical evidence, abnormal results of treponemal and non-treponemal serologic assays, and CSF tests, which are time-consuming. In conclusion, direct detection of the pathogen Treponema pallidum from clinical specimens is of great importance for the early diagnosis of NS infection.

With the continuous updating and development of sequencing technology, next-generation sequencing (NGS) has gradually become an indispensable research method in the diagnosis of tumors, drug resistance, and infectious diseases (Zhang et al., 2020). Next-generation sequencing technologies include whole genome sequencing (WGS), transcriptome sequencing (RNAseq), whole exon sequencing (WES), metagenomic next-generation sequencing (mNGS), and etc. Since the first use of NGS to identify pathogens of infectious diseases in 2008, the widespread application of NGS in clinically difficult-to-diagnose diseases has kicked off (Chiu and Miller, 2019). Metagenomic next-generation sequencing (mNGS) has wide coverage and strong timeliness and is widely used in the accurate diagnosis of clinical infectious diseases. Furthermore, metagenomic next-generation sequencing (mNGS) technology can directly perform non-targeted, rapid, and accurate auxiliary diagnosis of pathogens in various diseases, such as respiratory system infections (Wilson et al., 2014), blood system infections (Li et al., 2018), and central nervous system infections (Yi et al., 2020). Overall, mNGS, as an emerging technology, can help in finding pathogens and providing evidence for diagnosis and treatment as soon as possible, which is not only beneficial in improving the prognosis of patients but also in the diagnosis and early treatment by clinicians.



Methods


Study design

This is an original study including a retrospective observational study and experimental validation of inpatients diagnosed with ocular involvement at our hospital between September 2021 and June 2022. Eligible patients were selected from the hospital information system, and their medical history, neurological examinations, peripheral blood and CSF laboratory testing, and neuroimaging examinations were recorded and evaluated. This research was approved by the Medical Professional Committee of the Sichuan Provincial People’s Hospital (Permit Number: 2022172) with a waiver for informed consent from the participants because of its retrospective nature.



Study patients

We retrospectively reviewed the CT scans and MRI films of 10 inpatients with ocular involvement and whose clinical samples were examined by metagenomic next-generation sequencing during the period from September 2021 to June 2022. Clinical information and laboratory data were also retrieved from the files. The CT scans or MRI films were reexamined by one radiologist who was unaware of the patients’ clinical data, and these were retrospectively reviewed and interpreted for possible lesion.



Clinical data

The data extraction included age, sex, symptoms, medical history, MRI results, CSF testing results, and blood testing results. The diagnostic criteria for NS were based on the 2021 sexually transmitted infections treatment guidelines of the U.S. Centers for Disease Control and Prevention and the 2020 European guideline on the management of syphilis. The details were as follows: (1) positive results for the treponemal (TPPA, EIA, TPHA, etc.) and nontreponemal tests (VDRL, RPR, TRUST, etc.); (2) white blood cell (WBC) counts of CSF > 5 cells/mm3; and (3) protein levels of CSF > 45 mg/dl.



Sample collection

A lumbar puncture was performed to obtain cerebrospinal fluid according to standard procedures, and blood samples were obtained from the 10 patients with ocular involvement without clear origin in the Sichuan Provincial People’s Hospital from September 2021 to June 2022. White blood cell count, protein level, metagenomic next-generation sequencing (mNGS), and PCR validation were conducted on every CSF sample.



Serologic tests

The syphilitic serologic tests for blood and CSF samples were performed using TRUST (WanTai, Beijing, China) and TPHA tests (Abbott, Chicago, USA) according to the manufacturer’s instructions. In general, TRUST tests were performed when TPHA tests were positive.



Biochemical tests

Approximately 2 ml of CSF samples were collected in sterile tubes and analyzed within 1 h to determine the protein level by an Abbott ci16200 automatic clinical chemistry analyzer (Abbott, USA) and the white blood cell (WBC) count using an automatic blood cell BC-7500 analyzer (Mindray, Shenzhen, China).



Cerebrospinal fluid sample processing and DNA extraction

CSF samples (600 μl each) from the patients were collected according to standard protocol. Lysozyme (7.2 μl) was added to the 600 μl of CSF sample in a 1.5-ml centrifuge tube and incubated in a metal bath at 30°C for the wall-breaking reaction. The mixture was then transferred to a new 2-ml centrifuge tube with 250-μl of 0.5-mm glass beads on a wall breaker and homogenized under the following conditions: 6 m/s, 45 s, two cycles, and an interval of 2 min. Then, 0.3 ml of the above mixture was transferred into a new 1.5-ml centrifuge tube for DNA extraction using the TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH, Beijing, China) according to the manufacturer’s protocol. The extracted DNA specimens were used for the construction of DNA libraries (Long et al., 2016).



Construction of DNA libraries and sequencing

DNA libraries were constructed through DNA fragmentation, end repair, adapter ligation, and PCR amplification. Agilent 2100 (BGI Genomics Co.,Ltd., Shenzhen, China) was used for quality control of the DNA libraries. Qualified libraries were pooled, DNA nanoball (DNB) was made, and samples were sequenced by MGISEQ-2000 (BGI Genomics Co.,Ltd., Shenzhen, China) platform (Jeon et al., 2014).



Bioinformatic analysis

The software fastp was used to trim and map the reads (Chen et al., 2018). High-quality sequencing data were generated by removing low-quality reads, followed by computational subtraction of human host sequences mapped to the human reference genome (hg19) using the Burrows–Wheeler Alignment (Li and Durbin, 2009), and removing low-complexity reads. The remaining data after the removal of low-complexity reads were classified by simultaneously aligning to the Pathogens Metagenomics Database (PMDB), consisting of bacteria, fungi, viruses, and parasites. The classification reference databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/) containing 4,945 whole genome sequences of viral taxa, 6,350 bacterial genomes or scaffolds, 1,064 fungi related to human infection, and 234 parasites associated with human diseases.



PCR of Treponema pallidum 47-kDa protein gene (TpN47)

PCR validation was performed with the primers referred by Orle et al. (1996) to amplify a fragment of the T. pallidum 47-kDa protein gene. The primers were as follows: KO3A 5′-GAAGTTTGTCCCAGTTGCGGTT-3′ and KO4 5′-CAGAGCCATCAGCCCTTTTCA-3′. DNA amplification was performed in a 20-μl of the reaction mixture containing primers, Rapid Taq Master Mix (Vazyme, Nanjing, China), and 4 μl of the DNA sample extracted from the clinical specimens (CSF and blood). PCR was performed in a thermal cycler (Thermo Fisher Scientific, Waltham, MA, USA) with the following parameters: 95°C for 5 min, followed by 40 cycles of denaturation (94°C), annealing (60°C), and extension (72°C) for 20 s at each step, and final extension at 72°C for 5 min. Amplified samples were stored at 4°C until analysis. The amplification products were analyzed by electrophoresis using 1.5% of agarose gel.




Results


Clinical data of the 10 patients with ocular involvement

Ten patients had ocular involvement including diplopia, abducens nerve palsies, eyelid drooping, and decreased vision (Table 1). One of the 10 patients had decreased vision manifestation, two (20%) experienced abducens nerve palsies, two (20%) had eyelid drooping, and five (50%) had diplopia. One of the 10 patients (10%) had a history of painless ulcers on the genitals, two had a history of syphilis and they said they had been cured, and their MRI results were all normal (Figure 1). Finally, the diagnosis of neurosyphilis was confirmed by mNGS for three patients with normal MRI results, which was also consistent with the serological and CSF results given in Table 1.


Table 1 | Clinical characteristics and laboratory tests of the 10 patients with ocular involvement.






Figure 1 | Brain MRI of the three patients. No abnormal signals were demonstrated on (A) T1WI, (B) T2WI, and (C) fluid-attenuated inversion recovery (FLAIR) of patients 1, 2, and 3.





Laboratory findings

As shown in Table 1, seven patients had negative serological results, which can rule out the diagnosis of syphilis. The remaining three patients (30%, 3/10) had positive serum and CSF TPHA. In addition, the three patients also had positive serum TRUST (1 sero-TRUST titers ≤1:16 and 2 sero-TRUST titers ≥1:32). Two CSF samples (20%, 2/10) were TRUST-reactive with titers ≤1:16. Of the three patients, all had CSF pleocytosis; strikingly, only one had elevated CSF protein levels, which illustrated that CSF WBC count or protein level is also not the gold standard for the diagnosis of neurosyphilis.



Next-generation sequencing confirms the diagnosis of neurosyphilis

To draw a definitive pathogenic diagnosis and rule out infection by other pathogens, next-generation sequencing of CSF from the 10 patients with ocular involvement was also performed, and three of them were diagnosed with Treponema pallidum infection (Figure 2). Treponema pallidum DNA was detected in the CSF samples from the three patients whose MRI and CT results were negative. The number of unique reads of the identified Treponema pallidum gene ranged from 1 to 5 (0.03%–2.70%). Mapping of the detected reads to the reference Treponema pallidum genome resulted in coverage ranging from 0.0189% to 0.1131% with a depth of 1 and read lengths of 50, respectively. The number of unique reads, percentage, and coverage of the identified Treponema pallidum DNA sequences are shown in Figure 2. Interestingly, even though Treponema pallidum was at a relatively low pathogen level and the patients’ neuroimaging results were negative, the small number of pathogen reads was still detectable due to the massive sequencing data of mNGS to confirm the diagnosis.




Figure 2 | Next-generation sequencing (NGS) of the bacterial reads in the patients’ cerebrospinal fluid (CSF). (A, B) In patient no. 1, the distribution of bacterial reads (two of 6,943 reads; 0.03%) corresponded to Treponema pallidum with a coverage of 0.1131%. (C, D) In patient no. 2, the distribution of bacterial reads (five of 185 reads; 2.70%) corresponded to Treponema pallidum with a coverage of 0.1056%. (E, F) In patient no. 3, the distribution of bacterial reads (one of 716 reads; 0.14%) corresponded to Treponema pallidum with a coverage of 0.0189%. The others are commonly regarded as contaminating bacterial DNA from the environment and agents.





PCR validation

We validated the NGS results using PCR analysis and Sanger sequencing. Specific primers for T. pallidum 47-kDa protein gene (260 bp) were designed (Palmer et al., 2003), and PCR was carried out for the 10 patients. To our surprise, only the second patient’s CSF PCR result was positive. The PCR results of the other two diagnosed patients were negative, possibly because the number of reads was small. The results showed that the amplification products (with DNA fragments of 250 bp) were consistent with our expectation, and the reads from Sanger sequencing matched the Treponema pallidum genome through NCBI Blast (Figure 3).




Figure 3 | PCR and sequencing amplification of Treponema pallidum by TpN47 were followed by agarose gel electrophoresis to confirm Treponema pallidum sequences for three positive blood and 10 cerebrospinal fluid (CSF) samples. The blood positive control was from one patient’s blood sample (toluidine red unheated serum test [TRUST] titer was 1:256); the CSF positive control was from one patient’s CSF sample (positive serologic assays and metagenomic next-generation sequencing (mNGS); and the negative control was blank without sample.






Discussion

Neurosyphilis is highly treatable with appropriate antibiotics. Therefore, early recognition and management are essential. However, rapid diagnosis of neurosyphilis is challenging. Especially in immunocompetent individuals, neurosyphilis is more insidious with nonspecific symptoms, and diagnosis is difficult (Timmermans and Carr, 2004). Neurosyphilis with ocular involvement is infrequent, but the incidence of ocular pathology is high in patients coinfected with AIDS and syphilis, which might manifest as multiple fundus changes (Chen et al., 2021). All in all, on the one hand, the clinical manifestations of the disease are complex, and both MRI and CT results can be negative; on the other hand, Treponema pallidum, the pathogen of syphilis, is difficult to culture. Serological testing is the most common diagnostic method currently (Harris et al., 2022), and a negative serologic test can rule out neurosyphilis. However, no single test can be used to establish a diagnosis of neurosyphilis, an infection that can be easily missed or misdiagnosed (Du et al., 2021);  a single specific deterministic testing remains lacking.

Neurosyphilis is caused by the pathogen Treponema pallidum, which can enter the CNS. With syphilis, there is a fierce battle between the host’s humoral and cellular immune responses, aimed at eliminating the infection, while Treponema pallidum manages to evade eradication and leads to chronic infection. Most patients can have an immune response to clear CNS invasion, and in a minority of patients who are immunocompromised or have immunodeficiency, syphilis may progress to asymptomatic or symptomatic NS. Neurosyphilis can be divided into early and late stages. The clinical manifestations in the early stage (e.g., meningitis, meningovascular syphilis, stroke, and acute altered mental status) usually appear within the first few months or years of infection. The presentation of the late stage (e.g., tabes dorsalis and general paresis) occurs 10 to >30 years after infection. Ocular or otic syphilis can occur at any stage with or without additional CNS involvement (Workowski et al., 2021).

The diagnosis of symptomatic neurosyphilis requires obtaining clinical features, conducting serological tests, and meeting the CSF criteria, whereas the diagnosis of asymptomatic neurosyphilis relies solely on the latter two (Workowski et al., 2021). However, serological tests for syphilis are relatively insensitive at the early stage of infection. Antibodies are undetectable by both non-treponemal and treponemal tests until infection progresses 1 to 3 weeks after chancroid formation (Larsen et al., 1995; Larsen et al., 1999). Therefrom, direct detection of Treponema pallidum from clinical samples has become a significant method for the early diagnosis of Treponema pallidum infection.

Moreover, neurosyphilis is classified into five types by imaging: asymptomatic neurosyphilis, meningeal syphilis (meningeal or scleromeningitis), syphilitic vasculitis, parenchymal syphilis (paralytic dementia), and gumma syphilis. The neuroimaging findings of neurosyphilis are usually cerebral infarction, leptomeningeal enhancement, or nonspecific white matter lesions (Tiwana and Ahmed, 2018). Neurosyphilis lacks specific imaging changes, which can also show similar imaging characteristics at different stages of the disease (Czarnowska-Cubała, 2015; Shang et al., 2020). In this study, the imaging findings of some patients were negative. Although the clinical examination was located in the nervous system, the imaging examination may not have meaningful findings.

Metagenomic next-generation sequencing (mNGS) enables non-targeted detection of nucleic acids from a range of potential pathogens, such as bacteria (Wilson et al., 2014), fungi (Christopeit et al., 2016), viruses (Piantadosi et al., 2018), and parasites (Li et al., 2021) present in clinical specimens. In the pathogenic diagnosis of CNS infectious diseases, cerebrospinal fluid mNGS technology has been gradually applied in clinical practice (Guan et al., 2016). Recently, Liu et al. (2022) reported that neurosyphilis with a high signal intensity on fluid-attenuated inversion recovery (FLAIR) was detected with 2,288 reads of Treponema pallidum by mNGS. In their study, they emphasize that more evidence from a large number of patients is needed to confirm mNGS as a supplementary method for the diagnosis and differential diagnosis of neurosyphilis. In this study, we were able to detect Treponema pallidum at a low pathogen level by mNGS, suggesting the sensitivity of the method. To our knowledge, this is the first time that Treponema pallidum was detected with a small number of reads by mNGS, in patients with ocular involvement and normal neuroimaging.

In this study, we retrospectively reviewed the CT scans and MRI films of 10 inpatients with ocular involvement and whose clinical samples were examined via metagenomic next-generation sequencing during the period from September 2021 to June 2022. Three out of the 10 patients had normal imaging results and were diagnosed with Treponema pallidum infection by mNGS. One read of Treponema pallidum, indicating the high sensitivity of mNGS, was also detected in patients with TRUST- or PCR-negative results, as we expected. Given this situation, we recommend NGS as a potential and supplementary tool for the diagnosis and differential diagnosis of neurosyphilis.



Conclusions

Neurosyphilis is a complication of syphilis with potentially serious sequelae. Treponema pallidum invades the CNS, often occurring in the early stage of infection. Neurosyphilis with ocular involvement is uncommon in clinical practice and is often confused with eye disease. Moreover, the MRI and CT results may be normal. Therefore, early diagnosis of neurosyphilis with ocular involvement has important implications for patient prognosis. For the first time, we highlight the role of mNGS in diagnosing neurosyphilis with ocular involvement and normal MRI results even at a low pathogen level. This study confirms the significance of CSF mNGS as a diagnostic tool for CNS pathogen infections. Although not yet widely used, its use in CSF screening may provide the most reliable and timely clinical diagnosis of infectious diseases in the CNS in the near future.
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Introduction

Patients with myasthenia gravis (MG) are prone to the development of pneumonia due to the long-term immunotherapies they receive and a tendency for aspiration. Pneumonia remains a risk factor for MG worsening and is the most prevalent cause of mortality in MG patients. Classification of the pathogens involved and exploration of the risk factors for mechanical ventilation (MV) could aid in improving clinical outcomes.



Methods

Between January 2013 and October 2022, we performed an inpatient database review for MG patients with pneumonia concurrence in a tertiary research center specializing in neuromuscular disorders. The clinical and microbiological characteristics of 116 MG patients with pneumonia were retrospectively analyzed.



Results

In our cohort, 90.32% (112/124) of organisms were bacteria and 42.86% (48/112) of pathogenic bacteria were carbapenem-resistant. A high abundance of Epstein–Barr virus (EBV) was detected using next-generation sequencing (NGS) in 12 patients, while cytomegalovirus (CMV) was detected in 8 patients. Non-fermentative Gram-negative bacilli were the most prevalent microorganisms, in which ampicillin, sulfamethoxazole-trimethoprim (SMZ-TMP), piperacillin, cefoperazone, ceftazidime, and cefepime may have an anti-infectious effect. Moreover, peripheral lymphocyte percentage [odds ratio (OR) 0.88, 95% CI 0.75–0.96, p = 0.02] and serum globulin (OR 1.16, 95% CI 1.02–1.35, p = 0.03) were significantly associated with the risk of MV demand.



Discussion

Our identification of the microbial etiology of pneumonia in MG patients may provide future perspectives on accurate antibiotic options and enable early interventions when risk factors are present.





Keywords: myasthenia gravis, pneumonia, mechanical ventilation, microbial etiology, antibiotic susceptibility



Introduction

Myasthenia gravis (MG) is an autoimmune neuromuscular disorder associated with autoantibodies affecting neuromuscular junctions (NMJs) that leads to fluctuating weakness in extraocular, limb, bulbar, and even respiratory muscles (Punga et al., 2022). Approximately 85% of MG patients have autoantibodies against the acetylcholine receptor (AChR), and a small proportion of patients have antibodies against muscle-specific tyrosine kinase (MuSK) (Lazaridis and Tzartos, 2020). Anti-low-density lipoprotein receptor-related protein 4 (LRP4) antibodies were detected in approximately 2%–46% of MG patients who were negative for both AChR and MuSK antibodies (Higuchi et al., 2011). In triple-seronegative MG patients, 13.4% were titin antibody positive (Stergiou et al., 2016). Among all causes of MG mortality, pneumonia is the most prevalent cause, ranging from 4% to 21.7% across different ethnicities (Owe et al., 2006; Chen et al., 2020; Westerberg and Punga, 2020). In addition, pneumonia is a well-recognized risk factor for MG worsening and is associated with an increase in intensive care unit (ICU) admission rates, length of hospital stays, mortality, and poor outcomes (Thomas et al., 1997; Bershad et al., 2008; Tiamkao et al., 2014; Gummi et al., 2019). Many studies have been published regarding the effects of COVID-19 and relevant vaccines on MG in recent years (Jakubikova et al., 2021; Lupica et al., 2022).

Pneumonia is most common in all concurrences of infection among MG patients, ranging from 16% to 41.18% (Prior et al., 2018; Sipila et al., 2019; Kassardjian et al., 2020). The high susceptibility of pneumonia in MG patients is mainly related to fluctuated muscle weakness. About 70% of generalized MG (GMG) patients have bulbar muscle weakness and swallowing dysfunction that is significantly associated with aspiration (Hehir and Silvestri, 2018; Kumai et al., 2019). Also, the proportion of respiratory muscle involvement increases from 1% to 80% if the disease progresses into a more advanced stage (Engel, 1994). Longitudinal studies revealed a significant decrease in maximum voluntary ventilation capacity to 35% to 62% of the expected value (Heliopoulos et al., 2003). Moreover, MG worsening impairs the oropharyngeal tract movement and reduces airway clearance (Galassi and Marchioni, 2021). Approximately 15%–20% of GMG patients develop a life-threatening condition with respiratory failure, named myasthenic crisis (MC), and require invasive or non-invasive mechanical ventilation (MV) (Thomas et al., 1997). Of these, MC patients with endotracheal intubation may develop ventilator-associated pneumonia (VAP), which approximately accounts for 50% of hospital-acquired (nosocomial) pneumonia (HAP) (Zaragoza et al., 2020).

In addition to the above risk factors, an immunocompromised status also contributes to a high incidence of pneumonia in MG cohorts. The mainstay in current standard-of-care therapies for MG includes corticosteroids and immunosuppressants (Verschuuren et al., 2022). Consequently, long-term immunotherapies increase the probability of infection and can have potentially worse outcomes.

Although predisposition to pneumonia, clinical features and the prognostic factors of pneumonia in MG patients have not yet been well described. There was a lack of information about the microbiology of causative pathogens and antibiotics treatments supported by etiological evidence. Aiming to optimize the initial antibiotic therapies and improve the outcome of MG patients with pneumonia, this study retrospectively reviewed the causative pathogens for pneumonia and the drug resistance results, and explored the predictors for the unfavorable outcome of MV.



Methods


Study population

This is a retrospective cohort study conducted at a tertiary MG diagnostic center. We retrieved information on MG patients with the concurrence of pneumonia from the inpatient database at Huashan Hospital, Fudan University from January 2013 through October 2022. The diagnosis of MG was based on the criteria after excluding other MG mimicking diseases (Narayanaswami et al., 2021). Patients with a short hospital stay (<3 days) were excluded from our analysis due to incomplete records. Late-onset MG (LOMG) was defined as the disease onset after the age of 50 years and had no concurrence of a thymoma.

Pneumonia was diagnosed according to the American Thoracic Society/Infectious Diseases Society of America (ATS/IDSA) guidelines (Mandell et al., 2007; Metlay and Waterer, 2020). Community-acquired pneumonia (CAP) was defined as an acute infection of pulmonary parenchyma acquired in the community and VAP was defined as pneumonia that arose more than 48 h after patients have been intubated. Hospital-acquired pneumonia (HAP) indicated that pneumonia not associated with MV, which occurs at least 48 h after admission, and that it was not incubating at the time of admission (Kalil et al., 2016). There was no COVID-19 patient in this cohort.



Clinical and laboratory variable collection

Clinical and laboratory data of MG patients were retrospectively reviewed. Baseline laboratory results included in the analysis were limited to those sampled within 24 h after admission. The CURB-65 score and SIPF were used to assess the severity of pneumonia.



Outcome measures

The primary outcome was defined as the MV demand during hospitalization in MG patients with pneumonia. To explore the risk factors for MV dependence, the clinical variables underwent further analysis including MG post-intervention status (PIS) before admission and laboratory results.



Next-generation sequencing

The sputum or bronchoalveolar lavage fluid (BALF) cultures were collected and sent for next-generation sequencing (NGS) (BGI). Sputum/BALF (1.5–3 ml) and other samples from patients were collected according to standard procedures. Saponin was added to a 0.45-ml sample at a final concentration of 0.025%. Then, the sample was fully vortexed for 15 s and incubated for 5 min at 25°C; 75 μl was added for the dehosting process. The sample was fully vortexed for 15 s and incubated at 37°C for 10 min. Then, the sample was centrifuged at 18,000 g for 5 min and ~70–80 μl remained at the bottom after the removal of 450 μl of supernatant. PBS (800 μl) was added to the tube and fully vortexed. After centrifugation at 18,000 g for 5 min, 800 μl of supernatant was discarded and ~70–80 μl remained at the bottom. TE buffer (370 μl) was added to the tube, followed by shaking. Then, 7.2 μl of lysozyme was added for wall-breaking reaction. Two hundred fifty microliters of 0.5-mm glass beads were attached to a horizontal platform on a vortex mixer and agitated vigorously at 2,800–3,200 rpm for 30 min. The sample (0.3 ml) was separated into a new 1.5-ml microcentrifuge tube, and DNA was extracted using the TIANamp Micro DNA Kit (DP316, TIANGEN BIOTECH) according to the manufacturer’s recommendation.

Then, DNA libraries were constructed through DNA fragmentation, end repair, adapter ligation, and PCR amplification. Agilent 2100 was used for quality control of the DNA libraries. Quality qualified libraries were pooled, and DNA Nanoball (DNB) was made and sequenced by the BGISEQ-50/MGISEQ-2000 platform. High-quality sequencing data were generated by removing low-quality reads, followed by computational subtraction of human host sequences mapped to the human reference genome (hg19) using Burrows–Wheeler Alignment. The remaining data after the removal of low-complexity reads were classified by simultaneously aligning them to the Pathogens Metagenomics Database (PMDB), consisting of bacteria, fungi, viruses, and parasites. The classification reference databases were downloaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/genomes/).

The raw NGS data were submitted and the accession to these SRA data is PRJNA901187.



Statistical analysis

The missing data of each parameter account for less than 5% and multiple interpolations were performed for missing values. Categorical variables were summarized as proportions and the differences between rates were tested by χ2 or Fisher’s exact test, if appropriate. The Shapiro–Wilk normality test was applied for all continuous parameters to test normality. If the test values were below the level of significance (p = 0.05), the median and interquartile (IQR) range were used for the descriptive characteristics; otherwise, the mean and standard deviation (SD) were used to describe the data. To assess the continuous parameters between the two groups, the Mann–Whitney U test was used when the assumptions of the Student’s t-test were not met. The one-way ANOVA or the Kruskal–Wallis test compared three categorical groups, and the Bonferroni test was performed on each pair of groups.

The heatmap was performed by R according to the relative abundance of pathogens in the results of the PM-seq DNA test by the BGI group, and a Z-score normalization was performed on the normalized read counts across samples for each gene.

To identify the risk factors for an unfavorable outcome, univariate (statistical significance, α = 0.2) and multivariate (statistical significance, α = 0.05) logistic regression analysis with an odds ratio (OR) was performed. The assumption of linearity in the logit for the continuous variable was assessed by the Box–Tidwell test. Variance inflation factor (VIF) measured the degree of multicollinearity in a set of independent variables, and a VIF value that exceeded 5 indicated a problematic amount of multicollinearity. Variables showing statistical significance (p < 0.2) of univariate analysis were further included in multivariate logistic regression analysis (Mickey and Greenland, 1989; Lemeshow et al., 2013). Variables that did not reach the levels of statistical significance (p = 0.05) were eliminated and a new multivariate model was set. All data analysis and chart making were performed using R (v. 4.1.1).




Results


Clinical and laboratory features of MG patients with pneumonia during hospitalization

We recruited a total of 461 patients who met the diagnostic criteria of MG in the inpatient database, including 146 patients with MC and 315 patients with non-MC. Among 146 patients with MC, 86 patients required MV without pneumonia. A total of 116 patients had pneumonia (116/461, 25.16%), among which 85.34% (99/116) had CAP and presented dyspnea before or shortly after admission. Ten patients had two episodes of pneumonia within 1 year before hospitalization, while others did not; 14.66% (17/116) met the diagnosis of VAP in our cohort. A total of 76 patients required MV treatment during hospitalization (Figure 1).




Figure 1 | Flow diagram of patients included in the study. A total of 88 MG patients diagnosed with pneumonia were enrolled in the study. MG, myasthenia gravis; MV, mechanical ventilation.



Three patients who demanded MV support eventually died with an average hospital length of 12.83 days. The in-hospital mortality is 2.59% (3/116); 76.72% (89/116) of enrolled patients had pneumonia-associated hospitalization for the first time, and the general length of hospital stay was 30.54 days. Furthermore, the average age at admission was 52.91 ± 15.04 years, and 54.31% (63/116) of patients were female, 15.51% (18/116) had the comorbidity of hypertension, and 7.76% (9/116) had diabetes upon admission.

Among 83 patients who had antibody testing, 81.93% (68/83) had autoantibodies against AChR, 8.43% (7/83) against MuSK, 26.51% (22/83) against titin, and 0 against LRP-4, and 9.64% (8/83) were seronegative. The age at onset was 48.68 ± 15.4 years and the average duration was 4.26 years. LOMG comprised 50% (58/116) of participants; 58.62% of patients (68/116) had thymoma concurrence, and 52.59% (61/116) received thymectomy with a mean duration of 3.7 years. At admission, 62.07% (72/116) were on corticosteroids and 31.9% (37/116) were on oral immunosuppressant therapies. Tacrolimus was the most prevalent immunosuppressant, which accounted for 21.55% (25/116). Prednisone was widely used as an oral corticosteroid, and the average dose was 29.21 ± 14.6 mg.

To assess the physiological state related to pneumonia when hospitalized, some pneumonia scores and laboratory results relevant to the pneumonia were retrospectively reviewed. CURB-65 was 0.55 on average, ranging from 0 to 3, and the mean SIPF score was 0.95. The white blood cell counts [(10.73 ± 5.1) ×109 cells/L] slightly increased. The proportion and the absolute number of neutrophils rose to 80.49% and 10.09×109 cells/L, respectively, while the average proportion of lymphocytes declined to 12.09%. The level of albumin/globulin ratio (A/G ratio, 1.11 ± 0.52) and hematocrit (HCT, 38.07%) decreased relatively. Arterial blood gas analysis revealed acidosis in 16 patients, alkalosis in 30 patients, and hypoxemia in 8 patients with PaO2 less than 8 kPa.



Microbial etiology and antibiotic resistance associated with pneumonia

In the sputum or BALF cultures, 72 patients’ cultures were positive with a total number of 124 detected organisms. Among these patients, 48.61% (35/72) had mixed infections. Non-fermentative Gram-negative bacilli were the most common bacteria and accounted for 54.46% (61/112), including Pseudomonas aeruginosa (28.57%, 32/112), Acinetobacter baumannii (16.96%, 19/112), and Stenotrophomonas maltophilia (8.93%, 10/112). Given that different immunosuppressive treatments before hospitalization may have an impact on the microbiology of pneumonia, the prevalence of Klebsiella pneumoniae was 4.17 times higher in patients with corticosteroid treatment than those who did not (OR 4.17, 95% CI 1.22–19.55, p = 0.038).

For 12 patients whose sputum/BALF samples were analyzed by the NGS technique, we identified a total of 29 pathogens from 11 patients. In particular, Epstein–Barr virus (EBV) and cytomegalovirus (CMV) were frequently identified by NGS (Figure 2). The diagnostic yield of NGS was 91.67%, which was higher than that of traditional culture (7/12, 58.33%). There was a significant statistical difference in the detection sensitivity between NGS and traditional methods (p < 0.001).




Figure 2 | Heatmap of the pathogenic microorganism DNA/RNA high-throughput genetic sequencing (PMseq) results in 12 patients. A total of 29 pathogens were identified from 11 patients (91.67%, 11/12) including 15 bacteria, 4 fungi, and 9 viruses with different abundance. CMV, cytomegalovirus; EBV, Epstein–Barr virus; HSV1, herpes simplex virus 1.



About 90.32% (112/124) of organisms were bacteria, among which 42.86% (48/112) of pathogenic bacteria were carbapenem-resistant (Figure 3). According to the drug sensitivity and resistance profile of 112 bacteria, carbapenem drugs, such as imipenem (54/112, 48.21%) and meropenem (46/112, 41.07%), had the highest resistance rate in the drug resistance tests. The antimicrobial susceptibility test highlighted amikacin, to which the microorganisms were most susceptible (84/112, 75%) (Figure 4). A total of 35 strains of bacteria were identified as MDRO. In particular, 10 strains were carbapenem-resistant K. pneumoniae (CRKP), among which 8 strains were in the MV group. In addition, 13 strains were carbapenem-resistant P. aeruginosa (CRPA), 9 strains were carbapenem-resistant A. baumannii (CRAB), and 3 strains were methicillin-resistant Staphylococcus aureus (MRSA).




Figure 3 | Results of microorganism culture and carbapenem resistance profile.






Figure 4 | Drug resistance and sensitivity results of 112 bacteria. Amikacin (84/116, 72.41%) and ciprofloxacin (78/116, 67.24%) had high-sensitivity rates among 10 antibiotics, while bacteria detected were highly resistant to imipenem (54/116, 48.27%) and meropenem (46/116, 39.66%) (A). The results of antibiotic resistance and sensitivity in different drugs (B) and three main pathogens (C) are presented. SMZ, sulfamethoxazole.





Clinical management for pneumonia in the MG cohort

Cefoperazone sodium/sulbactam sodium is the common initial antibiotic for our patients (62.07%, 72/116), and piperacillin tazobactam was used in 11.21% (13/116) of patients as the initial antibiotic therapy. In all antimicrobial regimens during hospitalization, β-lactam antibiotics were the most common drugs, which accounted for 82.76% (96/116), and it was highly used as monotherapy (70.83%, 68/96). Combination antibiotic therapies were used to treat 27 patients with the most common combination of β-lactam plus sulfonamides. Compared with the non-MDRO group, there was a significantly higher proportion of combined antibiotics in the MDRO group (p < 0.01).

As for ventilatory support, 65.51% of patients (76/116) were MV-dependent due to respiratory failure, namely, 41 invasive and 35 non-invasive MV. The average duration of MV during hospitalization was 25.39 (1–133) days. Of these, the length of MV demand in the invasive cohort was significantly longer than that in the non-invasive cohort (33.23 vs. 17.12 days, p < 0.01).



Predictive factors for an unfavorable outcome in MG patients with pneumonia

MV demand was defined as an unfavorable in-hospital outcome. Patients were divided into three groups: VAP, CAP with MV, and CAP without MV. Isolated microorganisms of pneumonia in the three groups were not different except the K. pneumoniae, which was more prevalent in the CAP patients with MV (p < 0.05). The difference between subgroups was statistically significant in nine parameters (Table 1). Larger proportion of patients with a treatment history of oral immunosuppressant within one year before admission (p<0.01). The average level of lymphocyte percentage, SO2, albumin, and A/G ratio was significantly higher in the non-MV group, which hinted a better clinical status (p < 0.05).


Table 1 | Comparisons of clinical and laboratory characteristics in three subgroups.



To explore the risk factors that led to MV demand in the CAP group, we conducted a univariable logistic regression analysis and identified six variables with significance. The result of the Box–Tidwell and VIF test denied the presence of non-linearity between these variables and the logit and interactions between variables. Based on statistical as well as practical considerations, we fitted the multivariable model containing six independent covariates (Table 2). After the elimination of variables above the level of statistical significance in the first fit of a multivariate model, the second analysis finally revealed two important variables: lymphocyte percentage (OR 0.88, 95% CI 0.75–0.96, p = 0.02) and globulin (OR 1.16, 95% CI 1.02–1.35, p = 0.03).


Table 2 | Univariate and multivariate logistic regression models for the severe course in the hospitalized MG patients with pneumonia.






Discussion

To the best of our knowledge, this is the first study to comprehensively analyze the microbial spectrum and drug resistance of pneumonia in MG patients, as well as the risk factors for MV demand in this cohort. With the identification of non-fermentative Gram-negative bacilli as the most prevalent organism and multiple organisms that were responsible for the majority of this cohort, we attempt to provide future perspectives for empirical antibiotic therapies.

In comparison to another autoimmune disorder, systemic lupus erythematosus (SLE) (Garcia-Guevara et al., 2018), the etiology spectrum in MG for concurrent pneumonia was different, as evidenced by the prevalent pathogen profile. P. aeruginosa, K. pneumoniae, and A. baumannii were commonly identified in MG patients, while S. aureus, Pneumocystis pneumonia, and Aspergillus were identified in SLE patients from Mexico. The NGS technique exhibited a higher detection sensitivity compared with the traditional cultures, especially for the detection of potential virus infection.

Pathogen spectrums in our cohort largely overlapped with HAP rather than CAP, which indicated the colonization transformation of the oropharynx with virulent organisms in MG patients under long-term immune-compromised treatments. It is worth noting that there is a significant increment of K. pneumoniae in CAP patients with MV (p = 0.03), whereas the drug resistance rate of K. pneumoniae also increased. The prevalence of K. pneumoniae was 4.17 times higher in patients who underwent corticosteroid treatment than those who did not undergo immunosuppressive therapies (OR 4.17, 95% CI 1.22–19.55, p = 0.038).

The clinical decision in selecting an appropriate antibiotic is essential for improving the clinical outcome. In our analysis, carbapenem drugs, including imipenem and meropenem, had the highest resistance rate in the drug resistance tests, while amikacin, ciprofloxacin, ceftazidime, and piperacillin had a higher rate of susceptibility. However, as macrolides and aminoglycosides impair neuromuscular transmission and may aggravate MG (Jones et al., 2011; Van Berkel et al., 2016), amikacin should be avoided in MG patients if there is another alternative. Moreover, fluoroquinolones may impair neuromuscular transmission, which should be cautiously used in MG patients (Sheikh et al., 2021). If there is no alternative therapeutic option, adverse drug reactions should be closely monitored. Given the insufficient adverse reaction reports of cephalosporins, sulfonamides, clindamycin, tetracyclines, polymyxin B, and nitrofurantoin, these drugs can be safely administered to MG patients. Briefly, according to the drug sensitivity test results of our study, ampicillin, sulfamethoxazole-trimethoprim (SMZ-TMP), piperacillin, cefoperazone, ceftazidime, and cefepime may have an excellent anti-infectious effect.

Antimicrobial agents that are active against MDRO, especially carbapenem-resistant Gram-negative bacteria, remain limited. Initial empirical anti-infection treatment should cover a variety of possible pathogens. According to the drug sensitivity results, enzyme inhibitors, tigecycline, ceftazidime-avibactam, polymyxin, and other drugs can be chosen.

To reduce the incidence of MV and intervene in the early stage, we also analyzed the relationship between clinical factors and the risk of MV demand. With OR less than 1, a higher lymphocyte percentage is associated with lower odds of MV demand, which may help identify patients with higher intendancy of MV at the beginning of hospitalization. This result indicates the importance of preadmission therapy status for MG patients. Regular measurements of immune systems including levels of immune system cells and immunoglobulin are necessary under the long-term immunosuppressive treatments, which helps early prevention of infections in MG patients. In addition, globulin is also a valuable predictor of disease severity and prognosis. However, as a higher level of globulin may be associated with pre-admission intravenous immunoglobulin use, whether the high levels of serum globulin are predictive of MV dependence requires further research in future prospective cohort studies.

The retrospective nature mainly limited the power of the study. The inherent shortage of conventional microbiological methods was also a limitation. Due to the time-consuming procedure for natural amplification and false detection of some culture-unfriendly microorganisms, the identification of pathogens always falls behind the early anti-infectious treatments. To satisfy the need for fast and precise infection diagnosis, new techniques with high efficiency and short turnaround time, such as NGS, should be applied more widely in future practice. We provided a precise diagnosis of disseminated Talaromyces marneffei infection assisted by NGS of multifarious specimens in an HIV-negative patient (Zhu et al., 2018). We used NGS to monitor disease progression and therapeutic efficacy in central nervous system infection (Ai et al., 2018). The NGS can even detect whether there is a carbapenem resistance gene in samples, enabling us to know the drug resistance of pathogens earlier. Thus, we used high-throughput sequencing technologies to track carbapenem-producing K. pneumoniae outbreak in an intensive care unit (Chen et al., 2019). Nanopore sequencing is another sequencing method, which is not used in the current study. However, we performed the first explorative study with nanopore sequencing in infectious endocarditis previously (Ai et al., 2020). In addition, we developed a rapid CRISPR-based assay for tuberculosis detection in various forms of direct clinical samples, which is also one of the pathogens causing pneumonia in MG patients (Ai et al., 2019). High-throughput sequencing technologies, including NGS, help overcome some limitations of the traditional culture, which includes a longer period of time for some special pathogens to report positive and non-comprehensive coverage of all the microorganisms. The application of high-throughput sequencing, which assists with rapid and accurate microbiological diagnosis, provides a new perspective on the clinical approach.



Conclusion

In conclusion, we characterized the etiological spectrum and clinical management of pneumonia in MG patients. Subsequently, we analyzed the detective yield in the microbial spectrum between NGS and traditional cultures. Lower lymphocyte percentage and a higher level of globulin at admission were identified as risk factors for MV demand, which may lead to unfavorable clinical outcomes. Accurate antibiotic options and early identification of the risk factors are of paramount importance to improve the clinical outcome.
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Clinical manifestations
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Lymphadenopathy
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procalcitonin (ng/ml)
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46 (76.7)
16 (26.7)
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26 (43.3)
51 (85.0)
60 (100.0)

35 (22-5.1)
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113 (57-184)
049 (0.06-2.45)
59.6 (19.0-87.7)
30.2 (19.5-47.0)
297.4 (220.8-458.4)
87.9 (42.8-244.1)
19 (12-37)
52 (86.7)
8(133)
0(0)

non-TM
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127 (85.5)

87 (58.8)
116 (78.4)
25 (16.9)
20 (13.6)
22 (14.9)
50 (33.8)
146 (98.6)

45 (3.2-6.7)
112 (96-128)
185 (134-243)
0.06 (0.05-0.21)
29.4 (9.4-70.3)
18.6 (12.7-28.3)
2424 (179.4-361.8)
42.4 (42.4-102.0)
60 (21-159)
66 (44.6)

51 (34.5)

31 (20.9)

TM, talaromycosis; CT, computed tomography; ADA, adenosine deaminase; LDH, lactate dehydrogenase; BDG, (1;3)-B-D-glucan.
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Positive Negative P <0.001

NGS Positive 31 5

Negative 3 2
CMT Positive 14 2

Negative 20 5

Sensitivity% Specificity% PPV NPV
NGS 91.2 28.6 0.861 0.4
CMT 41.2 71.4 0.875 0.8

Positive, patients with a positive clinical diagnosis; NGS, next-generation sequencing;
CMT, conventional microbiological tests.
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Al patients (n = 71)

Age, years (median, IQR)
Female
Protopathy
AA
ALL
AML
MDS
T-LBL
Transplantation way
Haplo
MSD
MUD
N engraftment, days (median, IQR)
PLT engraftment, days(median, IQR)*
Main Symptoms
fever
diarrhea
cough
rash
blurred version
headaches
ascites
tic
Sample collection time
Peri-planting period
<100D
>100D
Agranulocytic
Immunosuppressive drugs

23 (14-39)
37 (52.1%)

2 (30.1%)
(21 1%)
29 (40.8%)
3 (4.2%)

2 (2.8%)

58 (81.7%)
6 (8.5%)
7 (9.9%)
13 (11-15)
13 (12-16)

50 (70.4%)
8 (11.3%)
3 (4.2%)
3(4.2%

2 (16.9%)
5 (35.2%)
4 (47.9%)

23 (32.4%)
8 (81.7%)

PLT engraftment, days (median, IQR)*: excluded 3 cases without PLT engraftment.

AA, aplastic anemia; ALL, Acute lymphoblastic leukemia; AML, Acute myeloid leukemia;
MDS, Myelodysplastic syndromes; T-LBL, T lymphoblastic lymphoma; Haplo,
Haploidentical stem cell transplantation; MSD, Matched sibling donor; MUD, Matched

unrelated donor.
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drooping
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No

No

No
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Syphilis
treatment
status

No
cured

cured
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No

No

No

MRI Final
diagnosis
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Normal Neurosyphil
ND Intracranial
infection
Normal Intracranial
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tortuous vascular
shadow thrombosis

Right otitis media

cavernous sinus

Cerebral ischemia
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Cerebrospinal fluid results

TPHA TRUST PCR TPHA TRUST White

132

1128

14

ND

ND

ND
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1 refers to the white blood cell (WBC) count of CSF >5 cells/mm® or protein level of CSE >45 mg/dl. ND refers to ‘not done'.
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ND

ND

ND

ND
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ND
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Sensitivity
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Specificity
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(82.9-99.2)
100%
(463-100)
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(86.7-100.0)
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(69.9-100.0)
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(39.6-100.0)
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80.6%**
(68.3-89.2)

NPV
(95%CI)
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(81.5-100)
99.2%
(94.9-100.0)
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(31.0-100)
99.3%
(95.7-99.9)
84.1%
(77.7-89.0)
80.4%
(73.0-86.2)
75.0%
(21.9-98.7)
88.0%""
(81.9-92.4)
93.1%"*
(87.4-96.5)

GM, galactomannan; CI, confidence intervals; PPV, positive predictive value; NPV, negative predictive value. * culture positive was defined as confirmed T. marneffei in any specimen of
blood, bone marrow and BALE, * Serum GM 20.5 was defined as positive, ** P<0.001 when comparing mNGS total with culture total, ** P<0.05 when comparing mNGS total with Serum

GM total.
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Strain

Twist
TW08/27
SLOW2
NEURO1
DIG7

DIGY

DIG10
ART1
NEURO14
DIG15
DIGMUSC17
NEURO20
DIGADP25
TWBCU26
ENDO27
SALI28
ART29
PNEUMO30
ENDO32
shenzhenl

shenzhen2

Geniome size, GC-contents; geriome assembly level, accession codes; and ‘geographical origin are depicted as well.

Genome size (Mb)

0.927303
0.925938
0.927621
0.927567
0.927564
0.880115
0927515
0.927575
0.885853
0.927582
0.884564
0.883582
0.883649
0.880271
0.927598
0.927465
0.927595
0.927553
0.927567
0.883965
0.899012

GC-content (%)

46.3
46.3
46.3
46.3
46.3
46.4
46.4
46.3
46.4
46.3
46.4
46.3
46.3
46.4
46.4
46.4
46.3
46.4
46.4
46.4
46.6

Level

Chromosome
Chromosome
Scaffold
Scaffold
Scaffold
Contig
Scaffold
Scaffold
Contig
Scaffold
Contig
Contig
Contig
Contig
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold
Scaffold

Accession

AE014184.1
BX072543.1
HG794425.1
NZ_HG421449.1
HG794427.1
CAUY000000000
HG794428.1
HG424698.1
CAUR000000000
HG794423.1
CAVA000000000
CAUX000000000
CAUWO000000000
CAVB000000000
HG794429.1
HG794430.1
HG794431.1
HG794432.1
HG794424.1
JAMYWJ000000000
JAMYWKO000000000

Geographical origin

Canada
Germany
France
Germany
France
France
Germany
France
Germany
Germany
France
Germany
France
France
France
France
France
France
France
China
China
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Number, n (%) Men, n (%) Age, average (sd) Depth, average (sd)

All patients 451 21.67
Non-severe 159 (35.25%) 67 (42.14%) 58.33 (14.62) 19.04 (8.94)
Severe 292 (64.75%) 154 (52.74%) 64.11 (13.31) 23.1 (10.43)
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Patients

pl (Leeetal,
2012) (Lee

et al,, 2019)
(Lee et al.,
2014)

p2 (Lee et al.,
2012) (Lee

et al,, 2019)
(Lee et al.,
2014)

p3 (Lee et al.,
2012) (Lee

et al,, 2019)
(Lee et al.,
2014)

p4 (Lee et al.,
2019) (Yuen
et al., 1986)

p5 (Chen et al,,
2020)

p6 (Chen et al.,
2020)

p7 (Fan et al,,
2021)

p8 (Chen et al,,
2021)

p9 (Lee et al.,
2012)

pl0 (Ma et al,,
2009)

pl1 (Fan et al,
2018)

p12 (Pan et al.,,
2020)

p13 (Zhang
et al., 2020)

pl4 (Fan et al,,
2021)

p15 (Lee et al.,
2019) (Du
et al., 2019)

pl6
(Kamchaisatian
et al., 2006)

pl7
(Kamchaisatian
et al,, 2006)

p18 (Sripa

et al, 2010)
p19 (Du et al,
2019)

p20 (Li et al.,
2018)

p21 (Du et al,,
2019)
p22 (Du et al,,
2019)
p23 (Du et al,
2019)
p24 (Du et al,,
2019)

p25 (Lee et al.,
2019)

p26 (Lee et al.,
2019)

p27 (You et al.,
2021)

p28 (Ba et al.,
2021)

Genetic
defect

STATI,
GOF

STATI,
GOF

STATI,
GOF

STATI,
GOF

STATI,
GOF
STATI,
GOF

STAT1

STATI,
GOF
STATS3,
Hyper-IgE
syndrome
STATS3,
Hyper-IgE
syndrome

STAT3,
Hyper-IgE
syndrome

STAT3,
Hyper-IgE
syndrome

STAT3,
Hyper-IgE
syndrome

STATS3,
Hyper-IgE
syndrome

CD40L
(TNFSF5)

CD40L
deficiency

CD40L
deficiency

CD40L
deficiency
CD40L
deficiency

CD40L
deficiency

CD40L
deficiency
CD40L
deficiency
CD40L
deficiency
CD40L
deficiency

IFNGR1

TFNGR1

CARDY,
compound
heterozygote

CARDSY,
compound
heterozygote

Mutation Gender Age

c800C>T M 15y
(p.A267V)

cl1074G>T  F 7y
(p.L358F)

c863C>T  F 7y
(p.T288I)

cl1170G>A M 10y
(p-M3901)

c.193G>A M Syllm
(p.D65N)

c1053G>T  F 9yllm
(p.L351F)

NA M 2y
nt839T >A M 20y
(Y287N)

c1121A>G  F 12m
(p.D374G)

NA M 10y
c1593A>T M 13y
(p.K531N)

c1673G>A M 37m
(p.G558D)

c92G>A M 34y
(p-R31Q)

NA F 2y
glIvs1 M 29m
+1G>A

Complex M 14m
mutation in

exon 5

NA M ly
NA M 3y
gIVS1- M 2y
3T>G

NA M 14m
VS3 + M 2ylim
1G>A

IVSi-1G> M 2y3m
A

IVS4 + M 3y
1G>C

Large M 13y7m
fragment

deletion

including

exon 4 and

5

c182dupT F 5m
(p-V61£s69)

c182dupT M 12m
(p-V61£s69)

€.440T>C M Sy
(p.L147P),

€.586A>G

(p.K196E)

cl1118G>C M 7m
(p-R373P),

€.610C>T

(p-R204C)

Residence

Hong Kong,
China

Hong Kong,
China

Hong Kong,
China

Hong Kong,
China

China

China

Hunan,
China

China

China

Hong Kong,
China

Guangzhou,
China

Guangxi,
China

Zhejiang,
China

Hunan,
China

China

Northeastern
Thailand

Northern
Thailand

Thailand

Hunan,China

Jiangxi,China

China

China

China

China

Northern
Thailand

Northern
Thailand

Chongging,
China

Guangzhou,
China

Detection methods

Fine-needle aspiration of the cervical
lymph node for culture yielded T.
marneffei

BALF culture yielded T. marneffei

Lymph node biopsy yielded T.
marneftei

Tissue from the neck ulcer and
axillary lymph node for culture
yielded T. marneffei

NA

NA

Bone marrow culture yielded T.
marneftei, Lymph node biopsy (Right
inguinal hernia) fungal spore
structure, PAS(+)

Blood, bone marrow and sputum
cultures yielded T. marneffei

Blood and bone marrow cultures
yielded T. marneffei

Sputum and abscess fluid cultures
yielded T. marneffei

BALF culture yielded T. marneffei

The colon biopsy showed a large
number of fungal spores, liver tissue
revealed numerous intracellular
yeast-like or sausage-like cells, bone
marrow culture confirmed
T.marneffei

mNGS of BALF confirmed T.
marneffei (readers 566), cultures of
BALF and the endobronchial
biopsied tissue mass yielded T.
marneffei

Cultures of bone marrow, sputum
and BALF yielded T. marneffei

Cervical lymph node and
endobronchial biopsy yielded T.
marneffei; cultures of blood, nasal
secretions, throat swab and sputum
yielded T. marneffei

Throat swab, sputum, blood and
bone marrow cultures grew T.
marneftei

Lymph node tissue culture yielded T.
marneffei

T. marneffei infection of the sputum

Blood culture and hepatic biopsy
showed T. marneffei

Blood culture yielded T. marneffei

Bone marrow culture yielded T.
marneftei

Blood culture yielded T. marneffei
Bone marrow culture yielded T.

marneffei

Blood culture yielded T. marneffei

NA

Blood culture yielded T. marneffei

Bone marrow smear identified T.
marneftei infection, ascites culture
yielded T. marneffei

Blood culture and mNGS of blood
confirmed T. marneftei (readers 248)

Extent of
T.marneffei
infection

Disseminated

Disseminated

Disseminated

Disseminated

Lymphadenitis

Pulmonary

Disseminated

Disseminated

Disseminated

Pulmonary

Disseminated

Disseminated

Pulmonary

Disseminated

Disseminated

Disseminated

Pulmonary
disease and
lymphadenopathy

Pulmonary

Disseminated

Disseminated

Disseminated

Disseminated

Disseminated

Disseminated

Disseminated

Disseminated

Disseminated

Disseminated

Treatment and
outcome

Liposomal amphotericin
B for 6 weeks, followed
by itraconazole
prophylaxis with good
clinical response
Lliposomal amphotericin
B for 6 weeks, followed
by itraconazole
prophylaxis with good
clinical response

Treated with itraconazole
with good response, died
of massive pulmonary
hemorrhage at 16 years
old

Intravenous amphotericin
B and oral flucytosine for
3 months with good
response

Amphotericin B and
voriconazole, alive

Itraconazole and
amphotericin B, alive

Intravenous voriconazole
for 2 weeks, amphotericin
B for 3 weeks, oral
itraconazole for 1 year

Amphotericin B for 6
months, recovery

Treated with itraconazole
with good response

Treated with
amphotericin B, died of
respiratory failure due to
rapid disease progression

Treated with
amphotericin B,
voriconazole for 2 weeks
and itraconazole orally
for 2 months with good
response

Intravenous voriconazole
and antibiotics for 10
days and oral
voriconazole for 7
months, recovery

Itraconazole, recovery

Amphotericin B for 2
days (discontinued due to
liver dysfunction),
Intravenous voriconazole
for 4 days, give up and
died

Treated with
voriconazole for 4
months and subsequent
recurrence treated with
voriconazole, with good
response

Treated with
amphotericin B for 21
days, followed by
itraconzole for 10-12
weeks

Treated with
amphotericin B for 21
days, followed by
itraconzole for 10-12
weeks

Ttraconazole, good
response

Treated with
amphotericin B, died of
multi-organ failure
Treated with itraconazole
for 2 weeks and
improved

Responded effectively to
anti-fungal therapy

Lost to follow-up

Responded effectively to
anti-fungal therapy
Responded effectively to
anti-fungal therapy

Die

Treated with
amphotericin B for 6
weeks with good
response, followed by
itraconazole prophylaxis
Treated with
amphotericin B and
voriconazole, died of
multiple organ failure

Voriconazole, good
response

y, year; m, month; BALF, bronchoalveolar lavage fluid; mNGS, metagenomic next-generation sequencing; GOF, gain of function; M, male; F, female; NA, not available.
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Specimens collected from 1 April
2017 to 31 January 2021(n=1442)

| L

Cryptococcosis (n=71)

Confirmed cryptococcosis

Clinical cryptococcosis

Not cryptococcosis (n=1371)

(n=20) (n=51)
Immunocompetent Immunocompromised Immunocompetent Immunocompromised
(n=42) (n=29) (n=927) (n=444)
mNGS+ mNGS- mNGS+ mNGS- mNGS+ mNGS- mNGS+ mNGS-
(n=15) (n=27) (n=16) (n=13) (n=0) (n=927) (n=3) (n=441)
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Group Age (years)

Fungal 59.7 £ 186
infection

Non-fungal infection 557 +21.4
P-value 0.062

P < 0.05 indicates a significant difference.

Female

29

53

Gender, n (%)

(36.3)

(29.6)

0.288

Male

51 (63.7)

126 (69.4)

ICU, n (%)

Yes No
42 (51.9) 38 (48.1)
72 (40.6) 107 (59.4)

0.06

Immunodeficiency, n(%)

Yes No
80 (100) 0(0)
146 (81.6) 33 (184)
<0.001
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Variable 1g(RPKM)

AUC 0.967
95% CI 0.948 to 0.981
Difference between areas

Standard error

z-statistic

Significance level

*P < 0.05 indicates a significant difference.

Reads

0.939
0.915 to 0.958
0.0279
0.0125
2.234
P =0.0255*
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Conventionalinfection Spearman’srank correlation coetficient (rho)
indicators

Albumin -0.241
CRP 0.191
IL-6 0.119
Leukocyte count -0.103
Lymphocyte count -0.344
Monocyte count ~0.209
Neutrophil count -0.0292
PCT 0.147

*P < 0.05 indicates a significant correlation.

Significance level

P =0.0001*
P =0.0020*
P =0.0558
P =0.0978
P <0.0001*
P =0.0007*
P =0.6403
P=0.0175*

95% Confidence interval for rho

—0.352 to -0.122
0.0709 to 0.306
-0.00295 to 0.237
-0.222 to 0.0190
—0.447 to -0.232
-0.322 to —0.0891
—0.151 to 0.0930
0.0261 to 0.265
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Characteristics Value

Patient demographics (n = 310)

Age (years)

Median (IQR)" 64.5 (50-74)
Range 0.75-93
Gender, n (%)

Female 96 (31)
Male 214 (69)
Hospitalization, n (%)

Patients, total 310 (100)
In hospital 310 (100)
In intensive care unit 152 (49)
Days hospitalized, median (IQR) 16 (11-23)
30-day mortality, n (%) 79 (25)
Immunocompromised, n (%) 268 (86.5)

On empiric antifungal drugs at time of body fluid collection, n (%) 79 (25)

Causes of Immunodeficiency, n (%)*?

Diabetes mellitus 21 (7.8)
Hypoproteinemia 45 (16.8)
Cancer 25 (9.3)
Hematologic disease 23 (8.6)
Renal disease 12 (4.5)
Gastrointestinal disease 14 (5.2)
Iatrogenesis4 28 (10.4)
Advanced age or organ failure 51 (19)
Surgery and trauma 18 (6.7)
Other® 31 (11.6)

'IQR, interquartile range. *The percentage is based on all immunodeficient patients
participating in the study. *Because some patients suffer from a variety of diseases that
may lead to immunodeficiency, only the primary disease or the disease contributing most
to the immunosuppression was counted. 4Ia\(rogenic immunodeficiency mainly refers to
the application of immunosuppressants such as corticosteroids, radiotherapy, or
chemotherapy in patients with cancer (outlined in the “Cancer” category). “The
“Other” category includes the incomplete development of immune function in infants,
immunosuppression induced by severe infection, etc.
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Characteristics

Age (years), median (IQR)
Female, n (%)

Current or former smoker, n (%)
Clinical manifestations

Fever, n (%)

Cough, n (%)

Expectoration, n (%)

Dyspnea, n (%)

Rheumatic diseases

Rheumatoid arthritis, n (%)
Polymyositis/dermatomyositis, n (%)

Vasculitis, n (%)

Systemic lupus erythematosus, n (%)

Sjogren’s syndrome, n (%)

Antisynthetase syndrome, n (%)

Systemic sclerosis, n (%)

IgG4-related disease, n (%)

Adult-onset Still’s disease, n (%)

Overlap syndrome, n (%)

Systemic use of corticosteroids before admission, n (%)
Use of immunosuppressants before admission, n (%)
Radiological features on chest CT

Ground-glass opacity, n (%)

Interstitial pattern, n (%)

Consolidation, n (%)

Nodules, n (%)

Pleural effusion, n (%)

Oxygen index, median (IQR)

APACHE 1I score, median (IQR)

Peripheral white blood cells (x 10°/L), median (IQR)
Peripheral neutrophils (x 10°/L), median (IQR)
Peripheral lymphocytes (x 10°/L), median (IQR)
Procalcitonin (ng/mL), median (IQR)

C-reactive protein (mg/L), median (IQR)

Serum BDG +, n (%)

Serum galactomannan +, n (%)

Invasive mechanical ventilation, n (%)

Treatment failure, n (%)

Patients (n = 98)

58.0 (49.5-67.0)
58 (59.2)
27 (27.6)

89 (90.8)
86 (87.8)
70 (71.4)
98 (100)

22 (224)
21 (214)
19 (19.4)
14 (143)
10 (10.2)
6(6.1)
3(3.0)
1(1.0)
1(1.0)
1(1.0)

58 (59.2)
22 (224)

72 (73.5)
62 (63.3)
10 (10.2)
17 (17.3)
52 (53.1)

128.0 (94.0-171.0)

12 (9-15)
9.0 (5.5-11.4)
7.5 (4.4-10.0)
0.6 (0.4-1.1)
036 (0.11-1.62)
87.0 (25.0-182.0)
26/72 (36.1)
8/70 (11.4)
48 (49.0)
23 (235)

IQR, interquartile range; CT, computed tomography; APACHE II score, Acute
Physiology and Chronic Health Evaluation II score; BDG, (1,3)-B-D-glucan.
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Number of pathogens mNGS

0 28
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>2 40

mNGS, metagenomic next-generation sequencing.

Conventional methods

58
28
12

P value

< 0.001
0.754
<0.001

Kappa coefficient

0.344
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Performance

Sensitivity
Specificity
Positive predictive value

Negative predictive value

mNGS, metagenomic next-generation sequencing.

mNGS

97.1%
92.9%
97.1%
92.9%

Conventional methods

57.1%
96.4%
97.6%
47.4%

P value

<0.001
0.553
0.896

<0.001
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Modifications on clinical treatments Patient number (%)

Systemic use of corticosteroids

Any 47 (48.0)
Initiation of corticosteroids 10 (10.2)
Increasing dosage 29 (29.6)
Reducing dosage 8(8.2)
Initiation of immunosuppressants
Initiation of Tocilizumab 16 (16.3)
2(2.0)
Initiation of TPE 24 (24.5)
Antimicrobial treatments
Any 82 (83.7)
Changing antimicrobial spectrum 61 (62.2)
Narrowing antimicrobial spectrum 28 (28.6)
Antimicrobial de-escalation 20 (20.4)
Removing > 1 antimicrobial agent 28 (28.6)
Adding > 1 antimicrobial agent 13 (13.1)

mNGS, metagemonic next-generation sequencing; TPE, therapeutic plasma exchange.
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Patients with
rheumatic diseases

Chest CT

Diffuse pulmonary lesions

Within 24 hours

Comprehensive microbial tests:
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n=70

T. whipplei as sole agent
Mycobacterium tuberculosis complex
Streptococcus pneumoniae
Haemophilus influenzae
Staphylococcus aureus

Haemophilus parainfluenzae
Actinomyces

Klebsiella pneumoniae

Moraxella catarrhalis
Non-tuberculosis mycobacteria
Corynebacterium striatum
Enterococcus faecalis

Legionella

Klebsiella variicola

Candida albicans

Pneumocystis jirovecii

Candida parapsilosis

Aspergillus fumigatus

Human gamma-herpes virus 4 (EBV)

Human beta-herpes virus 5 (CMV)

20 (28.6%)
10 (14.3%)
7 (10.0%)
7 (10.0%)
7 (10.0%)

5(7.1%)

5 (7.1%)

4 (5.7%)

4 (5.7%)

3 (4.3%)
1 (1.4%)
1 (1.4%)
1 (1.4%)
1 (1.4%)
5(7.1%)
4 (5.7%)
1 (1.4%)
1 (1.4%)
9 (12.9%)
2 (2.9%)
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Gender

Province of
residence

Age at diagnosis of
IEI (m)

Age at T.marneffei
infection (m)

Method of T.
marneffei detection

Infected site of
T.marneffei

Clinical
presentations

Fever

‘Weight loss
Anemia
Hepatomegaly
Splenomegaly

Lymphadenopathy
Bone destruction

Serous effusion

Respiratory
symptoms

Gastrointestinal

symptoms

Genetic tests

Anti-antifungal
Treatment

The last follow-up

Hunan

35m

36m

mNGS of peripheral blood and
lymph node biopsy tissue; blood
culture; histopathology of lymph
node

Blood, lymph node

+

Cough

IL12RBI: ¢.875-885 deletion
(paternal); exon 14-16 deletion
(maternal)

Itraconazole for 3 month,
amphotericin B liposome for 2 weeks,
then long-term itraconazole

Alive, 40m

M
Guangdong

5m

5m

mNGS of
peripheral
blood

Blood

IL12RB1:
€.632G>C,
p.R211P,
hom
Itraconazole
for 6
months

Alive, 21m

M
Zhejiang

6m

29m

mNGS of
BALF

Pulmonary

.
+
Pleural
effusion

IFNGRI:
C.655G>A,
P.G219R,
hom
Itraconazole
for 9
months

Alive, 51m

Jiangxi

12m

1lm

mNGS and culture
of BALF

Pulmonary

Cough, shortness of
breath, laryngeal
stridor

STATS3: ¢.1394C>T,
P.S465F, het

Amphotericin B for
20 days, then long-
term voriconazole

Alive, 23m; HSCT at
18m

Jiangxi

31m

29m

mNGS of peripheral blood;
histopathology of abdominal lymph
nodes; blood culture

Blood, lymph nodes, liver, spleen,
pancreas

+
NA

+

Multiple lesions of the liver

Multiple lesions of the spleen

+

Pleural, peritoneal and pericardial
effusion

Dysponea

Recurrent nausea, diarrhea, vomiting,
bloating

STATI: ¢.821G>A, p.R274Q, het

Intravenous voriconazole for 25 days,
oral voriconazole for 7 months, then
Itraconazole for 22 months

Alive, 68m

m, month; M, male; F, female; IEL inborn error of immunity; BALF, bronchoalveolar lavage fluid; NA, Not Available; HSCT, hematopoietic stem cell transplantation.

M
Guangdong

7m

25m

mNGS of
peripheral
blood and
BALF

Blood,
pulmonary

+
+
+

Multiple
lesions of the
spleen

¥

Diarrhea

CD40LG
fragment
deletion,
hemi
Itraconazole
for 2 months

HSCT at
27m, died of
sepsis at 29m
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WBC ('10°/L)
ANC ('10°/L)
ALC ('10°/L)
PLT ('10°/L)

Hb (g/L)

CRP (mg/L)

ESR (mm/h)
Ferritin (ng/mL)
ALT (U/L)

AST (U/L)

G test (pg/mL)
GM test (blood/BALF)
CD19 (cells/ul)
Naive B (%)
Memory B (%)
Transitional B (%)
Plasmablasts (%)
CD3 (cells/ul)
CD4 (cells/ul)
CD4 Naive (%)
CD4 CM (%)
CD4 EM (%)
CD4 TEMRA (%)
CD8 (cells/ul)
CDS8 Naive (%)
CD8 CM (%)
CD8 EM (%)
CD8 TEMRA (%)
DNT (%)

Y3 T (%)
CD16CD56 (cells/ul)
15G (g/L)

[gM (g/L)

A (g/L)

IgE (KU/L)

P1

10.92
7.731
2.09)
188
57
791
1251
256.61
622
185
271.89 1
6.682 1/NA
323.1 (18.60%)
84.02
7.89
0.44]
0.41]
1251.8 (72.05%)
935.0 (53.82%)1
58.87
34.85
6211
0.07
2457 (14.14%) |
81.64
1618
177
042 ]
7.61
5.87
118.7 (6.83%)
53.001
1.89
0.60
49.46

The reference of immunoglobulin:

IgG (g/L)
IgM (g/L)
IgA (g/L)
IgE (KU/L)

1-3m
2.75-7.50
0.05-0.60
0.10-0.70

<100

10.02
1.74
7.06
4021
114
<8
2
60.5
17.1
42.5
<37.5
1.497 1/0.087
1659.7 (27.54%)1
NA
NA
NA
NA
4037.6 (66.99%)
2758.5 (45.77%)1
NA
NA
NA
NA
1177.6 (19.54%)|
NA
NA
NA
NA
NA
NA
242.3 (4.02%)
9.401
0.32]
0.09)
16.12

4-6m
3.7-83
0.14-0.5
0.33-1.25
<100

331
24721
55
6801
914
79.81
1201
513
16.2
286
17.5
NA/0.120
439.7 (10.35%)}
NA
NA
NA
NA
3180.0 (74.88%)1
2489.6 (58.62%)1
NA
NA
NA
NA
618.6 (14.57%)]
NA
NA
NA
NA
NA
NA
533.4 (12.56%)
21.801
2.351
1211
142.111

12-36m
5.52-11.46
0.06-0.74
0.6-2.12
<100

271
13.151
10291

6621

101}

87

NA

NA

21
38
NA
NA/NA
1734.9 (20.03%)
89.621
2.76)
2.73)
0.29)
5693.56 (68.86%)
3919.0 (45.25%)1
74.20
23.40
225
0.15
1634.0 (18.87%)
55.08
1529

337
26.261

342
2.49]

877.41 (10.13%)
13.561
1.06
0.70
548.007

391
1.94]
1.601
40
510
201
2
928.41
26.1
136.91
1817.7 1
6.192 1/NA
1304.6 (52.61%)1
96.30 1
0.10 |
1020
020 |
9457 (38.13%) )
6284 (25.34%)]
51.80
45.60
2.60
0.00
247.92 (10%)1
50.70
22.10
19.90 1
7.20
6.60
410
199.4 (8.04%))
19.40 1
085
0.841
18.14

69
438
1701
353
971
461
681
271
459
63.11
NA
7.8991/0.336
294.20 (15.95%)
97.71
021
250
0.80
1452.3 (78.73%)
1034.72 (56.09%)
85.30
14.30
0.4]

0.00
280.49 (15.21%)
89.70
9.80
020
030
470
3.8
69.44 (3.76%)
1.00 |
058 |
002 ]

9.81

WBC, white blood count; ALC, absolute lymphocyte count; ANC, absolute neutrophil count; HB, haemoglobin; CM, central memory; EM, effector memory; TEMRA, terminal effector
memory cytotoxic T cells; DNT, TCR o8+ CD4 and CD8 double-negative T cell; NA, not available.
The percentage and numbers of lymphocyte subsets in the peripheral blood reference to the literature (Ding et al, 2018).

higher than the normal value; |: lower than the normal value.
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Tranditonal diagnostic methods + Tranditonal diagnostic methods - Total

mNGS + 3 3 6
mNGS - 0 226 226
Total 3 229 232

Sensitivity = 100%, Specificity = 98.7%, LR+ = 76.9, LR - = 0.
LR, likelihood ratio.
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Detection methods of T. marneffei in our cohort Detection methods of T. marneffei in previously reported cohort
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Total patients
novelty diagnosed IEI
admitted due to infections

Culture

Histopathology

mNGS

Culture + mNGS simultaneously

Histopathology + mNGS simultaneously

blood stream
sputum
BALF

bone marrow
hydrothorax
ascites
blood+BALF

blood+sputum

lymph node
colon

liver

bronchial mucosa
skin

bone

blood
sputum
BALF
bone marrow
hydrothorax/ lung abscess
ascites
biopsy
lymph node
liver
lung
skin
bone
blood+BALF

blood+sputum

blood
BALF

sputum

lymph node
liver

lung

skin

bone

Number of cases

505
402
425
505
505
260
142
10

142
260
73
39
46
11

12

232
131
32

131

36
17
10

53
21
232
131
131
32
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Gene distribution in patients with T. marmeffei infection of our cohort
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Variables

Thymectomy Yes
No
1S within 1 year before admission Yes
No
CS within 1 year before admission Yes
No

Duration of MG

WBC count

Lymphocyte (%)

Absolute number of lymphocytes
Neutrophil (%)

Absolute number of neutrophils
HCT

SO,

PaCO,

Pa0,

BE

Albumin

Globulin

A/G ratio

OR

143

0.39

0.85

0.85
107
091
0.85
1.03
0.99
0.98
1.03
0.93
0.1
1.04
0.88
1.05
0.27

Univariate analysis *

95% CI

0.64-3.28
0.16-0.96
0.31-2.23

0.31-2.23
0.99-1.18
0.86-0.95
0.55-1.14
1.00-1.07
0.95-1.03
0.94-1.01
0.91-1.17
0.7-1.24
0.96-1.04
0.97-1.14
0.8-0.96
1.01-1.09
0.1-0.66

p-value

0.38
0.04
0.74

0.74
0.11
<0.001
0.34
0.04
0.64
0.34
0.58
0.62
0.82
0.38
0.003
0.02
0.006

OR

0.59

1.01
0.88

0.98

0.87
116
14.15

Multivariate analysis +

95% CI

0.2-1.71

091-1.12
0.75-0.96

0.87-1.03

0.75-0.13
1.02-1.35
0.56-444.21

p-value

0.92
0.02

0.05
0.03
0.11

OR, odds ratio; CI, confidence interval; CS, corticosteroid; IS, immunosuppressant; HCT, hematocrit; WBC, white blood cell; SO,, oxygen saturation; PaO,, partial pressure of oxygen;
PaCO,, carbon dioxide; BE, base excess; NLR, neutrophil-to-lymphocyte ratio.
P values less than 0.2 in univariate analysis and less than 0.05 in multivariate analysis were highlighted in bold type.
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Variable

Clinical features at admission
Length of hospitalization stay (days), median (IQR)
Age at admission (years old), mean + SD
Disease duration of MG (years), median (IQR)
Thymectomy, n (%)
LOMG, n (%)
IS within 1 year before hospitalization, n (%)
CS within 1 year before hospitalization, n (%)
MGFA classification, n (%)

ITa

1Ib

JUIEY

11Ib

IVa

Vb

v

VAP (n=17)

27 (26)
53.53 + 18.02
1(5.33)

9 (52.94)

9 (52.94)
3(17.65)
11 (64.71)

2 (11.76)
1(5.88)
0
0
0
2(11.76)
12 (70.59)

Baseline pneumonia score and laboratory test within 24 h

CURB-65, median (IQR)

SIPF, median (IQR)

WBC count (x10°/L), median (IQR)

Lymphocyte (%), median (IQR)

Absolute count of lymphocyte (/ul), median (IQR)
Neutrophil (%), median (IQR)

Absolute count of neutrophil (/ul), median (IQR)
HCT (%), median (IQR)

SO, (%), median (IQR)

PaCO, (kPa), median (IQR)

PaO, (kPa), median (IQR)

BE (mmol/L), median (IQR)

Albumin (g/L), mean + SD

Globulin (g/L), mean + SD

A/G ratio, median (IQR)

0.5 (1)
1(1)
10.61 (4.45)
122 (11.3)
1(1.01)
79.5 (16.8)
6.79 (4.92)
34.6 (8.4)
98.9 (1.8)
6(1.14)
16.44 (8.73)
23 (4.1)
33.88 +5.85
3724 1222
0.79 (0.42)

CAP with MV (n = 60)

27.25 (25)
54.65 + 13.64
2(4.93)
30 (50)
32(53.3)
13 (21.67)
45 (75)

7 (11.67)
5(8.33)
2(333)
12 (20)
0
34 (56.67)
0

0(1)
1(1)

9.8 (5.74)
7.1(7)
066 (0.73)
86.05 (12.95)
857 (5.12)
36.7 (5.48)
96.9 (3.7)
5.665 (1.44)
13.92 (7.7)
2.5 (5.68)
33.68 +5.43
37.99 + 10.66
0.86 (0.4)

CAP without MV (n = 39)

135 (11.5)
49.95 + 15.65
2(5)

16 (41.03)
17 (43.59)
16 (41.03)
31 (79.49)

7 (17.95)

7 (17.95)

2 (5.13)

11 (28.21)
1

11 (2821)
0

0(1)
1(1)
8.13 (6.75)
117 (17.85)
1.19 (1.05)
79.2 (19.05)
639 (8.15)
37.8 (10.7)
97.75 (3.33)
575 (1.04)
119 (5.77)
23 (3.55)
37+ 463
32.52 £ 1076
1.2 (0.53)

p-value

0.004
0.31
0.7
0.67
0.62
0.08
0.51

0.76
0.34
0.81
0.04
0.53
<0.001
<0.001

0.66
0.14
0.22
<0.001
0.26
0.047
0.48
0.28
0.02
0.9
0.51
0.38
0.008
0.05
0.03

IQR, interquartile range; LOMG, late-onset myasthenia gravis; HCT, hematocrit; WBC, white blood cell; SO,, oxygen saturation; PaO,, partial pressure of oxygen; PaCO,, carbon dioxide;

BE, base excess; NLR, neutrophil-to-lymphocyte ratio.
P values less than 0.05 were highlighted in bold type.





OPS/images/fcimb.2022.1016728/fcimb-12-1016728-g004.jpg
>

Percentage

Resistance rate

100
50 W Sensitivity
M Resistance
0
-50
-100:
&F
¥ S
o ©
Antibiotics
Drug Sensitivity Drug Resistance
30|26 |30 2 22 Pseudomonas aeruginosa 2
2
30|35 30 30| 40 Klebsiella pneumonia
1
d £ Acinetobacter baumanni
[} o|lolo|o|o]|o 0 | o | Staphylococcus aureus pneumoniae a
4 ‘; Escherichia coli -1
Serratia marcescens
14 Stenotrophomonas maltophilia
TF8879L] §Ig8848¢
§§3§§9§§§ a§ §§o§§
S§ssg5:8° SgF3gsa
E 33 & 5 s g @ 5
3 E4
& R
Pseudomonas aeruginosa Klebsiella pneumoniae
100 80 .
4 Cefepime idii
* Ciprofioxacin Ciprofloxacin Ceftazidime
80 @ Cefoperazone L
-560 sMmz ,./. L , o
- ¢, Levofloxacin © -Piperacilin
60 Meropenem @ Aztreonam ¢~ i
Q . ® o Imipenem
le Imipenem § 40 Meropenem”
40 Aztreonam _3 o
\mikacin
N Cefoperazone » & 20 2 5,
smz L Cefepime Ceftazidime)
Amikacin_ © _Levofloxacin _Piperacilin . Tigecycine. .
o T T T 0 T T
0 20 40 60 80 0 20 40 60 80
Sensitivity rate Sensitivity rate

Resistance rate

S
S

»n
>

Acinetobacter baumannii

Imipenem  Giprofioxacin
© Cefepime L]

Meropenem

10

20 30
Sensitivity rate

40

© Ceftazidime
© Piperacillin





OPS/images/fcimb.2022.1016728/fcimb-12-1016728-g003.jpg
Pathogens

Pseudomonas aeruginosa

Klebsiella pneumoniae
Acinetobacter baumannii
Stenotrophomonas maltophilia
Escherichia coli

Serratia marcescens

Elizabethkingia Meningoseptica

) [ Resistance

Klebsiella aerogenes i
3 Non-resistance

Klebsiella oxytoca





OPS/images/fcimb.2022.925982/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2022.925982/fcimb-12-925982-g001.jpg





OPS/images/fcimb.2022.886359/table3.jpg
DDI Non-DDI Sensitivity Specificity

NGS positive 4 2 100.0% 94.7%
negative 0 36

T™s positive 2 0 50.0% 100.0%
negative 2 38

PPV

66.7%

100.0%

NPV

100.0%

95.0%

AcC

95.2%

95.2%

DDI, Donor derived infection; PPV, Positive predictive value; NPV, Negative predictive value; ACC, Accuracy.
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mNGS

Donor
ID blood pre-servation peri- hepatic liver
fluid tissue tissue
3 cs cs cs
24* vav vzv
KP
28* KP KP KP KP
35 KP KP KP
41* AB AB AB
KP KP KP
CG CG CG
42* AB

Pre-
LT

blood

BKPYW

HBV

AF

Recipient

blood

KP

KP

AB

KP

CG

AB

POD 1

drainage

right middle left

AB

cs

vzZv vzZv
KP

KP  KP
AB AB
KP  KP
CG cG
TV

AB AB

cs

vzv

KP
AB

AB

TMs

Donor

pre- servation peri- hepatic
fluid tissue

KP

KP KP

AB

RecipientPOD 1

blood drainage
fluid

KP

KP

AB, Acinetobacter baumannii; AF, Aspergillus flavus; BKPyV, BK polyomavirus; CG, Candida glabrata; CS, Clonorchis sinensis; HBV, Hepatitis B virus; KP, Klebsiella pneumoniae;

LT, Liver transplantation; POD, Post operation day; TTV, Torque teno virus; VZV, Varicella zoster virus.

*Nonor derived infection.
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R Thetimeof TMs based diagnosis mNGS based diagnosis Changes in treatment strategies by mNGS Follow-
symptoms results up
onset results

3 POD1 Negative AB intra-abdominal infection Cefepime changed to tigecycline Recovery

7 POD1 AB and Candida glabrata CMV and TTV detected in blood and drainage Added ganciclovir Recovery
pneumonia

24 POD1 Sepsis and pneumonia Probable DDI. KP bloodstream infection and Added ganciclovir and withdraw Death on
(donor derived CRKP pneumonia; VZV detected in donor and immunosuppressant POD 6
infection) subsequently in abdominal drainage of recipient

28 POD1 Sepsis, abdominal Probable DDI. KP bloodstream infection, intra- Withdraw immunosuppressant; dynamic changes Recovery
infection and pneumonia abdominal infection and pneumonia in reads guided the course of antibiotics use,
(donor derived CRKP while blood culture result had been negative
infection)

39 POD6 Urinary tract Enterococcus Both blood and abdominal drainage detected Meropenem changed to cefoperazone sulbactam, Recovery
faecium and SM infection negative and then was discontinued

40 POD1 Candida tropicalis Aspergillus fumigatus and candida tropicalis Added voriconazole Recovery
pneunomia detected in BALF

41 POD1 AB abdominal infection; Probable DDI; AB, KP and CA simultaneously Added polymyxin B for bloodstream infection and Recovery
(AB was positive in culture detected in donor as well as in blood and withdraw immunosuppressant
of preservation fluid) abdominal drainage of recipient

42 POD4 Candida tropicalis and SM Probable DDI; AB simultaneously detected in Added tigecycline and withdraw Recovery

cultured positively in
sputum

donor and subsequently in abdominal drainage
and blood of recipient

immunosuppressant

R, recipient; TMs, Traditional laboratory methods; LT, liver transplant; POD, Post operation day; AB, Acinetobacter baumannii; CMV, Cytomegalovirus; TTV, Torque teno virus; CRKP,
Carbapenem resistant kiebsiella pneumoniae; DDI, Donor derived infection; KP, Klebsiella pneumoniae; CA, Candida albicans; V2V, Varicella zoster virus; SM, Stenotrophomonas

maltophili

BALF, Bronchoalveolar lavage fiuid.
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POD 1 4 7 1 14 21

SDSMRN 121 324 537 390 246 177
Blood culture CRKP CRKP CRKP N N N

POD, Post operation day; SDSMRN, The number of unique reads of standardized species; CRKP, Carbapenem resistant klebsiella pneumoniae; N, Negative.
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Characteristics

Age (years)*
Median (Range)
Sex
Male
Outcome
Survival
Hospital stay (days)
Median (Range)
Past history
Surgery history
Hypertension
Diabetes
Diagnosis
Malignant tumor of liver
Hepatocarcinoma
Intrahepatic cholangiocarcinoma
Hepatocirrhosis
Hepatitis B cirrhosis
Primary biliary cirrhosis
Idiopathic cirrhosis
Acute liver failure
Secondary transplantation
Ascites
Antibiotic treatment within 1 months before surgery
Postoperative infection
Postoperative infection site
Pneumonia
Sepsis
Urinary tract
Intra-abdominal

*Age at start of liver transplantation surgery.

No.

36

40

ENEANNNC)

49 (21-72)

21.5(5-73)

%

85.7

95.2

45.2
16.7
14.3

66.7
24

16.7
24
24
24
71
81.0
33.3
19.0

75.0
25.0
37.5
50.0
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14
17*
19

24*

28"

20*
32*
36

39
41*

Sample

preservation fluid
perihepatic tissue

preservation fluid

perihepatic tissue
blood/liver tissue
preservation fluid

preservation fluid

preservation fluid

perihepatic tissue

blood/liver tissue
blood/liver tissue
preservation fluid
perihepatic tissue
preservation fluid
perihepatic tissue

TMs results

Staphylococcus lentus
Staphylococcus lentus

Escherichia coli

Staphylococcus aureus
HBV
Macrococcus caseolyticus

Klebsiella pneumoniae

Klebsiella pneumoniae

Klebsiella pneumoniae

HBV

HBV

Staphylococcus epidermidis
Staphylococcus epidermidis
Escherichia coli
Acinetobacter baumannii

mNGS results

Species

/
/

Bacteroides vulgatus
Corynebacterium urealyticum

Escherichia coli

Staphylococcus aureus
HBV

Macrococcus caseolyticus
Torque teno mini virus 7

Torque teno virus 15

Klebsiella pneumoniae
Candida albicans

Human herpesvirus 3

Klebsiella pneumoniae
Prevotella veroralis

Candida albicans
Klebsiella pneumoniae
Prevotella veroralis
Candida albicans

HBV

HBV

Staphylococcus epidermidis
Staphylococcus epidermidis
Escherichia coli
Acinetobacter baumannii
Klebsiella pneumoniae
Candida albicans

NO. of unique reads

/
/

50
32

1

10
13
122

898
882

15
1657
1307

Coverage %

/
/

0.0978
0.1191

0.0009

0.0889

39.25

0.6779
3.46

7.84

0.0565
0.0031

0.3195

1.98
2.03

0.0067
3.57
3.05

0.0056

21.74
4.67
0.0381
0.0019
0.0101
0.0448
0.085

0.0014

Depth

1.02
1.02

1.03

Correlation

no

yes

yes

yes
yes

yes

yes

yes
yes
yes

yes
yes

D, Donor: TMs, Traditional laboratory methods; mNGS, Metagenomic next-generation sequencing: HBV, Hepatitis B Virus; *donor was HBV positive; *Donor derived infection.
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Parameters

Age (mean, SD)
Male
Sampling year"
2019
2020
2021
2022
BMI (mean, SD)
Smoking history
Immunocompromised
Clinical symptoms
Cough
Expectoration
Weight loss
Dypnea
Fever
Chest pain
Abdominal pain
Diarrhea
Vomiting
Hemoptysis
Arthralgia
Neurological
Blood test result
White blood cell count (x10A9/L) (mean, SD)
Lymphocyte count (x10A9/L) (mean, SD)
Haemoglobin (g/L) (mean, SD)
Platelet count (x10712/L) (mean, SD)
CRP (mg/L) (median, IQR)

Erythrocyte sedimentation rate (mm/H)
(median, IQR)

T. whipplei positive
(n=70)

50 (11.18)
44 (62.9%)

9 (12.9%)

24 (34.3%)
25 (35.7%)
12 (17.1%)
23.17 (3.67)
21 (30%)

9 (12.9%)

23 (32.9%)
13 (18.6%)
9 (12.9%)
8 (11.4%)
7 (10%)
4 (5.7%)
4 (5.7%)
3 (4.3%)
3 (4.3%)
2 (2.9%)
1(1.4%)
1 (1.4%)

6.2 (2.05)
1.58 (0.58)
132 (21.4)
219 (72.7)
22,54 (1-11.12)
29.8 (5-47)

“The collection of sample began in March 2019, and ended in April 2022.
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RPM value
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Characteristic (meant [standard deviation] or

count [percentage])

Male

Age (years)

Smoking history

At least two hospitalization times per year
Abnormal environmental exposure history
Less than 2 weeks after onset
Mechanical ventilation

Hemodynamic instability

Clinical symptoms

Fever

Cough

Expectoration

Hemoptysis

Chest tightness/dyspnea

Abnormal breath sound

Underlying diseases

Bronchiectasis

Interstitial lung disease
Emphysema/COPD

Tuberculosis

Malnutrition

Diabetes

Solid tumors

Immunocompromised conditions
With HIV-infected

Systemic use of corticosteroids

Use of immunosuppressive agents
Use of cytotoxic drugs

Use of prior broad-spectrum antibiotics
Chest computed tomography images
Double lung infiltration

Multiple lesions

Aspergilloma

Nodular shadowing

Wedge or patchy shadowing
Cavitation sign

Crescent sign

Halo sign

Pleural effusion

Mediastinal lymphadenopathy
Thickening of the bronchial lumen
Abnormal changes under endoscopy
Laboratory findings

WBC (x10A9/L)

Neu (%)

CRP (mg/L)

PCT (>0.5 ng/ml)

ESR (>15 mm/h)

ALB (g/L)

Glucose control (HbA1¢>6.5%)
D-dimers (>0.55 ug/ml)

Type I respiratory failure (<60 mmHg)
Immunosuppression (CD4/CD8 ratio<1.4)
Serum (1,3)-B-D-Glucan (>100 pg/ml)

Pulmonary aspergillosis
patients(n = 12)

7 (58.3%)
60.3 + 149
4(33.3%)
6 (50.0%)
0 (0%)

7 (58.3%)
3 (25%)
0 (0%)

9 (75%)
11 (91.7%)
9 (75%)
3 (25%)
7 (58.3%)
9 (90% [n=10])

1(83%)
2 (16.7%)
3 (25%)
0 (0%)
5 (41.7%)
6 (50%)
3 (25%)

0 (0%)

6 (50%)
3 (25%)
5 (41.7%)
4(33.3%)

11 (91.7%)
11 (91.7%)
1(83%)
4(33.3%)
8 (66.7%)
2 (16.7%)
0 (0%)
0 (0%)
7 (58.3%)
3 (25%)
1(83%)
5 (71.4% [n=7])

Bexila
821106
626 +53.5
4 (364% [n=11])
8 (80% [n=10])
29.4 +49
4(57.1% [n=7])
11 (100% [n=11])
3 (42.9% [n=7])
5 (62.5% [n=8])
4(36.4% [n=11])

Non-pulmonary aspergillosis
patients(n = 21)

17 (81%)
67.8 + 17.4
9 (42.9%)
7 (33.3%)

1(4.8%)

15 (71.4%)
5 (23.8%)

4(19%)

14 (66.7%)
17 (81%)
4(66.7%)
3 (14.3%)
3 (61.9%)

18 (90% [n=20])

6 (28.6%)
2 (9.5%)
2(9.5%)
3 (14.3%)
6 (28.6%)
4 (19%)
6 (28.6%)

2 (9.5%)
3 (14.3%)
2(9.5%)
2 (9.5%)
3 (14.3%)

17 (81%)
18 (85.7%)
0 (0%)
6 (28.6%)
19 (90.5%)
0 (0%)
0 (0%)
0 (0%)
4(58.3%)
6 (28.6%)
6 (28.6%)
1 (73.3%[n=15])

9.7 +3.1
813+92
705 + 67.6

5(23.8% [n=21])
13 (92.9% [n=14])
333+48
3 (50% [n=6])
13 (72.2% [n=18])
5 (45.5% [n=11])
7 (50% [n=14])
3 (15.8% [n=19])

P-
value

0.230
0.399
0.719
0.465
1.000
0.471
1.000
0.271

0.710
0.630
0.710
0.643
1.000
1.000

0.223
0.610
0.328
0.284
0.471
0.114
1.000

0.523
0.044***
0.328
0.071
0377

0.630
1.000
0.364
1.000
0.159
0.125
NaN
NaN
0.716
1.000
0.223
1.000

0.837
0.837
0.940
0.681
0.550
0.447
1.000
0.126
1.000
0.675
0.372

HIV, human immunodeficiency virus; WBC, white blood cell; Neu, neutrophils; CRP, C-reactive protein; PCT, procalcitonin; ESR, erythrocyte sedimentation rate; ALB, albumin.

4P 05
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Number of Methods Pulmonary Non-pulmonary Sensitivity Specificity PPV (95% NPV (95%
cases aspergillosis cohort aspergillosis cohort (95% CI) (95% CI) CI) CI)
n=34 mNGS+ 11 6 91.7% (0.598-  71.4% (0.477- 64.7% (0.386- 93.8% (0.677-
_ 1 15 0.996) 0.878) 0.847) 0.997)
n=31 Conventional etiological 4 0 33.3% (0.113-  100% (0.791-  100% (0.396- 70.4% (0.497—
methods+ 0.646) 1) 1) 0.855)
- 8 19
n =31 G test+ 4 3 33.3% (0.113-  84.2% (0.595- 57.1% (0.202- 66.7% (0.447-
_ 8 16 0.646) 0.958) 0.882) 0.836)

Aspergillus detected by mNGS, Aspergillus detected by conventional etiological methods, and serum (1,3)-B-D-glucan level > 100 pg/ml were defined as positive.
PPV, positive predictive value; NPV, negative predictive value; CI, confidence interval; G, serum (1,3)-B- D-glucan.

Youden
index

0.63

033

0.18
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Modifications Pulmonary aspergillosis patients

(n=12)
No change 1 (8.3%)
Remove 1 antimicrobial agent type 3 (25%)
Increase antimicrobial spectrum 2 (16.7%)
Reduce antimicrobial spectrum 2 (16.7%)
Add anti-Aspergillus drugs 6 (50%)
Add TMP-SMZ 2 (16.7%)
Add anti-viral drugs 3 (25%)

TMP-SMZ, trimethoprim-sulfamethoxazole.
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A B

Klebsiella variicola
Prevotella
Campylobacter
Enterobacter kobei
Actinomyces viscosus
Actinomyces israelii

Without co-pathogens

Viruses Comamonas kerstersii
Porphyromonas

Pseudomonas aeruginosa

Enterococcus faecalis

Fungi+viruses Enterococcus faecium

Streptococcus
Streptococcus pneumoniae
Acinetobacter baumannii
Bacteria+fungi+viruses Klebsiella pneumoniae
Candida auris
Candida albicans
Pneumocystis jirovecii
Bacteria+fungi Human herpesvirus 6B
Human herpesvirus 7
polyomavirus
Cytomegalovirus
Torque teno virus
Human herpesvirus 1
Epstein-Barr virus

Bacteria

0 1 2 3 4 5 0 1 2 3 4 5
Number of cases Number of cases





