
Edited by  

Qing Wei, Edwin Kamau and Jiemin Zhou

Published in  

Frontiers in Cellular and Infection Microbiology

Targeted metagenomics 
in pathogen detection

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/research-topics/58024/targeted-metagenomics-in-pathogen-detection
https://www.frontiersin.org/research-topics/58024/targeted-metagenomics-in-pathogen-detection


May 2025

Frontiers in Cellular and Infection Microbiology 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-6398-4 
DOI 10.3389/978-2-8325-6398-4

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


May 2025

Frontiers in Cellular and Infection Microbiology 2 frontiersin.org

Targeted metagenomics in 
pathogen detection

Topic editors

Qing Wei — Genskey Co. Ltd, China

Edwin Kamau — Tripler Army Medical Center, United States

Jiemin Zhou — Vision Medicals Co, Ltd, China

Citation

Wei, Q., Kamau, E., Zhou, J., eds. (2025). Targeted metagenomics in pathogen 

detection. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-6398-4

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-6398-4


May 2025

Frontiers in Cellular and Infection Microbiology 3 frontiersin.org

05 Editorial: Targeted metagenomics in pathogen detection
Jiemin Zhou, Edwin Kamau and Qing Wei

08 Assistance of next-generation sequencing for diagnosis of 
disseminated Bacillus Calmette-Guerin disease with X-SCID 
in an infant: a case report and literature review
Haiyang Zhang, Yi Liao, Zhensheng Zhu, Hanmin Liu, Deyuan Li and 
Sisi Wang

18 Optimal selection of specimens for metagenomic 
next-generation sequencing in diagnosing periprosthetic 
joint infections
Jun Tan, Lingxiao Wu, Lijuan Zhan, Minkui Sheng, Zhongxin Tang, 
Jianzhong Xu and Haijun Ma

28 Combination of metagenomic next-generation sequencing 
and conventional tests unraveled pathogen profiles in 
infected patients undergoing allogeneic hematopoietic stem 
cell transplantation in Jilin Province of China
Hongyan Zou, Sujun Gao, Xiaoliang Liu, Yong Liu, Yunping Xiao, Ao Li 
and Yanfang Jiang

38 Long-term outcomes of survivors with influenza A H1N1 
virus-induced severe pneumonia and ARDS: a single-center 
prospective cohort study
Xiao Tang, Xiao-Li Xu, Na Wan, Yu Zhao, Rui Wang, Xu-Yan Li, Ying Li, 
Li Wang, Hai-Chao Li, Yue Gu, Chun-Yan Zhang, Qi Yang, 
Zhao-Hui Tong and Bing Sun

48 Mendelian randomization analysis identifies druggable genes 
and drugs repurposing for chronic obstructive pulmonary 
disease
Zihui Wang, Shaoqiang Li, Guannan Cai, Yuan Gao, Huajing Yang, 
Yun Li, Juncheng Liang, Shiyu Zhang, Jieying Hu and Jinping Zheng

62 Molecular characterization of vaginal microbiota using a new 
22-species qRT-PCR test to achieve a relative-abundance 
and species-based diagnosis of bacterial vaginosis
Ayodeji B. Oyenihi, Ronald Haines, Jason Trama, Sebastian Faro, 
Eli Mordechai, Martin E. Adelson and John Osei Sekyere

84 Target next-generation sequencing for the accurate 
diagnosis of Parvimonas micra lung abscess: a case series 
and literature review
Dongmei Zhang, Boyang Fan, Yuan Yang, Chunguo Jiang, Li An, 
Xue Wang and Hangyong He

93 The value of metagenomic next-generation sequencing with 
different nucleic acid extracting methods of cell-free DNA or 
whole-cell DNA in the diagnosis of non-neutropenic 
pulmonary aspergillosis
Xiaomin Cai, Chao Sun, Huanhuan Zhong, Yuchen Cai, Min Cao, 
Li Wang, Wenkui Sun, Yujian Tao, Guoer Ma, Baoju Huang, 
Shengmei Yan, Jinjin Zhong, Jiamei Wang, Yajie Lu, Yuanlin Guan, 
Mengyue Song, Yujie Wang, Yuanyuan Li and Xin Su

Table of
contents

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/


May 2025

Frontiers in Cellular and Infection Microbiology 4 frontiersin.org

108 Application of metagenomic next-generation sequencing 
and targeted metagenomic next-generation sequencing in 
diagnosing pulmonary infections in immunocompetent and 
immunocompromised patients
Yong Liu, Wencai Wu, Yunping Xiao, Hongyan Zou, Sijia Hao and 
Yanfang Jiang

119 Evaluation of phage-based decontamination in respiratory 
intensive care unit environments using ddPCR and 16S rRNA 
targeted sequencing techniques
Yinghan Shi, Weihua Zhang, Lina Li, Wencai Wu, Mengzhe Li, 
Kun Xiao, Kaifei Wang, Zhaojun Sheng, Fei Xie, Xiuli Wang, Xin Shi, 
Yigang Tong and Lixin Xie

129 Metagenomic next-generation sequencing targeted and 
metagenomic next-generation sequencing for pulmonary 
infection in HIV-infected and non-HIV-infected individuals
Luyao Sun, Kaiyu Zhang, Yong Liu, Lihe Che, Peng Zhang, Bin Wang 
and Na Du

138 Application of metagenomic next-generation sequencing in 
the diagnosis of infectious diseases
Yu Zhao, Wenhui Zhang and Xin Zhang

153 Metagenomic next-generation sequencing of cerebrospinal 
fluid: a diagnostic approach for varicella zoster virus-related 
encephalitis
Jin Tang, Kaimeng Wang, Haoming Xu and Jingzhe Han

159 Clinical application of targeted next-generation sequencing 
in pneumonia diagnosis among cancer patients
Ke Yang, Jiuzhou Zhao, Tingjie Wang, Zhizhong Wang, Rui Sun, 
Dejian Gu, Hao Liu, Weizhen Wang, Cuiyun Zhang, Chengzhi Zhao, 
Yongjun Guo, Jie Ma and Bing Wei

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/


Frontiers in Cellular and Infection Microbiology

OPEN ACCESS

EDITED AND REVIEWED BY

Nahed Ismail,
University of Illinois Chicago, United States

*CORRESPONDENCE

Qing Wei

vubwqing@hotmail.com

RECEIVED 16 April 2025

ACCEPTED 05 May 2025
PUBLISHED 16 May 2025

CITATION

Zhou J, Kamau E and Wei Q (2025)
Editorial: Targeted metagenomics in
pathogen detection.
Front. Cell. Infect. Microbiol. 15:1612802.
doi: 10.3389/fcimb.2025.1612802

COPYRIGHT

© 2025 Zhou, Kamau and Wei. 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.

TYPE Editorial

PUBLISHED 16 May 2025

DOI 10.3389/fcimb.2025.1612802
Editorial: Targeted
metagenomics in
pathogen detection
Jiemin Zhou1, Edwin Kamau2 and Qing Wei3,4*

1Medical Marketing Center, Vision Medicals Co, Ltd, Guangzhou, China, 2Department of Pathology and
Area Laboratory Services, Tripler Army Medical Center, Honolulu, HI, United States, 3Shanghai Cinopath
Medical Laboratory Co., Kindstar Globalgene Technology Inc., Shanghai, China, 4Department of
Research and Development, Kindstar Global Precision Medicine Institute, Wuhan, China

KEYWORDS

metagenomics, next generation sequencing, clinical microbiology, infectious dieseases,
targeted metagenomics
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Targeted metagenomics in pathogen detection
Introduction

Infectious diseases are the leading cause of morbidity and mortality worldwide,

accounting for approximately 25.5% of global deaths (Diseases and Injuries, 2020). The

low sensitivity of conventional diagnostic methods and long turnaround times pose

significant challenges for timely and accurate diagnosis, which is critical for improving

patient prognosis. Unbiased metagenomics, a high-throughput and non-targeted

technology used to analyze all genomic information in a sample, has been widely used to

diagnose various infections, such as bloodstream infections, abdominal cavity infections,

and central nervous system infections. Metagenomics has become a promising detection

method for infectious diseases. While targeted metagenomics, a modified technique,

focuses on sequencing specific genes or microbial communities, providing more focused

data on selected regions or species, and it allows for the selective enrichment and

sequencing of specific microbial species or communities within complex samples, such

as those found in clinical settings. This technique is particularly useful when traditional

culture-based methods fail to detect the causative pathogen or when multiple pathogens are

present in the same sample. Therefore, targeted metagenomics has the potential to

revolutionize the diagnosis and treatment of infectious diseases in clinical settings,

providing a more personalized approach to healthcare.
Goals of targeted metagenomics

The primary objective of targeted metagenomics is to identify and characterize

microbial communities in clinical samples—such as blood, urine, and sputum—to aid in

the diagnosis and treatment of infectious diseases. Additionally, targeted metagenomics has

applications in other fields, including agriculture and forensic medicine. This technique
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seeks to lower the cost of conventional metagenomics, which has

been proposed as a method to detect all potential pathogens in

clinical samples. In addition, targeted metagenomics seeks to

improve the performance of current approaches, such as 16S/18S

rRNA-based amplicon sequencing and custom-designed primer

pools. Establishing guidelines to standardize the workflow of

targeted metagenomics across different sequencing platforms is

also a key objective. Ultimately, targeted metagenomics aims to

offer an affordable, accurate, and fast approach for precise

pathogen detection.
Clinical applications of targeted
metagenomics

Immunocompromised patients are more susceptible to

infections by rare (Zhan et al., 2021), regional (Ramirez et al.,

2020), and emerging (El Zein et al., 2020; Fishman, 2023)

pathogens, posing significant challenges for the clinical

application of targeted metagenomics. Liu et al. retrospectively

enrolled 546 immunocompetent and immunocompromised

patients with suspected community-acquired pneumonia to

evaluate the performance of metagenomics and targeted

metagenomics. The total coincidence rate of targeted

metagenomics was much higher than that of metagenomics, with

final comprehensive clinical diagnoses as the reference standard.

However, there were few negative cases with non-infectious

diseases, resulting in slight bias in calculating specificity. Sun

et al. assessed the performance of targeted metagenomics in

diagnosing pulmonary infections in HIV-infected patients, finding

an 86.7% concordance rate for the detection of main pathogens,

while it was a small-sample, single-center research study, which

might limit the accuracy of the study. Yang et al. investigated

diagnostic value of targeted metagenomics in cancer patients with

pneumonia and found its sensitivity can reach up to 84.6%. They

also pointed out that the main limitation was sample size was small.

Using targeted metagenomics, Zhang et al. provided a case report

on Mycobacterium bovis infection in an infant, and patients with

lung abscesses caused by Parvimonas micra were successfully

diagnosed by Zhang et al.

Beyond pathogen detection, Zou et al. performed hybridization

capture-based targeted metagenomics on patients undergoing

allogeneic hematopoietic stem cell transplantation at different

intervals to monitor medication efficacy, providing significant

reference for treatment strategies. They also proposed that

targeted metagenomics can be used to rule out infections.

However, RNA viruses were considered. Shi et al. used 16S rRNA

amplicon sequencing to investigate the succession of microbial

communities in intensive care units treated with bacteriophage,

finding that the relative abundance of target pathogens decreased

while overall species diversity remained stable. Future research

should focus on long-term observation of pathogen dynamics

and mutations in bacterial phage receptor sites following

phage treatment.
Frontiers in Cellular and Infection Microbiology 026
Technical improvement of targeted
metagenomics

Targeted metagenomics with high sensitivity has reduced the

economic burden on patients, and its extensive application can be

expected (Sun et al., 2025). Given the high sensitivity of PCR and

the high throughput of mNGS, targeted metagenomics can detect

pathogens with predesigned primers in the panel (Huang et al.,

2023; Li et al., 2021). However, adding more primers targeting a

broader range of pathogens to the panels can produce more primer

dimer species, reducing the mapping rate (Xie et al., 2022) and

increasing the likelihood of missing certain pathogens. Considering

the epidemiology of pathogens characterized by geographical

specificity (Ramirez et al., 2020), rarity (Zhan et al., 2021), and

novelty (El Zein et al., 2020; Fishman, 2023), Liu et al. proposed the

designing and developing regional targeted metagenomics (Xia

et al., 2023; Xie et al., 2022) should be performed, and an era of

widespread application of regional targeted metagenomics in

diagnosing and monitoring infections with high sensitivity and

low economic burden on patients can be expected.
Challenges and limitations of targeted
metagenomics

A published study explored the feasibility of capture hybridization-

based targeted metagenomics and multiplex PCR-based targeted

metagenomics in distinguishing lower respiratory tract infections in

clinical practice. Although these methods can decrease costs with high

detection ability, they have disadvantages, including long research and

development cycles, limited targets, and the need to accumulate

enough samples for sequencing (Yin et al., 2024). Zhao et al.

provided a comprehensive review of the application of

metagenomics in diagnosing infectious diseases, summarizing the

advantages and disadvantages of targeted metagenomics, while

health economic evaluations of metagenomics should be conducted.
Future directions of targeted
metagenomics

Given the current application scenarios, future studies can be

carried out as follows:
1. Development and improvement of compatible primer

pools to enhance amplification efficiency of blood

samples, addressing severe nucleic acid fragmentation due

to broad-spectrum antibiotics.

2. Large-scale cohort studies to evaluate host responses to different

infections, determining host biomarkers for assisted diagnosis

in targeted metagenomics. Combining immune repertoire

analysis to characterize immunological exhaustion signatures

and establishing an infection-immunity interaction model.
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3. Appl icat ion of syndromic panels for targeted

metagenomics in diagnosing infections in blood culture,

respiratory specimens, stool, and cerebrospinal fluid.

4. Technical innovation in primer design, primer dimer

cleanup, turnaround time optimization, fast sample

preparation, and sequencing protocols to promote quick

application of targeted metagenomics in clinical settings.
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Bacille Calmette-Gueŕin (BCG) is a live strain of Mycobacterium bovis (M.bovis)

for use as an attenuated vaccine to prevent tuberculosis (TB) infection, while it

could also lead to an infection in immunodeficient patients. M.bovis could infect

patients with immunodeficiency via BCG vaccination. Disseminated BCG disease

(BCGosis) is extremely rare and has a high mortality rate. This article presents a

case of a 3-month-old patient with disseminated BCG infection who was initially

diagnosed with hemophagocytic syndrome (HPS) and eventually found to have

X-linked severe combined immunodeficiency (X-SCID). M.bovis and its drug

resistance genes were identified by metagenomics next-generation sequencing

(mNGS) combined with targeted next-generation sequencing (tNGS) in blood

and cerebrospinal fluid. Whole exome sequencing (WES) revealed a pathogenic

variant in the common g-chain gene (IL2RG), confirming X-SCID. Finally,

antituberculosis therapy and umbilical cord blood transplantation were given

to the patient. He was successfully cured of BCGosis, and his immune function

was restored. The mNGS combined with the tNGS provided effective methods

for diagnosing rare BCG infections in children. Their combined application

significantly improved the sensitivity and specificity of the detection of M.bovis.
KEYWORDS

Bacillus Calmette-Guérin, next-generation sequencing, whole exome sequencing,
immunodeficiency, vaccine
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Introduction

Bacille Calmette-Gueŕin (BCG) is a live strain ofMycobacterium

bovis (M.bovis) for use as an attenuated vaccine to prevent

tuberculosis (TB) infection. It remains the only vaccine against TB

in general use in China. Localized adverse reactions, including

hypersensitivity, abscess formation, and regional lymphadenitis

following BCG vaccination, are common and self-limiting.

Disseminated BCG disease (BCGosis) is extremely rare, while it

can lead to high mortality in infants with the immunodeficient

disease (Amanati et al., 2017; Lange et al., 2022). The early

symptoms of this infection are very insidious and not specific, so

a timely diagnosis could contribute to early treatment and be life-

saving. High-throughput sequencing technology may have potential

advantages in the diagnostic field of BCGosis. Metagenomics next-

generation sequencing (mNGS) can detect a wide variety of

organisms, but cannot achieve comprehensive detection of drug

resistance genes. Targeted next-generation sequencing (tNGS) has a

higher specificity than mNGS, and the species and origin of the

bacteria can often be specifically identified. Through specific

capture techniques, different drug resistance genes can be

captured by tNGS (Beviere et al., 2023). Here, we report a rare

case of severe X-linked severe combined immunodeficiency (X-

SCID) with disseminated BCG infection that was initially presented

with hemophagocytic syndrome (HPS) and eventually received

umbilical cord blood transplant (UCBT). We identified the

presence of infection quickly and found its resistance gene

through mNGS combined with tNGS. Through this case, we

proposed that mNGS combined with tNGS could effectively and

rapidly identify BCGosis in potentially immunodeficient patients.
Case presentation

A 3-month-old male infant had sudden, unprovoked bouts of

high fever in October 2022. Anti-infective treatment with

ceftriaxone for 3 days was ineffective. Miliary red papules

appeared all over the body gradually He was transferred to the

pediatric intensive care unit (PICU) of West China Second

University on October 14, 2022. The patient did not have

diarrhea. He had no history of recurrent infection since birth. His

parents denied a family history of Mycobacterium tuberculosis

(MTB) infection, immunodeficiency, or consanguineous marriage.

There’s no history of sudden death in infancy in his immediate

family. He was born at term and received an intradermal injection

of 0.1 ml of BCG vaccine on the left upper arm on day 1 after birth.

The growth and development of the child were within the

normal range.

The physical examination at admission showed temperature of

38.6°C, respiratory rate of 56 times/min, pulse rate of 190 times/min,

blood pressure of 73/59mmHg, height of 60 cm, and weight of 6.8 kg.

Scattered red papules were observed on the pale skin of his chest and

abdomen. The BCG scar had crusted over without redness or

suppuration. No thrush was found in the buccal mucosa. No

enlarged superficial lymph nodes were palpable. The three-concave

sign was positive, and the breath sounds of both lungs were rough
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without moist rales. An abdominal examination revealed

hepatosplenomegaly. The liver was enlarged, with its lower edge

6 cm below the right costal margin. A palpable splenic edge was felt

8 cm below the left costal margin. Laboratory studies at the time of

admission revealed hemoglobin (Hb) of 87 g/L, white blood cell count

(WBC) of 4.7×109/L, lymphocyte of 1.44×109/L, neutrophils of

3.21×109/L, and platelet count of 58×109/L. CRP was 148.8 mg/L.

PCT was 2.05 ng/ml. Coagulation tests suggested a hypercoagulable

state (D-dimer was 27.95 mg/L, fibrin degradation products were 76.6

ug/L). The polymerase chain reaction (PCR) of Epstein-Barr virus

(EBV) and Cytomegalovirus (CMV) was negative. The purified

protein derivative (PPD) skin test (72 h) and T-cell spot test for

tuberculosis infection (T-SPOT) were negative. A chest X-ray

revealed slight infiltrate in both lungs. His initial diagnosis at

admission was sepsis, severe pneumonia, and coagulopathy.

The patient received nasal high-flow ventilation immediately

after admission. Anticoagulant therapy and empirical antibiotic

treatment with intravenous imipenem (120 mg/kg/day, q6h) were

administered to him. On the 2nd day of admission, the

inflammatory markers were further increased (PCT > 150 ng/ml).

The level of ferritin in the serum was 3022.70 ng/ml (normal range:

10-291 ng/ml). Dexamethasone (0.5 mg/kg/day, qd) was given as an

empirical treatment for hemophagocytic syndrome (HPS). At the

same time, the patient developed irritability and repeated moaning,

indicating mild disturbance of consciousness. Subsequently, the

patient began to show positive signs of meningeal irritation

including projectile vomiting, increased muscle tone, and positive

neck stiffness. We performed a cerebrospinal fluid (CSF) test

because of his severe infection and worsening state of

consciousness. The cytological and biochemical results of the CSF

were normal. In addition, we applied samples of peripheral blood

and CSF (2 ml each) for mNGS. On day 3, the results of natural

killer (NK) cell activity were shown as 24.25%, and the soluble

CD25 (sCD25) was 14784 pg/ml. The criteria of the HPS diagnostic

criteria were fulfilled (Henter et al., 2007). HPS was confirmed.

Etoposide (150 mg/m2/day, biw) was implemented with reference

to the hemophagocytic lymphohistiocytosis-1994 protocol (Henter

et al., 1997). On day 4, Xpert Mycobacterium tuberculosis and

rifampicin resistance detection (Xpert MTB/RIF) from the sputum

revealed positive for MTB, but negative for RIF. MTB-PCR was

weakly positive in sputum. For this patient, we collected the deep

sputum samples by nasotracheal suction. MTB complex (23178

reads in blood and 15710 reads in CSF) was detected via mNGS

(Hugobiotech, Beijing, China, Table 1). A four-tuberculostatic drug

regimen included isoniazid (H, 15 mg/kg/day, peros), rifampin (R,

15 mg/kg/day, peros), pyrazinamide(Z, 33 mg/kg/day, peros) and

ethambutol (E, 19 mg/kg/day, peros). On day 7, M.bovis with

resistance to pyrazinamide was identified by tNGS of the blood

(Hugobiotech, Beijing, China). The drug resistance gene was pncA

(Table 1). Levofloxacin(L, 15 mg/kg/day, peros) was added for anti-

tuberculosis treatment, and pyrazinamide was discontinued.

Immunologic studies showed T cells and NK cells were very low,

while B cells were present. The immunoglobulin profile was within

the lower range (Table 2). The chest computed tomography (CT)

revealed the absence of a thymus and showed a hazy opacity

(Figure 1). To sum up, the infant developed severe BCGosis and
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progressed rapidly, even developing complicated HPS. People with

normal immune systems are usually not susceptible toM.bovis. The

clinical findings, the imaging absence of thymus, and decreased

cellular and humoral immune function suggested that the child may

have primary immunodeficiency (PID). The clinical standard for
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diagnosis of PID was to conduct high-throughput sequencing of the

whole genome exon. Therefore, 2 mL of peripheral blood from each

of the family members was identified for a gene mutation through

whole exome sequencing (WES). The results of the WES revealed a

pathogenic variant (Exon 3: c.391C > T; p.Gln131Ter, acquired

from the mother), in the common g-chain gene (IL2RG),

confirming X-SCID. This variant was a nonsense hemizygous

variant, which caused the Glutamine at 131th changed the stop

codon. The variant was not collected in healthy population

database. Previous study reported this variant in association with

X-linked SCID, it was predicted to cause loss of normal protein

function either through protein truncation or nonsense-mediated

mRNA decay. So, finally it was classified as pathogenic. In this case,

the T cell counts were less than 0.05×109/L, and the pathogenic gene

was identified. According to the 2022 diagnostic criteria from the

Primary Immune Deficiency Treatment Consortium’s (PIDTC’s)

(Dvorak et al., 2023), we identified the case as a classical SCID.

1 month after the diagnosis of X-SCID, the patient received

UCBT from unrelated donors (matched for 8/10 HLA alleles) after a

conditioning chemotherapy regimen that included busulfan and

cyclophosphamide. Regular infusions of immunoglobulin and

etanercept were required in the post-transplant course. The

HREL-based anti-tuberculosis regimen was used for 9 months. 6

months after UCBT, the patient was free from recurrent infections.
TABLE 2 Immunological data before/after hematopoietic stem cell transplantation (humoral immunity and cellular immunity).

Pre-transplant
Post-transplant

3 months 4 months 6 months

Humoral immunity: lymphocyte subsets (×109/L)

CD3+ cells 0.03 0.1 1.56 2.73

CD4+ cells 0.01 0.08 0.49 0.84

CD8+ cells 0.01 0.03 1.06 1.88

CD4/CD8 1 2.67 0.46 0.45

CD19+ cells 0.97 0.01 0.01 0.02

CD56+ cells (NK cells) 0.01 0.23 1.05 1.03

Cellular immunity: immunoglobulins (g/L)

IgG 1.7 20.6 16.9 18.2

IgA 0.07 0.15 0.07 0.17

IgM 0.16 1.23 4.16 1.31
TABLE 1 The data of mNGS and tNGS.

Method Sample Pathogen Sequence number (reads) Confidence
Relative

abundance (%)
Drug resistance gene

mNGS CSF MTB 15710 high 10.81 no

mNGS blood MTB 23178 high 99.55 no

tNGS blood M. Bovis 4459 high no pncA
FIGURE 1

The chest CT revealed the absence of a thymus.
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During follow-up, there were no abnormalities in blood routine or

ferritin. Re-examination of immunologic studies showed T cell

counts (CD3, CD4 and CD8) and NK cell counts (CD56)

returned to normal, while B cell counts (CD19) remained low

(Table 2). After UCBT, we quantitatively assessed the post-

transplant mosaicism status of this patient at regular intervals

over 8 months. The final assessment results showed that donor

cells accounted for 100% and T cells accounted for 99.82% of the

peripheral blood after transplantation, both of which showed

complete chimerism (Table 3). Mosaicism status was defined

according to the rate of donor chimerism (DC) after

transplantation. DC≥95% indicated a complete chimeric state

(Locatelli et al., 2013). We have summarized the timeline of

patient treatment and disease progression in Figure 2.
mNGS and tNGS methods

The patient presented with sepsis at the beginning of admission.

Pathogen cultures were performed on blood, sputum and CSF

samples from the patient. All samples were cultured for 14 days,

but the results were negative. In order to find the agent of infection

as soon as possible, we tested the patient for mNGS. Blood and CSF

samples were transported to Hugobiotech Co., Ltd. (Beijing) for

nucleic acid extraction and mNGS. Blood samples (2-4 ml from the

patient) were collected in the Cell-Free DNA BCT STRECK and

then stored or shipped between 6-35°C for mNGS detection

immediately. CSF samples (2-3 mL) were collected, then sterile

sealed, stored at -20°C, and transported on dry ice for mNGS

detection immediately. We extracted and purified DNA from 200 ul

of plasma according to the instructions (YGZZ015, Hugobiotech,

Beijing, China) for the QlAamp DNAMicro Kit (50) #56304. Qubit

3.0 fluorimeter (Q33216, Invitrogen, USA) and agar-gel

electrophoresis (UVC1-1100, Major Science, USA) were

performed to verify DNA concentration and quality. QIAseqTM

Ultralow Input Library Kit was used to construct the DNA libraries

for mNGS. We pooled qualified libraries with different barcode

labeling and sequenced them using the Illumina Nextseq 550

sequencing platform (Illumina, San Diego, USA) and SE75bp
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sequencing strategy. By removing adapters, low-quality, low-

complexity, short reads, and adapter-related data from mNGS

sequencing data, high-quality data were obtained. We removed

human reads by mapping them to the human reference genome

using SNAP software and aligned the remaining reads to the

Burrows-Wheeler Alignment (BWA) database. The National

Center of Biotechnology Information (NCBI) provided the

genomes for the database. The microbial composition of the

sample was finally determined. The reads mapped to the MTB

genome with coverage of 14.8487% in the blood (Figure 3A) and

29.1761% in the CSF (Figure 3B). The distribution of species-

specific reads aligns with the MTB in the blood and CSF,

respectively. The average length of each read was 75 bp.

After MTB was found in mNGS in both blood and CSF, tNGS

were further performed for patients in order to screen out the

species, subgroups and drug resistance genes of MTB. The DNA

library for tNGS was constructed according to the operation manual

of the General Kit for Identification and Drug Resistance Gene

Detection of MTB Complex Group (YGZZ016, Hugobiotech,

Beijing, China). Library quality control was performed with a

Qubit 3.0 fluorimeter (Invitrogen, Q33216) and an Agilent 2100

Bioanalyzer (Agilent Technologies, Palo Alto, USA). Qualified

DNA libraries with different barcodes were pooled and sequenced

using the Illumina Nextseq 550 sequencing platform and SE75bp

sequencing strategy. After the sequencing data was disassembled,

the splices, low-quality simple repeats, and N-sequence data were

removed to obtain high-quality sequencing data, and the human

genome data was filtered through the BWA. The remaining

sequencing data was compared with the dedicated microbial

database blast to complete the species identification analysis of

the target pathogen. The database was originally from NCBI. After

manual collection and processing, it contained 49 kinds of

microorganisms, including 10 types of MTB complex group and

39 kinds of nontuberculous mycobacteria (NTM). Blastn was used

to compare the fragments with resistance markers to the reference

sequences of drug resistance genes to find polymorphic loci (SNPS)

and obtain relevant information on the corresponding drug

resistance genes. Through the above tNGS detection process, we

accurately identified the M. Bovis. The drug resistance gene

was pncA.

We used sterile deionized water as a negative template control

(NTC) and synthesized fragments with known quantities as a positive

template control (PC). As quality control steps, NTC and PC were

included in each wet lab procedure and bioinformatics analysis. In

the case of Cryptococcus and MTB, positive mNGS results were

considered when at least 1 unique read was mapped to species level

and absent in NTC or when the ratio of reads per million (RPM)

between sample and NTC (RPMsample/RPMNTC) > 5 as RPMNTC≠0.

The above process ensured that mNGS combined with tNGS had

significant sensitivity and specificity in detecting MTB.
WES methods

Exons cover most of the genetic information related to protein

coding, which plays a vital role in the normal function and health of
TABLE 3 The post-transplant rate of DC.

Detection
time

(Post-transplant)

The rate of DC (%)

Peripheral blood T cell

2 weeks 99.36 93.12

4 weeks 70.1 81.6

2 months 85.95 89.16

3 months 95.86 95.67

4 months 98.42 99.82

5 months 100 99.25

6 months 99.85 99.63

8 months 100 99.82
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life. WES generally has high sensitivity and can detect many types of

mutations, including single nucleotide variations (SNVs) and small

insertions or deletions (Indels). In this case, the genomic DNA

obtained from all available family members was used for WES and

Sanger Sequencing (Biosune). Then WES was performed based on

the GenCap® Whole Exon Gene Capture Probe V6.0. Multiple

software programs were used to read the alignment to the human

reference genome GRCh37/hg19 and annotate variants. The

average coverage depth for the WES is 138.92 X, and the base

coverage (≥20 X) in the target region is 97.01%. The identified

mutations were assessed by referencing the Human Gene Mutation

Database (HGMD), the Single Nucleotide Polymorphism Database

(dbSNP), the Online Mendelian Inheritance in Man (OMIM), and

ClinVar databases. Subsequently, all identified mutations were

filtered based on clinical attributes, inherent patterns, and data

from the Genome Aggregation Database (gnomAD) and the Exome

Aggregation Consortium (ExAC) databases.

PCR samples were visualized on an agarose gel in the ABI

PRISM 3730 genetic analyzer (Thermo Fisher Scientific, USA),

which performed purification and sequencing using the

terminated cycle sequencing method. The mutation sites were

identified by comparing the DNA sequence with the NCBI

database. A pair of primers were designed to amplify exon 3 of

the IL2RG gene (NM_000206.3). The forward primer sequence was
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5’-TACCTCCTCCCTTCCCATCA-3 ’. The reverse primer

sequence was 5’-AAAGTCCAGAAGTGCAGCCA-3’, and the

amplified fragment length was 298 bp. Purified PCR products

with a size of 298 bp were sequenced by Sanger Sequencing.

DNASTAR (Madison) software was used to analyze the

sequencing results.

Finally, a flash analysis platform was used to analyze the

pathogenicity of variation, and the possible variation loci were

determined. The pathogenicity of variation loci was also analyzed

according to ACMG (American College of Medical Genetics and

Genomics) genetic variation classification criteria and guidelines

(Richards et al., 2015). Considering the proband’s clinical features,

SCID associated genes was searched and obtained from OMIM

database (https://www.omim.org/). All variants located in exon and

classic splicing regions was obtained for further analysis. Variants

with a minor allele frequency of <0.01 in the gnomAD/ExAC

database were obtained for following pathogenic classification. The

IL-12/23/ISG15-IFN-g and other related genes associating with X-

linked SCID were carefully considered. Through the above WES and

Sanger Sequencing process, we accurately identified the mutation in

the IL2RG gene (Exon 3: c.391C>T; p.Gln131Ter) in the patient

(Figure 4). The genetic detection of the father was wild-type, and the

genetic detection of the mother was with respect to the mutation in

the IL2RG gene (Exon 3: c.391C>T; p.Gln131Ter. Figure 4).
BA

FIGURE 3

Diagnosis of MTB infection using mNGS. (A) The reads mapped to the MTB genome with coverage of 14.8487% in the blood. The distribution of
species-specific reads aligns with the MTB in the blood. (B) The reads mapped to the MTB genome with coverage of 29.1761% in the CSF. The
distribution of species-specific reads aligns with the MTB in the CSF.
FIGURE 2

The treatment timeline of the patient.
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Systematic review

We searched PubMed, Web of Science databases, Embase, and

Medline from 1993 to 2023. The keywords were “X-SCID” and

“BCG disease”. We extracted the following details from each article:

first author, vaccination, clinical manifestation, detection method,

complication, therapy and outcome. We summarized a total of 7

articles from our literature search in Table 4 (Culic et al., 2004;

Huang et al., 2006; Jaing et al., 2006; Bacalhau et al., 2011; Shi et al.,

2020; Maron et al., 2021; Liu et al., 2022).
Discussion

The BCG is a live attenuated vaccine strain of M.bovis that is

commonly used to prevent MTB infection. Once BCG is inoculated

into the body, it can cause an extremely mild asymptomatic

infection, thereby inducing the body to produce memory T

lymphocytes and ultimately achieving the purpose of preventing

tuberculous meningitis and disseminated MTB infection in infants

and young children. The BCG vaccination is considered safe for

competently immune infants. However, in patients with

immunosuppression or BCG treatment for bladder cancer,

postvaccination or posttreatment adverse reactions may occur,

which may manifest as local adverse reactions, lymphadenitis,

disseminated BCG disease, immune reconstructive inflammatory

syndrome, and osteomyelitis (Toskas et al., 2022). M.bovis is

naturally resistant to pyrazinamide (de la Morena et al., 2017).

From a multicentre study, the incidence of BCGosis and BCGtis in

SCID was 34% and 19%, respectively (Marciano et al., 2014). The

overall mortality of BCGosis ranged from 50% to 71% (Amanati

et al., 2017; Ong et al., 2020). While a potentially life-threatening

BCGosis with an overall fatality rate of 50% and higher could arise

in PID, which was 0.06 to 1.56 per million vaccinated children

(Amanati et al., 2017; Lange et al., 2022). Early detection and

appropriate treatment are lifesaving for them. However, it often
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took 1.5 to 2 months from the early onset to the diagnosis of MTB

infection, probably due to a lack of exposure and poor specificity of

symptoms in children (Ong et al., 2020; Thomas et al., 2022).

In this case, The infant was predisposed toM.bovis due to SCID.

The known gene defects that cause SCID include IL2RG, ADA,

IL7R, RAG1, RAG2, JAK3, DCLRE1C, PTPRC, BCL11B, RMRP,

CD3E, CD247, NHEJ1, CORO1A, LIG4, PRKDC, LAT, RAC2, AK2

and TTC7A (Tangye et al., 2020). Considering the proband’s clinical

features, SCID associated genes was obtained from OMIM database

(https://www.omim.org/). The IL-12/23/ISG15-IFN-g and other

related genes associating with SCID were carefully considered. All

variants located in exon and classic splicing regions was obtained

for further analysis. Variants with a minor allele frequency of <0.01

in the gnomAD/ExAC database were obtained for following

pathogenic classification according to the ACMG guideline.

Finally, the proband was diagnosed with X-SCID by WES. PID is

a group of heterogeneous diseases dominated by T/B cell defects

accompanied by other cell defects to varying degrees. X-SCID is due

to defects in the IL2RG. IL2 was discovered as a T cell growth factor

that can potently boost the cytolytic activity of NK cells. This

receptor subunit is shared by several different cytokine receptor

complexes. Pathogenic variants in this gene often cause absent T

cells and NK cells with nonfunctional B cells via the blockade of

multiple cytokines (Spolski et al., 2018). X-SCID usually manifests

as extreme susceptibility to infections, which may lead to death in

the first few months of life unless immunologic reconstitution is

achieved (Lange et al., 2022). For patients with X-SCID, the tubercle

bacilli continue to proliferate, even leading to BCGosis after the

BCG vaccine due to an ineffective cell-mediated immune response.

In China, BCG is regularly recommended for newborns in the first

month of their lives without screening for PID. In the majority of

immunocompromised populations, BCG might be a major cause of

infection and an obstacle to future immune reconstitution (Zhang

et al., 2011; Norouzi et al., 2012). Further screening should be

performed for children with repeated infections, even if the

screening results for latent TB infection are negative. Children

with X-SCID had the highest survival rate after receiving

transplantation before 3.5 months (Hardin et al., 2022). Key

clinical information on the incidence, prevalence, treatment status

and long-term prognosis of X-SCID in China is still incomplete.

Due to the large population base and high testing costs, neonatal

screening for X-SCID is not widespread in China. X-SCID network

registration and data collection for clinical epidemiology are further

needed in China. For infants with a family history, immunological

screening should be performed before BCG vaccination. The family

histories included a history of immunodeficiency in the immediate

family or an unexplained early death. If the parents are recently

married, the child should also be included in the scope of PID

screening. The ultimate cure for X-SCID is suggested to be

hematopoietic stem cell transplantation. After transplantation,

regular monitoring of humoral immunity, cellular immunity and

mosaicism status is required to comprehensively evaluate the

transplantation effect and immune reconstitution (Locatelli et al.,

2013). Among them, the CD4/CD8 T cell ratio is an indispensable

monitoring indicator. The reversed CD4/CD8 T cell ratio usually

indicates immunosuppressive status or reduced rejection after
FIGURE 4

Genetic detection of the variant in the IL2RG gene (Exon 3:
c.391C>T; p.Gln131Ter) among the patient, his father (wild-type) and
his mother (carrier).
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TABLE 4 BCG disease in X-SCID patients in recent 30 years.
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Author Age
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manifestation
Screening
for TB im

Liu S
(Richards
et al., 2015)

5m
vaccinated
at birth

fever, cough and
respiratory
insufficiency

not mentioned
a

Maron G
(Liu
et al., 2022)

4m
vaccinated
at birth

fever,cough
and papule

tuberculosis
antibody(-)

infec

Shi B
(Maron
et al., 2021)

4m
vaccinated
at birth

fever
and

lymphadenopathy

acid fast bacilli
stain (-)

not

Bacalhau S
(Shi
et al., 2020)

4m
vaccinated
at birth

fever and pustules not mentioned not

Jaing TH
(Bacalhau
et al., 2011)

5m
vaccinated at
the third day

of life

decreased appetite
and tachypneic

not mentioned infec

Huang LH
(Jaing
et al., 2006)

8m
vaccinated at
the third day

of life
fever and rash not mentioned

infec
an
o

Culic S
(Huang
et al., 2006)

6m not mentioned chronic diarrhea not mentioned not
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transplantation (Kimura et al., 2020). In this case, both CD4 T cell

count and CD8 T cell count returned to normal after UCBT, while

the CD4/CD8 T cell ratio was inverted, suggesting that the risk of

rejection was reduced in the process of immune reconstitution.

The patient’s initial clinical symptoms were consistent with HPS.

Such atypical clinical symptoms also hinder early identification of

MTB infection. HPS is an aggressive and fatal syndrome of excessive

inflammation due to abnormal immune activation caused by the

absence of normal downregulation by activated macrophages and

lymphocytes. The occurrence of HPS leads to the production of

cytokine abundance and an imbalance of the host immune response,

which can cause multiple organ damage or failure (Allen and

McClain, 2015). TB-associated HPS has been shown to have a poor

prognosis and high mortality rates (up to 50%) (Padhi et al., 2015).

Several cases of HPS due to BCG have been reported in adults with

bladder cancer after intravesical instillation of BCG, but rarely in

children (Bacalhau et al., 2011). In this case, BCG induced the

polarization of M0-type macrophages into M1-type macrophages

(Liu et al., 2015). Key transcription factors such as NFkB, STAT1,

STAT5 and IRF3 can mediate M1-type macrophages’ release of

numerous cytokines and chemokines (Bosco, 2019). The lack of

normal feedback regulation leads to excessive macrophage

polarization with highly elevated levels of cytokines, which triggers

the predisposing factors of HPS. In addition, this patient had a severe

congenital immune deficiency, which not only predisposed him to

severe invasive infections but also induced a systemic cytokine storm.

As soon as the diagnosis of HPS is suspected, treatment with

etoposide and corticosteroids should be initiated (Henter et al.,

2007). Nevertheless, these immunosuppressive treatments can

exacerbate the course of the BCG infection. Thus, confirming the

diagnosis of BCG infection and timely anti-tuberculosis treatment

need to be synchronized and implemented as quickly as possible. Shi

B has reported a pediatric case of HPS secondary to BCG disease in

which the treatment ultimately failed due to a delayed diagnosis

(Maron et al., 2021). Our strategy was tomaintain a full-dose regimen

of HPS and avoid neutropenia. In addition, we adopted the method of

mNGS combined with tNGS to quickly identify M.bovis and its

resistance genes, and developed amore targeted drug regimen as soon

as possible. At the same time, levofloxacin, a second-line anti-

tuberculosis drug, was added in time to achieve full coverage of MTB.

We reviewed the literature reporting BCG infection in X-SCID

patients over the past thirty years. All seven children presented with

fever, cough, chronic diarrhea, or other nonspecific manifestations. All

reported cases began with clinical symptoms in infancy. Screening

results for latent TB infection were negative. Two of the children had

male relatives who died from infantile infections. After anti-

tuberculosis therapy and undergoing transplantation or gene therapy,

four patients had achieved immunologic reconstitution. Unlike our

case, which used mNGS combined with tNGS to detect M.bovis and

found its drug resistance, most of the MTB reported in these literatures

were detected by PCR, and no drug resistance genes were found (Culic

et al., 2004; Huang et al., 2006; Jaing et al., 2006; Bacalhau et al., 2011;

Shi et al., 2020; Maron et al., 2021; Liu et al., 2022). The conventional

etiological culture-based detection is time-consuming (generally 2–6

weeks) (Assemie et al., 2020). Positive culture specimens need a further

drug sensitivity test, but it takes another 2 to 4 weeks. In recent years,
Frontiers in Cellular and Infection Microbiology 0815
the use of mNGS for the detection of MTB and NTM has received

considerable attention because of its shortened turnaround time and

significant sensitivity (Gu et al., 2019). mNGS does not need to refer to

the culture results to analyze the results, nor does it require specific

amplification. It can directly conduct non-differential and non-selective

high-throughput sequencing of nucleic acids in clinical samples and

detect pathogenic microorganisms (including viruses, bacteria, fungi,

and parasites) promptly and objectively. Compared with traditional

methods, the sensitivity and positive predictive value of mNGS in the

diagnosis of MTB infection were significantly higher than those of

smear, culture and GeneXpert MTB/RIF. MTB is an intracellular

growth bacterium that releases fewer extracellular nucleic acids. MTB

was considered positive by mNGS when at least 1 read was mapped,

due to the difficulty of DNA extraction and low possibility of

contamination (Miao et al., 2018). Due to the completely conserved

DNA sequences in the MTB complex and insufficient nucleic acid

sequence information, it is difficult for mNGS to determine the species

within the MTB complex and detect multiple resistant mutations

(Chae and Shin, 2018). tNGS technology is a targeted enrichment

sequencing technology based on NGS, which combines multiple PCR

amplifications with sequencing technology. It has a clear range of target

pathogens. The subspecies and subtypes can be further differentiated.

This method contributes to the early diagnosis of BCG disease. In

addition, it can capture numerous different drug resistance gene

sequences, which enable molecular diagnosis of drug resistance

(Murphy et al., 2023). Compared with mNGS, tNGS has the

remarkable advantages of a clear pathogen spectrum and a low

sequencing cost. We adopted mNGS combined with tNGS for

species identification. This combination of the two methods provides

rapid, sensitive, and specific identification of M. bovis and detects

resistance to antituberculosis drugs. Furthermore, the combination of

mNGS and tNGS is also useful for evolutionary tracking, strain typing,

and virulence prediction of MTB.

It is extremely rare for HPS to be triggered by BCG. Both HPS

and BCGosis have a high mortality rate, so early diagnosis of the

cause and treatment are critical. The favorable sensitivity and

specificity of mNGS combined with tNGS in the identification of

M.bovis can help us identify specific pathogens and drug resistance.

However, in the detection of susceptibility of MTB to various drugs,

the genotype method cannot completely replace traditional

phenotyping because the genetics of drug resistance in MTB are

not completely clear (Ko et al., 2019). At present, there is relatively

little literature on the value of high-throughput sequencing

technology in the diagnosis of BCGosis. In this case report, we

only show the experience of a single patient. While it provides in-

depth information about this particular case, it’s not generalizable

to a larger population. We also did not map a phylogenetic tree

analysis of M.bovis based on existing NGS information. Relevant

case-control studies and cohort studies can be designed to further

explore the clinical significance of mNGS combined with tNGS in

the future. The clinical significance of mNGS combined with tNGS

needs to be further explored in the future. With the continuous

optimization of high-throughput sequencing technology, the

recognition of the value of high-throughput sequencing

technology in the diagnosis of latent MTB infection, BCGosis and

drug resistance will gradually deepen.
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Conclusion

In conclusion, we report the successful treatment of a BCGosis

case. For PID, BCG vaccine injection may lead to BCGosis. This

disease can lead to some non-specific complications, such as HPS.

The mNGS combined with the tNGS may be a good choice to

identify the M.bovis and its drug resistance in children. Their

combined application significantly improved the sensitivity and

specificity of the detection of M.bovis.
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instillation of bacillus calmette-guérin (BCG): A case report and review of the literature.
Eur. J. Case Rep. Intern. Med. 9 (10), 3395. doi: 10.12890/2022_003395

Zhang, C., Zhang, Z.-Y., Wu, J.-F., Tang, X.-M., Yang, X.-Q., Jiang, L.-P., et al.
(2011). Clinical characteristics and mutation analysis of X-linked severe combined
immunodeficiency in China. World J. Pediatr. 9 (1), 42–47. doi: 10.1007/s12519-011-
0330-4
frontiersin.org

https://doi.org/10.1146/annurev-pathmechdis-012418-012751
https://doi.org/10.1146/annurev-pathmechdis-012418-012751
https://doi.org/10.1016/j.jaip.2021.11.032
https://doi.org/10.1002/(sici)1096-911x(199705)28:5%3C342::aid-mpo3%3E3.0.co;2-h
https://doi.org/10.1002/(sici)1096-911x(199705)28:5%3C342::aid-mpo3%3E3.0.co;2-h
https://doi.org/10.1002/pbc.21039
https://doi.org/10.1111/j.1525-1470.2006.00309.x
https://doi.org/10.1111/j.1399-3046.2006.00490.x
https://doi.org/10.1016/j.trim.2019.101262
https://doi.org/10.1186/s12941-018-0300-y
https://doi.org/10.1016/S1473-3099(21)00403-5
https://doi.org/10.3389/fimmu.2022.960749
https://doi.org/10.3389/fimmu.2022.960749
https://doi.org/10.14348/molcells.2015.0125
https://doi.org/10.1182/blood-2013-03-489112
https://doi.org/10.1016/j.jaci.2014.02.028
https://doi.org/10.1016/j.jaip.2020.09.004
https://doi.org/10.1093/cid/ciy693
https://doi.org/10.3389/fpubh.2023.1206056
https://doi.org/10.1016/j.jinf.2012.03.012
https://doi.org/10.1016/j.ijid.2020.05.117
https://doi.org/10.4103/0970-2113.168100
https://doi.org/10.4103/0970-2113.168100
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1186/s12879-020-05421-9
https://doi.org/10.1038/s41577-018-0046-y
https://doi.org/10.1007/s10875-019-00737-x
https://doi.org/10.1016/j.ijmmb.2021.05.022
https://doi.org/10.12890/2022_003395
https://doi.org/10.1007/s12519-011-0330-4
https://doi.org/10.1007/s12519-011-0330-4
https://doi.org/10.3389/fcimb.2024.1341236
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Frontiers in Cellular and Infection Microbiology

OPEN ACCESS

EDITED BY

Qing Wei,
Genskey Co. Ltd, China

REVIEWED BY

Mohamed A. Abouelkhair,
The University of Tennessee, Knoxville,
United States
Michael John Calcutt,
University of Missouri, United States

*CORRESPONDENCE

Jun Tan

Doctortan0718@126.com

RECEIVED 16 December 2023
ACCEPTED 19 February 2024

PUBLISHED 04 March 2024

CITATION

Tan J, Wu L, Zhan L, Sheng M, Tang Z,
Xu J and Ma H (2024) Optimal selection
of specimens for metagenomic next-
generation sequencing in diagnosing
periprosthetic joint infections.
Front. Cell. Infect. Microbiol. 14:1356804.
doi: 10.3389/fcimb.2024.1356804

COPYRIGHT

© 2024 Tan, Wu, Zhan, Sheng, Tang, Xu and
Ma. 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.

TYPE Original Research

PUBLISHED 04 March 2024

DOI 10.3389/fcimb.2024.1356804
Optimal selection of specimens
for metagenomic next-
generation sequencing in
diagnosing periprosthetic
joint infections
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Objective: This study aimed to assess the diagnostic value of metagenomic next-

generation sequencing (mNGS) across synovial fluid, prosthetic sonicate fluid,

and periprosthetic tissues among patients with periprosthetic joint infection (PJI),

intending to optimize specimen selection for mNGS in these patients.

Methods: This prospective study involved 61 patients undergoing revision

arthroplasty between September 2021 and September 2022 at the First

Affiliated Hospital of Zhengzhou University. Among them, 43 cases were

diagnosed as PJI, and 18 as aseptic loosening (AL) based on the American

Musculoskeletal Infection Society (MSIS) criteria. Preoperative or intraoperative

synovial fluid, periprosthetic tissues, and prosthetic sonicate fluid were collected,

each divided into two portions for mNGS and culture. Comparative analyses

were conducted between the microbiological results and diagnostic efficacy

derived from mNGS and culture tests. Furthermore, the variability in mNGS

diagnostic efficacy for PJI across different specimen types was assessed.

Results: The sensitivity and specificity of mNGS diagnosis was 93% and 94.4% for

all types of PJI specimens; the sensitivity and specificity of culture diagnosis was

72.1% and 100%, respectively. The diagnostic sensitivity of mNGS was

significantly higher than that of culture (X2 = 6.541, P=0.011), with no

statistically significant difference in specificity (X2 = 1.029, P=0.310). The

sensitivity of the synovial fluid was 83.7% and the specificity was 94.4%; the

sensitivity of the prosthetic sonicate fluid was 90.7% and the specificity was

94.4%; and the sensitivity of the periprosthetic tissue was 81.4% and the

specificity was 100%. Notably, the mNGS of prosthetic sonicate fluid displayed

a superior pathogen detection rate compared to other specimen types.
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Conclusion: mNGS can function as a precise diagnostic tool for identifying

pathogens in PJI patients using three types of specimens. Due to its superior

ability in pathogen identification, prosthetic sonicate fluid can replace synovial

fluid and periprosthetic tissue as the optimal sample choice for mNGS.
KEYWORDS

metagenomic, prosthesis-related infections, next-generation sequencing - NGS,
diagnosis, sonication
1 Introduction

Periprosthetic joint infection (PJI) stands as one of the most

catastrophic and challenging complications following total joint

arthroplasty (TJA) (Gallo, 2020; Rietbergen et al., 2016). Rapid and

accurate identification of pathogenic bacteria is crucial for

determining the appropriate surgical approach and for selecting

effective antibacterial drugs (Hersh et al., 2019; Young et al., 2023).

Although widely used for diagnosing PJI, traditional blood tests like

C-reactive protein (CRP), erythrocyte sedimentation rate (ESR),

and white blood cell counts (WBC) struggle to identify the causative

organism (Nodzo et al., 2015). Microbial culture is extensively

employed for diagnosing the pathogenesis of PJI; however, it

exhibits a high false-negative rate. Approximately 40% of

clinically diagnosed PJI cases yield negative culture results due to

the existence of bacterial biofilms and prior antibiotic treatment

(Rak et al., 2013; Yoon et al., 2017; Malekzadeh et al., 2010).

Molecular diagnostic techniques based on polymerase chain

reaction (PCR) are extensively employed in detecting pathogenic

microorganisms (Hartley and Harris, 2014). However, multiplex

PCR techniques exhibit low diagnostic sensitivity, and 16S rDNA/

rRNA PCR encounters difficulty in identifying fungal or multi-

pathogenic infections, displaying a poor ability in identifying

contaminating bacteria (Villa et al., 2017; Huang et al., 2018).

Next-generation sequencing, particularly metagenomic next-

generation sequencing (mNGS), is a swiftly developing and

extensively employed technology in the clinical diagnosis of

pathogenic microorganisms (Chiu and Miller, 2019). mNGS

integrates high-throughput sequencing and bioinformatics

analysis to discern sequence data from all nucleic acid fragments

within samples, detecting microbial species and their respective

abundances relying on the BLAST database (Gu et al., 2021).

Wilson et al. (2014) initially utilized mNGS for clinically

diagnosing neuroleptospirosis in a 14-year-old patient

experiencing severe meningoencephalitis. The successful diagnosis

enabled targeted antibiotic treatment, leading to the patient’s

eventual recovery and demonstrating, for the first time, the utility

of mNGS in clinical diagnosis (Wilson et al., 2014). The progressive

application of mNGS in diagnosing infectious diseases has

demonstrated enhanced detection of pathogenic microorganisms,

particularly in conditions like ocular, intracranial, and pulmonary
0219
infections (O’Flaherty et al., 2018; Brown et al., 2018; Doan et al.,

2017). However, there is a scarcity of studies utilizing mNGS for

detecting pathogenic microorganisms in PJI, primarily relying on a

single specimen for pathogen detection, such as synovial fluid,

prosthetic sonicate fluid, and periprosthetic tissue (Dudareva

et al., 2018). mNGS results correlate with the tissue type, volume

of the sampled specimen, and the proportions of human DNA and

pathogenic bacterial DNA in the sample (Thoendel et al., 2016).

Variations exist in mNGS test outcomes among distinct samples

obtained from the same patient (Miao et al., 2018). Choosing the

most suitable specimen is crucial for pathogen identification, not

just for traditional culture methods but also for molecular

diagnostic technologies (Huang et al., 2018; Larsen et al., 2018;

Flurin et al., 2022).

This study aimed to prospectively assess the diagnostic efficacy

of mNGS across three different specimen types obtained from

patients with PJI. This approach should facilitate the selection of

more suitable tests for detecting pathogens in these patients by

employing multiple samples.
2 Materials and methods

2.1 Patient selection

This study received approval from our institution’s Medical

Ethics Committee (Approval No:2020-KY-821), and all patients

provided informed consent by signing an informed consent form.

We prospectively included 61 patients who underwent hip or knee

revision procedures at our institution from September 2021 to

September 2022 due to PJI or aseptic loosening (AL).

The diagnosis of PJI after TJA is based primarily on the

American Musculoskeletal Infection Association (MSIS) criteria,

confirmed by meeting one major criterion or 4 out of the 6 minor

criteria (Parvizi et al., 2011). The major criteria include (1):

Isolation of the same pathogen from two distinct tissue or fluid

specimens sourced from infected joints (2); Presence of a sinus tract

communicating with the prosthesis. Minor criteria consist of (1):

Elevated ESR and CRP levels (2); Increased synovial fluid WBC (3);

Elevated synovial fluid neutrophil percentage (4); Presence of pus in

the affected joint (5); Isolation of a microorganism in either
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periprosthetic tissue or fluid culture (6); The intraoperative

microscopic examination of frozen sections of infected tissue

revealed an observation of greater than 5 neutrophils in all 5

high-magnification fields.

The inclusion criteria comprised (1): Patients diagnosed with

PJI or AL according to the MSIS diagnostic criteria, undergoing

revision surgery at our institution (2); Patients undergoing mNGS

testing and microbial culture analysis of synovial fluid, prosthetic

sonication fluid from periprosthetic tissue, and periprosthetic tissue

(3); Patients with complete medical records. The exclusion criteria

were (1): Patients with samples suspected of contamination during

collection, transportation, or processing (2); Patients with an

unclear diagnosis or incomplete clinical information (3); Patients

presenting other inflammatory lesions or malignancies potentially

affecting the outcomes.
2.2 Specimen collection

The same surgeon conducted arthrocentesis to collect synovial

fluid under ultrasound guidance either before or during

the operation.

Ultrasound cleavage of the prosthesis removed intraoperatively

was performed according to the method of Trampuz et al. (2007)

for reference. The process included placing the extracted implants

in a sterile, sealable container, submerging them in 500 ml of

Ringer’s solution, subjecting the samples to 30 seconds of

vortexing and oscillation, and subsequently performing sonication

for five min (40 ± 2 kHz, 0.22 ± 0.04 W/cm2) in a sterile water bath.

Subsequently, after vortexing and oscillation for an additional 30

seconds, the sonicated product was transferred to a centrifuge tube

and centrifuged at 4000 rpm/min for 15 minutes. The supernatant

was then removed to collect the prosthetic sonicated fluid.

Intraoperatively, tissue samples were collected from five

different sites with the most obvious inflammation, subsequently

sheared, ground, lysed, and centrifuged to produce tissue

homogenates for further analysis.

The three types of specimens obtained as described earlier were

split into two portions: one for culture, while the other was frozen at

-80°C for mNGS.
2.3 Microbial culture

Synovial fluid and prosthetic sonication fluid direct smears

underwent acid-fast staining and were then cultured aerobically

and anaerobically (35-37°C, 5%-7% CO2) on blood agar plates for 6

and 14 days, respectively. The residual synovial fluid and prosthetic

sonication fluid were introduced into BACTEC Peds Plus/F bottles

and then incubated for 5 days in a BACTEC 9240 instrument

(Becton Dickinson, Cockeysville, MD, USA). Positive blood culture

bottles were Gram stained and then inoculated. Periprosthetic tissue

homogenates were cultured on blood agar plates and incubated

aerobically, anaerobically, and for fungal growth for 14 days.

Species identification and drug sensitivity analyses were

conducted utilizing the VITEK 2-Compact (bioMérieux, Lyon,
Frontiers in Cellular and Infection Microbiology 0320
France), a fully automated system for bacterial identification and

drug sensitivity analysis.
2.4 Metagenomic next-
generation sequencing

2.4.1 DNA extraction
Total genomic DNA was extracted from samples using the

TIANamp Micro DNA Kit (DP316, TIANamp Biotech, Beijing,

China) according to the manufacturer’s instructions. The extracted

DNA underwent sonication using the Covaris S220 (Covaris,

Woburn, MA, USA) to produce fragments ranging from 200 bp

to 300 bp.

2.4.2 DNA library preparation and sequencing
The construction of DNA library followed the protocol of the

Nextera XT library construction Kit (Illumina, San Diego, CA,

USA), where the extracted DNA was initially fragmented into ~300

bp fragments, followed by the addition of different index sequences.

The library size and quantification were assessed using the Agilent

2100 bioanalyzer system (Agilent Technologies, CA, USA).

Subsequent to this, accurate quantification was reaffirmed

through qPCR (Bio-Rad CFX96, Hercules, CA, USA). Following

the equal mixing of libraries, high-throughput sequencing was

performed on the Illumina Nextseq 550 DX sequencing platform.

2.4.3 Bioinformatics analysis
Initial filtering of the raw data was conducted using FastQC

software (version 0.11.7, http://bioinformatics.babraham.ac.uk/

projects/fastqc/), including removing low-quality data, sequences

shorter than 35 bp, repeated sequences, and adaptor contamination

to produce high-quality sequencing data. Human host sequences

were removed through mapping to the human reference genome

(hg19) using the Burrows-Wheeler Alignment (version 0.7.13,

http://bio-bwa.sourceforge.net) (Li and Durbin, 2009). The

remaining data underwent analysis with Kraken2 (Wood et al.,

2019) (version 2.1.1) and Bracken (Lu et al., 2017) (version 2.6.2) to

identify and quantify pathogenic microorganisms. The resultant

clinical test reports deliver accurate and reliable information on

microbiological test results. The microbial reference whole-genome

data were sourced from the National Center for Biotechnology

Information (http://ncbi.nlm.nih.gov/genome) (Figure 1).

2.4.4 Definition of the mNGS threshold
Relative abundance in genus level (RAG) refers to the

proport ion of matched microbia l genera among al l

microorganisms of the same type (bacteria, fungi, viruses,

parasites) detected. The genome coverage rate (CR) primarily

represents the proportion of the detected pathogenic nucleic acid

sequence length in relation to the total length of the reference

genome used for comparison.

In this study, saline served as a negative control. mNGS were

conducted concurrently for the same batch of samples (both the

negative control and clinical samples). Microorganisms identified in

negative controls are commonly viewed as environmental
frontiersin.org
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contaminants. If these microorganisms are detected in the same batch

of clinical samples, they are generally classified as “background

microorganisms” rather than “pathogenic microorganism”.

Referring to the proposal of Li et al. (2018) and considering our

experimental findings, the thresholds were set as follows (1): As

Burkholderia, Aspergillus, Delftia, Sodaria, Sphingobium,

Alternaria, Ralstonia, Albugo, etc. can be detected in other types

of samples from the same laboratory and are seldom associated with

causing PJI (Zhang et al., 2019), we categorized them as background

microorganisms. These microorganisms were recognized as

causative pathogens only when RAG >80% (Ivy et al., 2018) (2).

RAG >15% and the number of reads >100 were employed as the

optimal thresholds for bacterial identification (3). Considering the

limited quantity of nucleic acid obtained from a fungus, we

established RAG >15% and the number of reads >50 as the

optimal thresholds for fungi (Miao et al . , 2018) (4).

Mycobacterium tuberculosis was deemed positive when it met the

criterion of having at least one read aligned to the reference genome

at the species or genus level.
2.5 Statistical analysis

All clinical and laboratory data underwent analysis employing

the non-parametric Mann-Whitney U test, chi-squared test, and

independent-samples t-test. The sensitivities and specificities of

microbiological tests were compared using the McNemar’s test to

assess related proportions. Data analyses were conducted using

SPSS 23.0 software (SPSS 23.0 for Windows, SPSS Inc., Chicago, IL,

USA). P < 0.05 were deemed statistically significant.
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3 Results

3.1 Patient characteristics

This study encompassed 61 patients, with 43 diagnosed with

PJI and classified in the PJI group, while 18 patients diagnosed

with AL were classified in the AL group based on the MSIS criteria.

The PJI group comprised 43 patients (26 knees and 17 hips): 24

males, 19 females, with an average age of 62.31 ± 10.15 years, and a

Body Mass Index (BMI) of 24.3 ± 2.9 kg/m2. There were 18

patients (11 knees and 7 hips) in the AL group, including 8 males

and 10 females; with an average age of 63.57 ± 11.37 years, and

BMI of 25.1 ± 2.15 kg/m2. There were no statistically significant

differences in gender, age, or BMI between the two groups (P >

0.05). The characteristics of all the included patients are showed

in Table 1.
3.2 mNGS and microbial culture results

A median 24,332,918 raw reads (interquartile range (IQR)

19,126,072 to 27,035,628) were generated from each sample

sequenced. The human host nucleic acid sequences averaged

95.28% (ranging from 90.63% to 98.71%). Differences in raw

reads and proportions of human nucleic acid sequences between

synovial fluid, prosthetic sonication fluid, and periprosthetic tissue

samples from the PJI and AL groups did not show statistical

significance (P>0.05, Figure 2).

In the PJI group, 31 patients tested positive in culture, while 40

patients exhibited positive mNGS results. Within the AL group, one
FIGURE 1

General workflow of metagenomic next-generation sequencing: Specimen collection, DNA extraction, DNA library preparation, Sequencing,
Bioinformatics analysis and Result interpretation. The flowchart was drawn with Figdraw (www.figdraw.com).
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patient exhibited positive mNGS results, whereas all patients tested

negative in culture.

The pathogens detected by both culture and mNGS are

presented in Supplementary Table 1. Among the 43 PJI cases

analyzed with culture, pathogenic microorganisms were isolated
Frontiers in Cellular and Infection Microbiology 0522
in 31 cases (72.1%), with all cases attributed to a single

microorganism. Pathogenic microorganisms were isolated in 40

out of the 43 (93.0%) PJI cases using mNGS, 33 cases of infections

were caused by a single microorganism, and 7 were polymicrobial.

In the comparison of diagnostic performance between mNGS

and culture, mNGS demonstrated higher sensitivity, both in the

combined analysis of all specimen types and when considering each

individual type of specimen. In summary, the sensitivity of mNGS

was 93.0%, which was significantly higher than that of culture

(72.1%, X2 = 6.541, P=0.011, Figure 3).

The turnaround time for mNGS in our patients was 24-28 hours.

In contrast, the mean durations for pathogen culture feedback for

bacteria, fungi, and mycobacteria were ≥3, 7, and 45 days,

respectively. Thus, mNGS exhibits a time advantage in detection.
3.3 Consistency of mNGS and
culture results

Comparing the mNGS and culture results among the 43 patients

in the PJI group, 31 were double positive and 3 were double negative,

while 9 showed positivity in mNGS but negativity in culture.

Among the double positive cases, 23 exhibited complete

matching (Staphylococcus aureus in 10, Staphylococcus epidermidis

in 5, Staphylococcus haemolyticus in 2, Enterococcus faecalis in 3,

and Escherichia coli in 3), 7 showed partial matching (one of

pathogens is the same). However, only one case exhibited a

discordant result. Although Enterobacter cloacae was isolated by

culture, the mNGS result indicated S. epidermidis as the pathogenic

microorganism (Figure 4). The microbial results of mNGS and

culture in PJI group are listed in Supplementary Table 2.

mNGS identified pathogenic microorganisms in 9 culture-

negative cases, including S. aureus (2), E. faecalis (1), S.

haemolyticus (1), S. epidermidis (1), Mycobacterium abscessus (1),

E. coli (1), E. cloacae (1), Candida albicans (1). In the AL group, all

culture results were negative. However, in one case, E. coli was

detected in the sonication fluid by mNGS.
TABLE 1 The characteristics of the PJI and AL groups.

Variable Prosthetic
joint infection
(n = 43)

Aseptic
failure
(n = 18)

P

Sex, n (%) 0.417*

Male 24 (55.8%) 8 (44.4%)

Female 19 (44.2%) 10 (55.6%)

Age, yrs, mean (SD) 62.31 (10.15) 63.57
(11.37)

0.079†

BMI, kg/m2 (SD) 24.3 (2.91) 25.1 (2.15) 0.305†

Site of arthroplasty, n (%) 0.962*

Knee 26 (60.5%) 11 (61.1%)

Hip 17 (39.5%) 7 (38.9%)

Sinus tract, n (%) 4 (9.3%) 0 (0%) 0.012*

Antibiotics received two
weeks prior to surgery, n (%)

27 (62.8%) 2 (11.1%) <0.001*

Serum ESR, mm/h,
mean (SD)

65.28 (38.51) 15.38
(12.07)

0.022‡

Serum CRP, mg/dl,
mean (SD)

45.57 (30.37) 4.03 (1.38) 0.015‡

Synovial WBC, cells/ml
mean (SD)

17931 (8237.07) 612.91
(533.76)

0.004‡

Synovial PMN, % (SD) 73.55 (16.74) 38.27
(13.58)

0.031‡
†Independent-samples t-test. *Chi-squared test. ‡Mann-Whitney U test. PMN,
polymorphonuclear neutrophils; SD, standard deviation; WBC, white blood cell. ESR,
erythrocyte sedimentation rate;CRP, C-reactive protein.
BA

FIGURE 2

The sequencing characteristics of the different specimens. (A) The raw reads of the three samples in the PJI and AL groups was not statistically
(P>0.05). (B) The difference in the proportion of human reads was not statistically significant (P>0.05). N.S., non-significant; PJI, periprosthetic joint
infection; AL, aseptic failure.
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3.4 Consistency of mNGS for different
types of specimens

The mNGS analysis of sonication fluid demonstrated a

sensitivity of 90.7% and a specificity of 94.4%. The sensitivity of

prosthetic sonication fluid mNGS was significantly higher than that

of the synovial fluid and prosthetic tissues (P < 0.05).
Frontiers in Cellular and Infection Microbiology 0623
Consistency in pathogen species detected by mNGS across the

three specimen types demonstrates the reliability of mNGS and

underscores its proficiency in detecting pathogens across varied

specimen types. Among the results with pathogen matches, 26 cases

exhibited identical positive sequencing, while 3 cases displayed

identical negative sequencing. In the partially matched cases that

most accurately reflected diagnostic capability, prosthetic
FIGURE 4

Consistency of metagenomic next-generation sequencing and culture results. Among the 43 patients in the PJI group, 31 were double positive and
3 were double negative, while 9 showed positivity in mNGS but negativity in culture. Among the double positive cases, 23 exhibited complete
matching, 7 showed partial matching, and one case exhibited complete mismatching.
B

C D

A

FIGURE 3

Comparison of the diagnostic efficiency of metagenomic next-generation sequencing and culture for PJI in: (A) all types of specimens,
(B) periprosthetic tissue, (C) prosthetic sonication fluid, and (D) synovial fluid. NPV, negative predictive value; PPV, positive predictive value. Neg.,
negative; Pos., positive.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1356804
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Tan et al. 10.3389/fcimb.2024.1356804
sonication fluid (92.9%, 13/14) demonstrated the highest pathogen

detection rate (both single and multiple pathogens), followed by

synovial fluid (71.4%, 10/14).
3.5 Effect of antibiotic exposure on
test results

The results of mNGS and culture are affected by antibiotic

exposure. In the PJI group, mNGS demonstrated a sensitivity of

92.3% in 27 patients (62.8%) who applied antibiotics within 2 weeks

before the test, which was significantly better than that of culture in

62.3%, (X2 = 6.857, P=0.009). Among the 16 patients not

administered antibiotics, the sensitivity of the mNGS (93.8%) was

not significantly different from that of the culture (87.5%) (X2 =

0.368, P=0.544, Figure 5).
3.6 Combined application of mNGS
and culture

The combined application of mNGS and culture may enhance

pathogen detection capabilities. Therefore, as shown in Table 2, we

explored the effectiveness of the combined application of mNGS
Frontiers in Cellular and Infection Microbiology 0724
and culture based on the results when using multiple samples. The

combination of mNGS and culture showed the highest sensitivity of

93.0% (40/43) across all three specimens. Prosthetic sonication fluid

exhibited superior mNGS performance compared to other two

types of specimen, making it the optimal choice for mNGS

specimens in clinical practice. The combined application of

mNGS using prosthetic sonication fluid and a single specimen

culture achieved the highest sensitivity of 93.0% (40/43).

Nevertheless, the performance difference between combining

mNGS of prosthetic sonication fluid with culture and using

mNGS of prosthetic sonication fluid only was not significant

(90.7% vs. 93.0%, X2 = 0.156, P = 0.693).
4 Discussion

Accurate and rapid identification of infectious microorganisms

in hip and knee PJI is crucial for guiding the application of

antibiotics and improving infection control rate. At present,

microbiological culture stands as the “gold standard” for

diagnosing PJI. Nevertheless, the considerable false-negative

rate of traditional culture presents several challenges in choosing

antibiotics (Karbysheva et al., 2019). As a new molecular

technology, mNGS sequences DNA fragments in clinical

samples, extracting microbial sequence and species information

through bioinformatics approaches (Adams et al., 2009).

This study examined mNGS efficiency in detecting pathogens

across three sample types using a multi-sample parallel

control approach.

Our results show that the sensitivity of mNGS was higher than

that of culture. These results align with our group’s prior statistical

analysis studies on mNGS (Tan et al., 2022) and are consistent with

studies by Yu et al. (2023) and Huang et al. (2020) on mNGS.

Moreover, for culture-negative patients, mNGS showed outstanding

detection ability (75.0%, 9/12). Thoendel et al. (2016) demonstrated

that mNGS yielded positive results in 94.8% of culture-positive PJI

cases. Moreover, in culture-negative PJI cases, it remained positive

in 43.9% of instances. Ivy et al. (2018) demonstrated that in cases of

PJI with negative microbial cultures, mNGS detected pathogenic

microorganisms in 84% of cases. This is mainly due to the fact that

mNGS combines high-throughput sequencing with bioinformatics

analysis to directly detect nucleic acids extracted from samples and

detect pathogenic bacteria without enrichment. This fundamentally

avoids the problem of fastidious growth conditions for some

pathogenic bacteria that are difficult to culture. In addition,

among the double positive cases, 96.8% (30/31) were either

completely matched or partly matched, with only one case

exhibiting complete mismatching. The proportion of matched

and partly matched cases among the double positive cases was >

90%, indicating an acceptable concordance between mNGS

and culture.

The mNGS of prosthetic sonication fluid can detect more

pathogenic microorganisms than synovial fluid and periprosthetic

tissue. Trampuz et al. (2007) initially employed sonication to treat

120 joint prostheses and observed an enhanced detection rate of

bacteria. In our study, mNGS could detect pathogenic
FIGURE 5

Detection characteristics of metagenomic next-generation
sequencing and culture in periprosthetic joint infections among
patients with or without previous treatment with antibiotics.
Antibiotic (+), the patients were administered with antibiotics within
two weeks prior to the test; mNGS, metagenomic next-
generation sequencing.
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microorganisms in the prosthetic sonication fluid of all 9 culture-

negative PJI cases. Additionally, mNGS detected pathogens in 7 PJI

cases involving multiple microorganisms. Thoendel et al. (2018)

and Zhang et al. (2019) also showed that mNGS of prosthetic

sonication fluid possesses high sensitivity in the detection of PJI

pathogens. The detection rate of pathogenic microorganisms in the

PJI group of our study surpassed that reported by Mei et al. (2023),

who analyzed polymicrobial PJI cases using mNGS. Given its

superior detection capabilities than synovial fluid and

periprosthetic tissue, prosthetic sonication fluid stands out as the

optimal choice for mNGS specimens. This is mainly attribute to the

prosthetic sonication fluid can destroy the bacterial biofilm that

colonizes the prosthesis, and enrich the concentration of pathogenic

bacteria to be examined by centrifugation, which improves the

detection efficiency of pathogenic bacteria. However, prosthetic

sonication fluid also has its disadvantages, as it can only be

obtained after intraoperative removal of the infected prosthesis,

making it difficult to obtain a sample by puncture preoperatively to

guide preoperative treatment (Huang et al., 2020).

The pathogenic bacteria detected by both methods in Sample 9

showed complete inconsistency. Several reasons could account for

this inconsistency. Firstly, pitfalls in processing, establishment of

background thresholds, and nucleic acid isolation can lead to failure

to identify an organism and/or insufficient genome coverage to

allow for accurate mapping to a species level. Secondly, the

manifestation of PJI can be highly variable and the presence of

other infecting organisms and the host microbiome can influence

the relative abundances of various pathogens. Thirdly, insufficient

DNA extraction can lead to a low number of reads or insufficient

genome coverage in the setting of greater background reads.

Weaver et al. (2019) similarly found discordance between

genomical analysis and culture results was possible and reported

positive cultures of organisms falling below their whole genome

shotgun sequencing thresholds. Similarly, Ivy et al. (2018) observed

that mNGS was incapable of identifying pathogens in 14 cases of

culture-positive PJI.

While mNGS demonstrates distinct advantages in pathogen

detection, its inherent limitations cannot be ignored. The mNGS
Frontiers in Cellular and Infection Microbiology 0825
results are susceptible to interference by background

microorganisms, which mainly include exogenous bacterial and

nucleic acid contamination caused by experimental manipulation

or the experimental environment. Hence, rigorous adherence to

sterilization and experimental protocols, implementation of blank

controls, and rectification of false-positive results due to sample

contamination are imperative. Moreover, the choice of the mNGS

threshold significantly influences the outcomes. A threshold set too

low could introduce numerous background microorganisms,

causing false positives, whereas an excessively high threshold

might overlook pathogenic bacteria, resulting in false negatives.

The establishment of appropriate thresholds is a subject of

controversy. Threshold settings must be carefully selected based

on different sequencing methods and case types, ensuring a balance

between diagnostic sensitivity and specificity. Generally, threshold

setting relies on three indicators: the number of reads, RAG, and

CR. In this study, we used a strict algorithm to obtain the results by

reference to Street et al. (2017), employing a diagnostic threshold of

RAG >15% and number of sequences reads > 100. In contrast to

culture, mNGS presents challenges in conducting drug sensitivity

tests for pathogenic bacteria, particularly for certain multi-drug

resistant infections, thereby making it difficult to empirically

administer antibiotics based on sensitivity test outcomes. In

addition, the high cost of mNGS is a major barrier limiting its

widespread use in the clinic practice.

There are some limitations in this study. Firstly, the variety of

pathogenic bacteria detected in this study was limited, with some

common pathogenic bacteria going undetected. This may be

attributed to antibiotic use within the 2 weeks preceding testing,

potential ly hindering the growth of certain common

microorganisms on the culture medium. Secondly, this study is a

single-center study with a small sample size, which may also result

in limitations in the types of pathogens detected and introduce bias

into the results. To address these limitations, further support from

larger samples, expanded datasets, and broader studies in

subsequent stages is required. Finally, for multi-drug resistant

infections, it is difficult for mNGS to conduct drug sensitivity

testing and guide antibiotic selection. In a further study, we hope
TABLE 2 The combined application of mNGS and culture.

Detection combination method Sensitivity, n (%) Specificity, n (%) PPV, n (%) NPV, n (%) Youden Index

mNGS (PT+SF+PSF) + Culture (PT+SF+PSF) 40/43 (93.0%) 17/18 (94.4%) 40/41 (97.6%) 17/20 (85.0%) 87.4

mNGS (PT+SF+PSF) 40/43 (93.0%) 17/18 (94.4%) 40/41 (97.6%) 17/20 (85.0%) 87.4

Culture (PT+SF+PSF) 31/43 (72.1%) 18/18 (100%) 31/31 (100%) 18/30 (60.0%) 72.1

mNGS (PSF) + Culture (PT+SF+PSF) 40/43 (93.0%) 17/18 (94.4%) 40/41 (97.6%) 17/20 (85.0%) 87.4

mNGS (PSF) + Culture (PSF) 40/43 (93.0%) 17/18 (94.4%) 40/41 (97.6%) 17/20 (85.0%) 87.4

mNGS (PSF) + Culture (PT) 39/43 (90.7%) 17/18 (94.4%) 39/40 (97.5%) 17/21 (80.9%) 85.1

mNGS (PSF) + Culture (SF) 39/43 (90.7%) 17/18 (94.4%) 39/40 (97.5%) 17/21 (80.9%) 85.1

mNGS (PSF) 39/43 (90.7%) 17/18 (94.4%) 39/40 (97.5%) 17/21 (80.9%) 85.1
mNGS, metagenomic next-generation sequencing; NPV, negative predictive value; PPV, positive predictive value; PSF, prosthetic sonicate fluid; PT, periprosthetic tissue; SF, synovial fluid;
Youden Index = Sensitivity + Specificity − 1
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to conduct targeted detection of drug resistance genes to accurately

guide the use of antibiotics.
5 Conclusions

In conclusion, mNGS can function as a precise diagnostic tool for

identifying pathogens in PJI patients using three types of specimens.

Due to its superior ability in pathogen identification, prosthetic

sonicate fluid can replace synovial fluid and periprosthetic tissue as

the optimal sample choice for mNGS. Additionally, employing three

types of specimens in this study could contribute to the enhanced

processing and analysis of mNGS technology, facilitating its thorough

application in identifying pathogens in PJI patients.
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Combination of metagenomic
next-generation sequencing and
conventional tests unraveled
pathogen profiles in infected
patients undergoing allogeneic
hematopoietic stem cell
transplantation in Jilin
Province of China
Hongyan Zou1†, Sujun Gao2†, Xiaoliang Liu2, Yong Liu1,
Yunping Xiao1, Ao Li1 and Yanfang Jiang1*

1Key Laboratory of Organ Regeneration & Transplantation of the Ministry of Education, Genetic
Diagnosis Center, The First Hospital of Jilin University, Changchun, China, 2Department of
Hematology, The First Hospital of Jilin University, Changchun, China
Background: Infection is the main cause of death for patients after allogeneic

hematopoietic stem cell transplantation (HSCT). However, pathogen profiles still

have not been reported in detail due to their heterogeneity caused by

geographic region.

Objective: To evaluate the performance of metagenomic next-generation

sequencing (mNGS) and summarize regional pathogen profiles of infected

patients after HSCT.

Methods: From February 2021 to August 2022, 64 patients, admitted to the

Department of Hematology of The First Hospital of Jilin University for HSCT and

diagnosed as suspected infections, were retrospectively enrolled.

Results: A total of 38 patients were diagnosed as having infections, including

bloodstream (n=17), pulmonary (n =16), central nervous system (CNS) (n =4), and

chest (n =1) infections. Human betaherpesvirus 5 (CMV) was the most common

pathogen in both bloodstream (n =10) and pulmonary (n =8) infections, while

CNS (n =2) and chest (n =1) infections were mainly caused by Human

gammaherpesvirus 4 (EBV). For bloodstream infection, Mycobacterium

tuberculosis complex (n =3), Staphylococcus epidermidis (n =1), and Candida

tropicalis (n =1) were also diagnosed as causative pathogens. Furthermore,

mNGS combined with conventional tests can identify more causative

pathogens with high sensitivity of 82.9% (95% CI 70.4-95.3%), and the total

coincidence rate can reach up to 76.7% (95% CI 64.1-89.4%).
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Conclusions: Our findings emphasized the importance of mNGS in diagnosing,

managing, and ruling out infections, and an era of more rapid, independent, and

impartial diagnosis of infections after HSCT can be expected.
KEYWORDS

allogeneic hematopoietic stem cell transplantation, pathogen profiles, MNGs, total
coincidence rate, Jilin Province
Introduction

Hematopoietic stem cell transplantation (HSCT) is a potential

radical treatment for hematological and lymphatic malignancies

(Garcia et al., 2013). The overall survival rate of HSCT has been

significantly improved due to the improvement of patient care after

transplantation (Li et al., 2021). Of all the organ-specific

complications that can occur after HSCT, incidence rate of

pneumonia, which is complex and difficult to treat, can reach up to

30-60% in HSCT recipients, followed by bloodstream (Zanella et al.,

2021) and central nervous system (CNS) infections. Pneumonia

remains the leading cause of non-recurrent mortality after

transplantation. Accordingly, not only timely but accurate diagnosis

are needed to improve the prognoses and decrease the mortality.

For infection diagnosis, ideal samples include blood, cerebrospinal

fluid (CSF), and bronchoalveolar lavage fluid (BALF) (Panackal, 2021;

Shane et al., 2017; Berhane et al., 2021; Herbozo et al., 2021; Dorresteijn

et al., 2020), while more than 60% of pathogens cannot be detected by

blood, CSF, or BALF culture (Chen et al., 2020; Zhang et al., 2020; Saha

et al., 2018). However, some pathogens with negative blood culture,

such as Streptococcus pneumoniae, may result in high mortality rates

(Kumar et al., 2021). Limited number of pathogens could be detected in

a single experiment using hypothesis-based PCR (Marcilla-Vazquez

et al., 2018) or antibody methods (Ge et al., 2021). These disadvantages

hindered extensive application of conventional tests in accurate

diagnosis, not to mention HSCT patients with co-infections (Jiang

et al., 2021). With the first successful application of metagenomics

next-generation sequencing (mNGS) in clinical infection of CNS

(Wilson et al., 2014), this unbiased technology has been extensively

used for diagnosing various infections (Wu et al., 2020; Chen et al.,

2021; Gu et al., 2021), including co-infections (Jiang et al., 2021).

Although more and more studies used mNGS for pathogen

detection in patients after HSCT, pathogen profiles still have not

been reported in detail due to their heterogeneity caused by

geographic region. To obtain regional pathogen profiles for guiding

clinical diagnosis and treatment, we retrospectively enrolled the

infected patients after HSCT and summarized the detection results

revealed by mNGS and conventional tests (CT). Besides, we also

evaluated the performance of mNGS and CT against final clinical

diagnosis, including sensitivity, specificity, and total coincidence

rate (TCR).
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Methods

Ethics statement

This study was reviewed and approved by the Ethical Review

Committee of the First hospital of Jilin University (approval no.

2022-566). All procedures followed were in strict compliance with

the Ethical Review of Biomedical Research Involving Human

Subjects (2016), the Declaration of Helsinki, and the International

Ethical Guidelines for Biomedical Research Involving

Human Subjects.
Study population

A total of 64 patients undergoing HSCT in the First hospital of

Jilin University from February 2021 to August 2022 diagnosed as

suspected infection were enrolled in the retrospective study

(Figure 1). The inclusion criteria were as follows. The patients

with suspected bloodstream infection were enrolled in reference to

the diagnostic criteria of sepsis. Suspected CNS infection was based

on acute fever (> 38.5°C) and one of the following signs: a)

meningeal irritation, b) increased anterior fontanelle tension, c)

stiff neck, and d) consciousness disorders. Suspected pulmonary

infection was considered if the patient had new opacity on imaging
FIGURE 1

Flow diagram.
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examination and at least one of the following symptoms: a)

respiratory distress, b) fever, c) cough, and d) peripheral

leukocytosis (> 10×109/L) or leucopenia (< 4×109/L). The

exclusion criteria included 1) mNGS was not performed and 2)

clinical information was incomplete. Physical information and

clinical characterization were collected. After signing informed

consents, CSF, blood, and BALF samples were respectively

collected from patients with suspected CNS, bloodstream, and

pulmonary infections, respectively. CT included routine bacterial

and fungal smears and cultures, serum antigen (Galactomannan)

and antibody (Human betaherpesvirus 5 (CMV) and Human

gammaherpesvirus 4 (EBV)) tests, computerized tomography, and

PCR. mNGS was performed on all of samples.
CT assay

Smear and culture
Gram staining and KOH test were used for bacterial and fungal

smear, respectively. The bacterial and fungal cultivation were

performed in the incubators at 35°C and 28°C, respectively.

Culture media for bacterial culture included blood agar, chocolate

agar and MacConkey agar. Besides, Lowenstein Jensen Medium was

used for suspected infection of Mycobacterium tuberculosis.

Sabauraud agar and CHROMagar Candida medium were used for

fungal culture.

Quantitative PCR
After total DNA extraction, CMV and EBV detection were

performed using commercial PCR methods (DA0121 and DA0151,

DaAn Gene Co., Ltd. of Sun Yat-sen University, Guangzhou,

China) according to the manufacturer’s instructions.

mNGS pipeline
Conventional mNGS and hybridization capture-based targeted

mNGS were used to detect pathogens. The 0.6 mL blood, 0.6 mL

CSF, and 1.0 mL BALF samples were respectively used to extract

DNA using TIANamp Micro DNA Kit DP316 (TIANGEN Biotech,

Beijing, China). Qubit 4.0 (Thermo Fisher Scientific, MA, USA) was

used to measure extracted DNA concentrations. QIAseq Ultralow

Input Library Kit (QIAGEN, Hilden, Germany) was used to

construct metagenomics libraries (Ji et al., 2020). While for

targeted NGS, the constructed library from each sample was used

for hybrid capture-based enrichment of microbial probes. Inspected

and qualified library was sequenced on Nextseq 550 platform

(Illumina, San Diego, USA).

To remove adapter and low-quality, low complexity, and short

reads of < 35 bp, raw data generated by the sequencing were filtered

(Chen et al., 2021). To exclude human DNA sequences, reads were

mapped to the human reference genome hg38 using bowtie2

(Langmead and Salzberg, 2012) to obtain clean reads. And then,

the clean reads were blasted against a microbial genome database

constructed according to the published microbial genome
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databases, including reference sequence database at National

Center for Biotechnology Information. Finally, microbial

information at species level can be obtained.

As control, using the same procedure and bioinformatics

analysis, negative and positive controls were also set during the

mNGS tests of samples from patients. The reads per million (RPM)

of each detected pathogen were calculated. For the detected bacteria

(Mycobacterium excluded), fungi (Cryptococcus excluded), or

parasites, a positive mNGS result was defined when the

microorganism was not detected in the negative control (‘No

template’ control, NTC) and genome coverage of detected

sequences belonged to this microorganism ranked top10 among

the microbes in the same genus or when its ratio of RPMsample to

RPMNTC was (RPMsample/RPMNTC) > 10 if the RPMNTC≠0. For

viruses, Mycobacterium, and Cryptococcus, a positive mNGS result

was considered when the virus was not detected in NTC and at least

1 specific read was mapped to species or when RPMsample/RPMNTC

was > 5 if the RPMNTC≠0. The interpretation of mNGS results was

performed by 2-3 clinical adjudicators. Positive mNGS results were

defined according to whether the pathogens were the most

commonly reported pathogens or the infections by the pathogens

were in accordance with clinical features of patients (Zhang et al.,

2020; Zhang et al., 2023).
Diagnostic assessment

According to mNGS results (including both positive and

negative mNGS results), complete laboratory examinations, the

treatment response of the patients, and clinical experiences, the

final clinical diagnoses and causative pathogens were independently

made by 2-3 clinicians with expertise in infectious diseases.

According to final comprehensive clinical diagnoses, we divided

enrolled patients into definite and indefinite clinical diagnosis

groups. Definite clinical diagnosis group included patients with

infectious and non-infectious diagnoses. Indefinite clinical

diagnosis group included patients whose clinical characteristics or

laboratory examinations were not adequate for diagnoses and

patients lost during follow-up duration.

Given semi-quantitative characteristics of mNGS, dynamic

surveillance of infections can be conducted (Zhang et al., 2020).

To evaluate the efficacy of medication in reference to mNGS

results, comparison was performed as follows. Firstly, some

microbes detected by the 1st mNGS were diagnosed as causative

pathogens of patient. Subsequently, if specific reads of the

pathogen detected by the 2nd mNGS decreased after effective

anti-microbial treatment in reference to mNGS results and the

infection symptoms were partially improved, we defined that

mNGS can provide positive reference for treatment strategies.

Otherwise, if continuous two or more mNGS results were negative

at short interval and patient was recovered without anti-microbial

treatment, we defined that negative mNGS results can be used to

rule out infection.
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Statistical analysis

Counts and percentages were presented for independent

variables. Mean ± standard error (SE) was calculated for

continuous variables with normal distributions, while medians

and interquartile ranges (IQRs) were used for abnormal

distributions. Confidence intervals were calculated according to

the formula: CI=Average ± 1.96SE. Spearman correlation analysis

was conducted, and P value of < 0.05 were considered statistically

significant. The data were analyzed using IBM SPSS 25.0 and

R 4.1.1.
Data availability

Sequencing data were deposited to the National Genomics Data

Center under accession numbers PRJCA014245 and CRA009447.

The authors declare that the main data supporting the findings are

available within this article. The other data generated and analyzed

for this study are available from the corresponding author upon

reasonable request.
Results

Clinical characteristics of the patients
undergoing HSCT

A total of 64 patients undergoing HSCT diagnosed as having

suspected infections were enrolled in the retrospective study

(Figure 1), including 33 males and 31 females. The patients

underwent transplantation due to different kinds of leukemias,

including acute myeloid leukemia (n =20), acute lymphoblastic

leukemia (n = 14), acute leukemia (myeloid + lymphoblastic

leukemia) (n = 1), chronic myeloid leukemia (n = 1),

myelodysplastic syndrome (n = 9), aplastic anemia (n = 1), and

lymphoma (n = 2) (Table 1). For further diagnoses, samples were

collected from 64 patients for mNGS and conventional tests,

including 31 blood, 22 BALF, 7 CSF, 2 drainage liquid, 1

hydropericardium, and 1 hydrothorax samples (Figure 2A).

According to final comprehensive clinical diagnoses, we divided

enrolled patients into definite (n = 46) and indefinite (n = 18)

clinical diagnosis groups. Among the definite group, a total of 38

patients were diagnosed as having infections, including bloodstream

(n = 17), pulmonary (n = 16), CNS (Viral encephalitis, n = 4), and

chest (n = 1) infections (Figure 2B).
Regional pathogen profiles in
different systems

There are quite differences in pathogen profiles among different

systems (Figure 3). More than 75% of infections were caused by

viruses and only 1 patient had bacterial-fungal co-infection.

Bacteria, fungi, and viruses were diagnosed as causative pathogens
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in bloodstream and pulmonary infections, while pathogens causing

CNS and chest infections were found to be viruses. For viruses,

CMV was the most common pathogen in both bloodstream (n = 10,

detection rate of 58.8%) and pulmonary (n = 8) infections, while

CNS (n = 2) and chest (n = 1) infections were mainly caused by

EBV. Besides, EBV can also cause bloodstream (n = 4) and

pulmonary (n = 5) infections with high detection rates.

Apart from viruses, Pneumocystis jirovecii (n =2), Aspergillus

(n =1), Enterobacter cloacae (n =1), Finegoldia magna (n =1), and

Mycoplasma pneumoniae (n =1) were detected in pulmonary

infection. For bloodstream infection, Mycobacterium tuberculosis

complex (n =3), Staphylococcus epidermidis (n =1), and Candida

tropicalis (n =1) were diagnosed as causative pathogens.

Identification of regional pathogen profiles can help guide clinical

empirical treatment before accurate diagnoses to improve prognosis

of patients.
Comparison between mNGS and CT

Differences in positive rate between mNGS and CT for different

samples were found (Figure 4 and Supplementary Table S1). For

BALF sample, the positive rate of mNGS (77%) was significantly

higher than that of CT (59.1%). For blood sample, mNGS can detect

microbes from 15 out of 31 samples (48.4%), while CT can detect

microbes from 17 out of 25 samples (68.0%). Besides, positive rates

of both mNGS and CT for CSF sample were low. Overall, the
TABLE 1 Baseline characteristics of patients after HSCT.

Cases (n = 64)

Sex (n, %) Male 33 (51.6%)

Female 31 (48.4%)

Age (years) Median (min,max) 40.4 (0.9, 75)

WBC (×109/L) Average 3.4 ± 3.2

PCT (ng/mL) Average 7.9 ± 26.7

CRP (mg/L) Average 69.9 ± 83.1

Underlying disease (n, %) Total 6 (9.4%)

Hypertension 2 (3.1%)

Post-operation of lung cancer 1 (1.6%)

Hepatitis B 1 (1.6%)

Food allergy 1 (1.6%)

Cholecystectomy 1 (1.6%)

Clinical diagnosis (n, %) Aplastic anemia 1 (1.6%)

Acute lymphoblastic leukemia 14 (21.9%)

Acute myeloid leukemia 20 (31.3%)

Myelodysplastic syndrome 9 (14.1%)

Chronic myeloid leukemia 1 (1.6%)

Lymphoma 2 (3.1%)
f
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positive rate of mNGS (56.3%) was close to that of CT (60.3%).

Accordingly, we proposed that mNGS might be an alternative or

supplemental examination for diagnosing infections when CT fails.

In our study, mNGS was performed on the whole patients

enrolled, while CT was performed on 58 patients (Figure 5). There

were 24 patients with both mNGS and CT positive, and 14 patients

with both mNGS and CT negative, while inconsistent results

between mNGS and CT were found in more than 34% of 58

patients. For the patients with mNGS positive and CT negative (n

=9), about half of patients (4 out of 9) can be directly diagnosed only

by mNGS results with positive coincidence rate of 44.4% against

final clinical diagnoses. A same trend was found in the patients with

mNGS negative and CT positive. The above results indicate that

there were no significant differences in detecting microbes between

mNGS and CT.
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Taking final clinical diagnoses as gold standard, we further

compared the performance of mNGS and CT in diagnosing

infections (Figure 5). The sensitivity of mNGS was slightly lower

[52.6% (95% confidence interval (CI) 36.8-68.5%)] than that of CT

[65.7% (95% CI 50.0-81.4%)]. The specificities of both mNGS and

CT were 75%. Positive predictive values (PPV) of both mNGS

[90.9% (95% CI 78.9-100.0%)] and CT [92.0% (95% CI 81.4-

100.0%)] were >90%, while negative predictive values (NPV) of

both mNGS (25.0% [95% CI 7.7-42.3%)] and CT [33.3% (95% CI

11.6-55.1%)] were low. Besides, more than half of mNGS (TCR,

[56.5% (95% CI 42.2-70.8%)] and CT [67.4% (95% CI 53.4-81.4%)]

results were consistent with the final clinical diagnoses. Most

importantly, compared with mNGS or CT, mNGS combined with

CT can identify more causative pathogens with higher sensitivity of

82.9% (95% CI 70.4-95.3%), and the TCR can reach up to 76.7%
B

A

FIGURE 2

Sample type (A) and infection site (B).
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(95% CI 64.1-89.4%). The above results unravel that mNGS can be

considered as a supplement to CT for infection diagnosis in patients

after HSCT mainly infected by viruses.
Semi-quantitative value of mNGS

Given semi-quantitative characteristics of mNGS, we

performed mNGS on some patients at different intervals to

further verify the efficacy of medication in reference to mNGS
Frontiers in Cellular and Infection Microbiology 0633
results (Figure 6). In cases 1-3, CMV, EBV, or M.tuberculosis were

detected by the 1st mNGS and diagnosed as causative pathogens,

respectively. After effective anti-microbial treatment, specific reads

detected by the 2nd mNGS decreased to low level or even to 0, and

the infection symptoms of these cases were partially improved.

We also use mNGS to rule out infection in some case. Case 4 was

finally diagnosed as non-infection disease by the two negative

mNGS results at 28 d interval. The above results further

emphasize the importance of mNGS in providing reference for

treatment strategies.
BA

FIGURE 3

Causative pathogens in different systems. (A) Infection type in patients after HSCT. (B) Pathogen profiles causing bloodstream, chest, CNS, and
pulmonary infections based on final clinical diagnoses.
B

C D

A

FIGURE 4

Comparison between mNGS and CT in microbial detection using different samples. Differences in microbial detection between mNGS and CT using
different samples. (A) all of samples. (B) blood sample. (C) BALF sample. (D) CSF sample. ‘CT’ represents conventional tests.
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Discussion

To the best of our knowledge, this is the first report on

summarizing regional pathogen profiles of infected patients after

HSCT in Jilin Province of China revealed by mNGS and CT.

Bloodstream infection was the most common infection in patients

after HSCT, followed by pulmonary infection, CNS infection, and

chest infection. Taking final clinical diagnoses as gold standard, we

found that more than 75% of infections were caused by viruses, and

CMV and EBV were found to be the most common pathogens.

Besides, mNGS can be considered as a supplement to CT for infection

diagnosis in patients after HSCT infected mainly by viruses.

We found that the performance of mNGS in diagnosing infection

was not better than that of CT, which was contrary to the results of

previous studies (Qu et al., 2022; Gu et al., 2021; Chen et al., 2020; Yu

et al., 2022). It was reported that the sensitivity of mNGS was

determined by the pathogen DNA ratio in sample (Ebinger et al.,

2021). Host depletion methods, such as differential lysis method, can

filter human DNA (Ji et al., 2020), increasing pathogen DNA ratio (Ji

et al., 2020; Gu et al., 2021; Thoendel et al., 2018) at the expense of

some viruses, parasites, and bacteria (Ji et al., 2020). Besides, host

depletion methods may bring in contamination of engineered strains
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from reagents (Gu et al., 2021), decreasing the detection accuracy

(Han et al., 2021). In our study, viral infection accounted for more

than 75%, and host depletion method was also included in mNGS

pipeline. However, there was no need to deplete host DNA for PCR in

CT used in our study, avoiding the loss of viral genes. The above

might be the reasons why the performance of mNGS was slightly

lower than that of CT. Furthermore, we found that mNGS combined

with CT can identify more causative pathogens and the TCR can

reach up to 76.7%. Accordingly, we propose that mNGS and CT

should be simultaneously performed on patients mainly infected by

viruses to improve diagnostic accuracy.

In our study, CMV and EBV were found to be the most

common pathogens causing infections in patients after HSCT.

EBV is responsible for 2-5% of viral encephalitis and meningitis

patients, and a review covering a 10-year period revealed that EBV

was occasionally detected in CSF using PCR (Lee et al., 2021).

Latent infections in B lymphocytes and myeloid cells are essential

for persistence and transmission of EBV and CMV (Fragkou et al.,

2021), respectively, and EBV is estimated to infect >90% of adults

worldwide (Hong et al., 2021). Besides, treatment-related

immunosuppression provides conditions for reactivation and

infection of latent viruses (Fragkou et al., 2021; Arruti et al.,
B CA

FIGURE 5

Performance comparison between mNGS and CT. I, Comparison of differences in detection between mNGS and CT. ‘N’ was the number of cases.
‘+’ and ‘-’ represent positive and negative results, respectively. II, Performance of mNGS (A), CT (B), and mNGS combined with CT (C) against final
clinical diagnoses.
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2017), and viral reactivation in patients after HSCT is associated

with significant morbidity and mortality (Fragkou et al., 2021).

Previous studies also found that EBV was the leading cause of CNS

viral infection in patients after HSCT (Qu et al., 2022; Liu et al.,

2019), which was consistent with our study (Figure 3). Meanwhile,

CMV was found to be one of the most significant pathogens causing

morbidity and mortality in patients after HSCT (Imlay and Kaul,

2021; Haidar et al., 2020), and we also found that the most common

pathogen was CMV in patients after HSCT. Given the high risk of

viral reactivation, we propose that clinicians should strictly perform

seropositivity screening for viruses on both donors and candidates

according to pre-transplantation evaluation guidelines (Fragkou

et al., 2021; Tomblyn et al., 2009; U.S. Food and Drug

Administration, 2019), to judge whether pre-emptive treatment

should be conducted.

Furthermore, reads of semi-quantitative mNGS can reflect

disease progression and treatment efficacy (Ge et al., 2021; Zhang

et al., 2020; Ai et al., 2018). Besides, the value of mNGS as being a

“rule-out” role (O'Grady, 2019; Chiu and Miller, 2019) is beneficial

to minimizing the abuse of anti-microbial drugs (Ge et al., 2021).

Zhang et al. performed several mNGS tests at different intervals on

nine patients to evaluate the role of mNGS during the treatments of

CNS infections, and found that for the patients with effective

antimicrobial treatment in reference to mNGS results, mNGS

semi-quantitative sequencing reads correlated with CSF WBC and

glucose ratio level (Zhang et al., 2020). Chen et al. also exhibited the

important role of repeated mNGS tests in diagnosing and managing

Escherichia coli infection of neonates (Chen et al., 2022). The

findings of our study provide more evidences to further
Frontiers in Cellular and Infection Microbiology 0835
emphasize the importance of mNGS in diagnosing, managing,

and ruling out infections, and an era of more rapid, independent,

and impartial diagnosis of infections in patients after HSCT can be

expected. Given the high cost of mNGS, it needs skilled staff to be

correctly performed.
Limitations

RNA mNGS was not performed on the patients in this study,

and more samples from multiple hospitals are needed to further

evaluate the performance of both DNA and RNA mNGS in

diagnosing infections in patients after HSCT. More negative

controls from non-infectious cases should be included to further

detect the potential of mNGS in ruling out infection. In addition,

the potential of mNGS to help with the timely adjustment of

treatments should also be evaluated.
Conclusions

Our findings highlight the importance of mNGS combined with

CT in diagnosing infections of patients after HSCT, especially for

viral infection. Bloodstream infection was the most common

infection in patients after HSCT, followed by pulmonary

infection, CNS infection, and chest infection. Most of infections

were caused by viruses, including CMV and EBV. Based on our

findings, extensive application of mNGS in diagnosing infections

after HSCT could be expected.
FIGURE 6

Semi-quantitative value of mNGS in the dynamic surveillance of infections. Case 1, CMV and EBV infections. Case 2, M.tuberculosis (MTB) infection.
Case 3, CMV infection. Case 4, non-infection.
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Long-term outcomes of
survivors with influenza A H1N1
virus-induced severe pneumonia
and ARDS: a single-center
prospective cohort study
Xiao Tang1†, Xiao-Li Xu2†, Na Wan1, Yu Zhao1, Rui Wang1,
Xu-Yan Li1, Ying Li1, Li Wang1, Hai-Chao Li1, Yue Gu1,
Chun-Yan Zhang1, Qi Yang2, Zhao-Hui Tong1 and Bing Sun1*

1Department of Respiratory and Critical Care Medicine, Beijing Institute of Respiratory Medicine and
Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China, 2Department of Radiology,
Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China
Introduction: Systematic evaluation of long-term outcomes in survivors of H1N1

is still lacking. This study aimed to characterize long-term outcomes of severe

H1N1-induced pneumonia and acute respiratory distress syndrome (ARDS).

Method: This was a single-center, prospective, cohort study. Survivors were

followed up for four times after discharge from intensive care unit (ICU) by lung

high-resolution computed tomography (HRCT), pulmonary function

assessment, 6-minute walk test (6MWT), and SF-36 instrument.

Result: A total of 60 survivors of H1N1-induced pneumonia and ARDS were

followed up for four times. The carbon monoxide at single breath (DLCO) of

predicted values and the 6MWT results didn’t continue improving after 3 months.

Health-related quality of life didn’t change during the 12 months after ICU

discharge. Reticulation or interlobular septal thickening on HRCT did not begin

to improve significantly until the 12-month follow-up. The DLCO of predicted

values showed negative correlation with the severity degree of primary disease

and reticulation or interlobular septal thickening, and a positive correlation with

physical functioning. The DLCO of predicted values and reticulation or interlobular

septal thickening both correlated with the highest tidal volume during

mechanical ventilation. Levels of fibrogenic cytokines had a positive correlation

with reticulation or interlobular septal thickening.

Conclusion: The improvements in pulmonary function and exercise capacity,

imaging, and health-related quality of life had different time phase and impact on

each other during 12 months of follow-up. Long-term outcomes of pulmonary

fibrosis might be related to the lung injury and excessive lung fibroproliferation at

the early stage during ICU admission.
KEYWORDS

influenza A (H1N1) virus, severe community-acquired pneumonia (SCAP), acute
respiratory distress syndrome (ARDS), pulmonary fibrosis, pulmonary function
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Introduction

Influenza has threatened human health for decades

(Taubenberger and Morens, 2006). It is estimated that global

seasonal influenza-associated respiratory deaths account for 4.0–

8.8 per 100,000 individuals annually (Iuliano et al., 2018). During

the influenza A (H1N1) virus pandemic in the United States in

2009, 26% of patients with H1N1 pneumonia progressed to acute

respiratory distress syndrome (ARDS), and 52% of them were

admitted to intensive care unit (ICU) (Jain et al., 2012). The

study from Mexico and Canada during the 2013–2014 influenza

season showed that the 90-day mortality of critical illness in ICUs

was 34.6% (Dominguez-Cherit et al., 2016). It is important to

understand the long-term outcomes in survivors.

A study from Canada that focused on the one-year outcomes in

survivors of ARDS showed that carbon monoxide diffusion capacity

remained low throughout the 12-month follow-up (Herridge et al.,

2003). At the 5-year follow-up, pulmonary function was normal to

near-normal, but none of the survivors returned to normal

predicted levels of physical function (Herridge et al., 2011).

Another study from Spain on survivors of ARDS with 6-month

follow-up showed a poorer health-related quality of life and mild to

moderate pulmonary functional abnormalities compared with the

healthy population (Masclans et al., 2011). Similar results were

found in survivors among H1N1 patients during the 12-month

follow-up (Luyt et al., 2012). However, most studies focused on

long-term outcomes in the survivors of H1N1 during the 2009

pandemic. In addition, there are still fewer systematic evaluations of

the physical function, pulmonary imaging, and quality of life in

such patients. There have been many cases of critical illness of

severe H1N1 pneumonia and ARDS in every flu season after 2009

(Iuliano et al., 2018; Li et al., 2019).

This study aimed to characterize long-term outcomes in

survivors of severe H1N1 pneumonia and ARDS during 12

months of follow-up. And try to explore the relationship between

the long-term pulmonary function and exercise capacity, health-

related quality of life, pulmonary imaging, with clinical situation

and serological biomarkers acquired in the early stage while

ICU admission.
Methods

Study design and patients

This was a single-center, prospective, cohort study conducted in

a 16-bed respiratory ICU. Patients admitted to the ICU fromMarch

1, 2016, to December 31, 2020, were included in the study. Patients

were included if they fulfilled the following criteria: (1) age above 18

years; (2) severe community acquired pneumonia (SCAP) (Cao

et al., 2018); (3) meeting the Berlin definition of ARDS (Ferguson

et al., 2012); and (4) detection of influenza A (H1N1) virus in

sputum or bronchoalveolar lavage fluid (BALF) using real-time

polymerase chain reaction (PCR). Exclusion criteria included

expected ICU duration less than 48 hours and refuse to

participate this study or follow-up.
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This study was reviewed and approved by the Ethics Committee

of Beijing Chao-Yang Hospital (2016-KE-61). Informed consent

was obtained from the patients themselves or their legal guardians.

All methods were carried out in accordance with relevant guidelines

and regulations.
Procedures and data collection

Demographic and clinical data of the patients during ICU stay

were entered into an electronic case report form (eCRF) and

included the following: demographic characteristics, underlying

diseases, comorbidities, clinical symptoms, vital signs, laboratory

tests, images of the lung, and microbiological findings.

Antimicrobial therapy, respiratory support, complications, and

outcomes were also recorded. The acute physiology and chronic

health evaluation (APACHE) II, sequential organ failure assessment

(SOFA), and acute lung injury score (Murray et al., 1988) was also

collected while ICU admission.

The survivors were examined during four follow-up visits at

outpatient department during 12 months, specifically at 1 month, at

3 months, at 6 months, and at 12 months after ICU discharge.

Symptoms and vital signs were recorded. The patients underwent

blood routine test, arterial blood gas (ABG) analysis, pulmonary

high-resolution computed tomography (HRCT), pulmonary

function assessment, and 6-minute walk test (6MWT) at every

follow-up visit. Moreover, a 36-item short-form health survey (SF-

36) (Skinner et al., 2015) was used to evaluate the physical and

mental health function. All of the results were recorded in the eCRF.

The diagnose of pulmonary function was referred to Chinese

experts’ consensus on the standardization of adult lung function

diagnosis (Lei and Rong-Chang, 2022) and ERS/ATS technical

standard on interpretive strategies for routine lung function tests

(Stanojevic et al., 2022). 6MWT performed according to Chinese

expert consensus on standardized clinical application of 6-minute

walk test (Chinese Society of Cardiology CMA et al., 2022).

The primary outcome was the incidence of patients with

abnormal pulmonary function at 12-month follow-up. The

secondary outcome was the symptom, HRCT manifestation,

pulmonary function, SF-36, and 6MWT at 4 times follow-up.
Pulmonary HRCT

We performed lung segmentation, lesion extraction and

labeling, and volume calculation using a dedicated multi-task

deep learning algorithm developed for pulmonary pneumonia

(Beijing Deepwise & League of PhD Technology Co.Ltd, China).

One experienced radiologist with experience in pulmonary imaging

interpretation reviewed the CT images. The CT images were

evaluated and defined according to the Fleischner Society glossary

of terms for thoracic imaging (Hansell et al., 2008) as the following

radiologic patterns: (a) ground-glass opacification (GGO); (b)

consolidation; (c) bronchiectasis; (d) reticulation or interlobular

septal thickening; and (e) emphysema. The extent of disease at

HRCT was evaluated as a CT score. Bilateral lungs were divided into
frontiersin.org
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five lung zones, where each lung zone was assigned a score that was

based on the following: score 0, 0% involvement; score 1, less than

25% involvement; score 2, 25% to less than 50% involvement; score

3, 50% to less than 75% involvement; and score 4, 75% or greater

involvement. Summation of scores provided overall lung

involvement (maximal CT score for both lungs was 20) (Ooi

et al., 2004).
Measurement of inflammatory and
fibrogenic cytokines

Serum specimens were collected dynamically during the first

nine days for the measurement of inflammatory cytokines and

fibrogenic cytokines. A human cytokine panel (Procarta Plex™,

Affmetrix Inc., CA, USA) consisting of IFN-g, IL-12p70, IL-13, IL-
1b, IL-2, IL-4, IL-5, IL-6, TNF-a, GM-CSF, IL-18, IL-10, IL-17A,

IL-21, IL-22, IL-23, IL-27, IL-9, IFN-a, IL-15, IL-1a, IL-1RA, IL-7,
TNF-b, and IL-31 was used to measure inflammatory cytokines.

Fibrogenic cytokines consisted of hyaluronic acid, laminin, type IV

collagen, type III procollagen (Bioscience, Tianjin, China), and

Krebs Von den Lungen-6 (KL-6) (Fujirebio Inc., Tokyo, Japan).
Statistical analysis

Data analysis was performed using SPSS 23.0 (IBM Corp.,

Armonk, NY, USA) software. Categorical variables were

summarized using frequencies and percentages, and continuous

data were presented as the medians (interquartile ranges [IQRs]).

The Mann–Whitney U test was used for continuous variables, and

the c2 test or Fisher’s exact test was used for categorical variables.

Differences between groups were tested by one-way analysis of

variance test. The overall time course for pulmonary function,

HRCT manifestations, and eight dimensions of the SF-36

instrument was analyzed using two-way analysis of variance for

repeated measures. Pearson correlation analysis was used to analyze

the correlation between cytokine levels, pulmonary function,

pulmonary manifestations on HRCT, and dimensions of the SF-
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36 instrument in four visits during the 12-month follow-up after

ICU discharge. Stepwise regression and collinearity diagnostics

were used to analyze the multicollinearity among the variables. P

values lower than 0.05 were considered to be statistically significant.
Results

From March 1, 2016, to December 31, 2019, a total of 345

patients with SCAP and ARDS were admitted to the respiratory

ICU of Beijing Chao-Yang Hospital. In total, 92 (26.7%) of them

were diagnosed with influenza A (H1N1) virus–induced SCAP, of

which 70 (76.1%) patients were male, and the median age was 49

(41, 63) years. The median acute lung injury score was 3.25 (2.75,

3.74), and Acute Physiology and Chronic Health Evaluation

(APACHE) II was 12 (9, 18) at the time of admission. The

median PaO2/FiO2 was 107.5 (77.0, 137.8) mm Hg. All of the

patients received mechanical ventilation during ICU therapy.

Invasive mechanical ventilation (IMV) was used in 70 (76.1%)

patients, including 38 (41.3%) patients who received extracorporeal

membrane oxygenation (ECMO) support. The ICU mortality was

34.8%, and the median length of ICU stay was 16 (10, 27) days

(Supplementary Table S1). Sixty survivors underwent four follow-

up examinations at 1, 3, 6, and 12 months after ICU discharge. Six

patients were lost to follow-up, and one patient died for

cerebrovascular disease (Supplementary Figure S1).
Symptoms, pulmonary function, and 6MWT

At the one-month follow-up, 39.3% of the survivors had cough.

The number of patients with respiratory tract symptoms decreased

gradually with time. Fourteen survivors (24.0%) had hypoxemia at

the one-month follow-up, which decreased to four patients (7.0%)

at the three-month follow-up. However, at the 12-month follow-up,

there were still four patients with cough, and one patient had

dyspnea and hypoxemia (Table 1).

Pulmonary function assessment at the one-month follow-up

revealed gas transfer impairments in 32 patients (55.2%), of which
TABLE 1 Symptoms, pulmonary function, and 6MWT during 12 months of follow-up.

Follow-up 1 month (n = 58) 3 months (n = 57) 6 months (n = 54) 12 months (n = 53) P

Symptom (n, %)

Cough 24 (39.3) 12 (21.0) 7 (12.7) 4 (7.5) 0.416

Sputum 15 (24.6) 8 (14.0) 6 (10.9) 3 (5.7) 0.969

Short breath 4 (6.6) 3 (5.3) 0 1 (1.9) 0.537

Dyspnea 8 (13.1) 0 0 1 (1.9) 0.094

Arterial blood gas analysis

pH 7.41 (7.39, 7.43) 7.40 (7.39, 7.42) 7.41 (7.40, 7.41) 7.41 (7.39, 7.42) 0.820

PaCO2 (mm Hg) 32.0 (31.2, 34.5) 32.4 (30.7, 33.5) 33.8 (30.6, 34.9) 35.8 (33.7, 37.2) 0.660

(Continued)
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TABLE 1 Continued

Follow-up 1 month (n = 58) 3 months (n = 57) 6 months (n = 54) 12 months (n = 53) P

Arterial blood gas analysis

PaO2 (mm Hg) 89.2 (74.4, 95.9) 91.9 (86.8, 99.2) 88.1 (79.3, 93.5) 89.7 (76.5, 93.4) 0.489

PaO2/FiO2 (mm Hg) 406.8 (354.1, 455.2) 439.7 (410.5, 474.4) 421.5 (379.5, 447.4) 428.2 (365.3, 446.4) 0.431

Hypoxemia (n, %) 14 (24.0) 4 (7.0) 3 (5.4) 1 (1.9) 0.001

Pulmonary function

FVC (L) 3.30 (2.51, 3.84) 3.74 (2.87, 4.26) * 3.87 (3.09, 4.22) * 3.82 (3.17, 4.26) 0.009

Difference 0.560 (0.143, 0.977) 0.185 (0.005, 0.364) 0.075 (−0.151, 0.302)

FVC% of predicted value 81.8 (71.6, 89.4) 97.2 (81.7, 101.3) * 97.2 (87.6, 103.0) * 93.9 (89.0, 112.4) 0.011

Difference 17.445 (4.533, 30.358) 5.327 (0.356, 10.299) 3.173 (−3.277, 9.622)

FEV 1 (L) 2.72 (2.15, 3.18) 3.02 (2.42, 3.50) * 2.96 (2.56, 3.45) 3.00 (2.54, 3.28) 0.038

Difference 0.385 (0.058, 0.711) 0.106 (−0.039, 0.252) 0.045 (−0.109, 0.198)

FEV 1% of predicted value 82.0 (73.1, 90.4) 93.1 (82.2, 101.2) * 97.2 (83.9, 101.4) * 92.9 (83.0. 108.8) 0.024

Difference 14.300 (0.570, 28.030) 5.845 (1.100, 10.590) 1.464 (−4.870, 7.797)

FEV 1/FVC 85.8 (81.2, 89.0) 84.5 (80.9, 96.2) 85.7 (82.4, 97.5) 85.0 (79.9, 95.3) 0.558

Difference 1.609 (−7.952, 1.170) −1.736 (−15.754, 12.282) −1.855 (−7.188, 3.479)

MEF75/25 2.90 (2.15, 4.00) 3.33 (2.22, 3.90) 2.76 (2.09, 3.27) 2.48 (2.06, 3.75) 0.787

Difference 0.098 (−0.777, 0.974) 0.020 (−0.620, 0.660) −0.027 (−0.364, 0.311)

MEF 75/25% of predicted value 75.95 (57.1, 96.9) 79.1 (62.5, 100.3) 73.5 (61.2, 99.0) 72.1 (55.3, 100.9) 0.788

Difference 4.063 (−24.678, 32.804) 1.427 (−18.643, 21.516) −0.850 (−11.580, 9.880)

TLC (L) 4.51 (3.53, 5.30) 5.23 (3.88, 5.79) 5.16 (4.39, 6.08) 5.20 (4.25, 5.90) 0.033

Difference 1.267 (−0.098, 2.633) 0.175 (−0.401, 0.752) 0.088 (−0.172, 0.349)

TLC% of predicted value 73.65 (63.85, 86.15) 84.1 (76.1, 92.7) * 90.3 (76.9, 95.1) 92.3 (84.6, 99.4) <0.001

Difference 14.320 (4.233, 24.407) 5.440 (−0.210, 11.090) 1.380 (−3.833, 6.593)

DLCO (mL/min/mm Hg) 5.29 (3.42, 6.99) 6.15 (5.00, 7.90) 6.44 (5.74, 7.86) 6.78 (6.06, 8.52) <0.001

Difference 1.022 (−1.027, 3.070) 0.994 (−0.511, 2.499) 0.355 (−0.334, 1.043)

DLCO% of predicted value 56.7 (45.7, 69.0) 71.9 (59.0, 82.9) * 73.7 (68.3, 86.8) 81.2 (73.8, 90.8) <0.001

Difference 23.364 (8.953, 37.774) 5.900 (−4.602, 16.402) 3.882 (−5.510, 13.273)

DLCO/VA (mL/min/mm Hg/L) 1.33 (1.13, 1.54) 1.28 (1.11, 1.56) 1.37 (1.22, 1.62) 1.60 (1.22, 1.79) 0.584

Difference −0.189 (−1.349, 0.971) 0.076 (−0.144, 0.296) 11.326 (−26.684, 49.336)

DLCO/VA% of predicted value 77.5 (67.1, 91.9) 84.3 (75.2, 94.6) * 88.3 (79.0, 104.9) 95.2 (80.5, 111.7) 0.001

Difference 16.3 (5.2, 27.5) 5.2 (−4.5, 14.9) 2.9 (−5.2, 11.1)

6MWT 450 (372, 519) 540 (421, 597) * 534 (493, 600) * 538 (430, 604) 0.005

135 (56, 214) 76 (98, 250) −5 (70, 61)
F
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P: Two-way analysis of variance for repeated measures to analyze the difference between four visits during 12 months.
One-way analysis of variance was used to analyze differences between subgroups. Differences showed the comparison with the last follow-up visit. *: with significant difference compared with the
result of the last follow-up visit.
DLCO, diffusion capacity of the lung for carbon monoxide at single breath; DLCO/VA, diffusion capacity of the lung for carbon monoxide corrected by alveolar volume; FiO2, fraction of inspired
oxygen; FEV 1, the first-second forced expiratory volume; FVC, forced vital capacity; MEF 25, maximum expiratory flow rate at 25% vital capacity; MEF 50, maximum expiratory flow rate at 50%
vital capacity; MEF 75, maximum expiratory flow rate at 75% vital capacity; 6MWT, 6-minute walk test; PaCO2, arterial partial pressure of carbon dioxide; PaO2, arterial partial pressure of
oxygen; and TLC, total lung capacity.
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24 patients (41.4%) had limited ventilation, while eight patients had

small-airway dysfunction. The dynamic evaluation showed that the

pulmonary function significantly improved at the 3-month follow-

up compared with the 1-month follow-up. Single breath diffusing

capacity of lung for carbon monoxide (DLCO) of predict values was

71.9% (59.0%, 82.9%) at the 3-month follow-up, significantly higher

than 56.7% (45.7%, 69.0%) at the 1-month follow-up. However, the

comparison between 3-month, 6-month, and 12-month follow-up

showed no significant difference. At the 12-month follow-up, there

were still 12 survivors (21.8%) with gas transfer impairments, in

whom DLCO of predict values was 69.7% (66.1%, 75.2%). Seven

(12.7%) patients had small-airway dysfunction, and four (7.3%)

patients had limited ventilation. The distance at 6MWT at the 1-

month follow-up was 450 m (372 m, 519 m), which increased

significantly to 540 m (421 m, 597 m) at the 3-month follow-up but

did not further improve at the 6-month and 12-month follow-up

(Table 1 and Figure 1).
Physical and mental health function

The SF-36 instrument was used to evaluate the physical and

mental health function. At the 1-month follow-up, the SF-36

instrument showed poor manifestations in eight dimensions of

physical and mental health function. Physical functioning and

social functioning significantly improved at the 3-month follow-

up. Then, at 6 months after ICU discharge, bodily pain and role–

physical significantly improved. However, general health, vitality,

mental health, and role–emotion did not change during 12 months

after ICU discharge (Table 2 and Figure 2A).
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Pulmonary HRCT

The median patient’s whole-lung volume by volumetric HRCT

analysis was 3352 (2241, 3893) ml at the 1-month follow-up, which

increased to 3769 (2696, 4643) ml at the 3-month follow-up (P =

0.017). At the one-month visit, the main pulmonary HRCT

manifestation was GGO, of which the median score was 14 (10,

18). GGO improved significantly at the next three follow-up visits

(P < 0.001). Consolidation was fully disappeared at 3 months after

ICU discharge. However, bronchiectasis, reticulation, or

interlobular septal thickening did not begin to improve

significantly until the 12-month follow-up (Table 3 and

Figures 2B, Supplementary Figure S2).
Correlation analysis

DLCO of predict values at four follow-up examinations showed a

moderate negative correlation with reticulation or interlobular

septal thickening manifested on HRCT at the corresponding time

point (Figure 2B). Other indicators of pulmonary function and

HRCT manifestations did not correlate. There were moderate to

strong positive correlations between DLCO of predict values and

physical functioning (r = 0.683, P < 0.001), role–physical (r = 0.622,

P < 0.001), role–emotional (r = 0.507, P = 0.003), and 6MWT (r =

0.522, P = 0.004) at the 3-month follow-up (Supplementary Table

S2). At the 12-month visit, DLCO of predict values still showed

moderate positive correlations with role–physical (r = 0.431, P =

0.032) and general health (r = 0.491, P = 0.013) (Supplementary

Table S2 and Figures 3A, B).
FIGURE 1

Pulmonary function assessment and 6MWT in four visits during 12 months of follow-up. DLCO, diffusion capacity of the lung for carbon monoxide at
single breath; TLC, total lung capacity; FEV 1, the first-second forced expiratory volume; FVC, forced vital capacity; MEF 50, maximum expiratory
flow rate at 50% vital capacity; and 6MWT, 6-minute walk test.
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Regarding the variables during ICU hospitalization, acute lung

injury score (r = −0.471, P = 0.017) and APACHE II during ICU

admission (r = −0.691, P < 0.001) had a negative correlation with

DLCO of predict values at the 12-month follow-up. The highest tidal

volume was the only monitoring parameter during mechanical
Frontiers in Cellular and Infection Microbiology 0643
ventilation that had a negative correlation with DLCO of predict

values (r = −0.542, P = 0.025) and a positive correlation with

reticulation or interlobular septal thickening (r = 0.606, P = 0.003)

at the 12-month follow-up (Figures 3C, D). Regarding the

fibrogenic cytokines at the early stage of ICU admission, KL-6
TABLE 2 The scores in the SF-36 instrument during 12 months of follow-up.

Follow-up 1 month (n = 58) 3 months (n = 57) 6 months (n = 54) 12 months (n = 53) P

Bodily pain 74 (70, 100) 92 (74, 100) 92 (84, 100) * 100 (82, 100)* 0.030

Difference 16 (−1, 32) 4 (−4, 12) −1 (−8, 5)

Physical functioning 70 (55, 90) 92 (80, 95) * 95 (85, 95) * 95 (82, 98) * 0.050

Difference 23 (5, 41) 3 (−2, 8) 2 (−7, 12)

Role–physical 0 (0, 0) 50 (0, 100) 100 (25, 100)* 100 (75, 100)* 0.002

Difference 32 (−12, 77) 15 (−13, 43) 25 (−4, 54)

General health 72 (50, 82) 80 (57, 97) 72 (52, 87) 76 (57, 95) 0.118

Difference 5 (−6, 16) 13 (−1, 27) 2 (−13, 17)

Vitality 40 (25, 55) 38 (20, 50) 35 (25, 40) 40 (35, 50) 0.262

Difference 6 (−12, 23) −14 (−30, 2) 3 (−8, 14)

Social functioning 55.6 (33.3, 77.8) 88.9 (66.7, 100) * 89 (78, 100) * 100 (89, 100) * 0.004

Difference 21 (4, 38) 9 (−8, 26) 2 (−9, 13)

Role–emotional 83.3 (0, 100) 100 (66.7, 100) 78 (68, 88) 100 (83, 100) 0.258

Difference 23 (−10, 57) 17 (−6, 39) −14 (−37, 9)

Mental health 80 (64, 88) 87 (72, 92) 78 (68, 88) 80 (68, 92) 0.382

Difference 4 (−10, 17) −1 (−7, 5) −8 (−24, 8)

Reported health transition 25 (0, 25) 37.5 (25, 75) 50 (25, 100)* 75 (25, 100)* 0.003

Difference 22 (−2, 47) 27 (−6, 60) −3 (−32, 27)
frontier
P: Two-way analysis of variance for repeated measures to analyze the difference between four visits during 12 months.
One-way analysis of variance was used to analyze differences between subgroups. Differences showed the comparison with the last follow-up visit. *: there was significant difference of the result
compared with the 1-month follow-up.
A B

FIGURE 2

SF-36 and pulmonary HRCT scores in four visits during 12 months of follow-up of the survivors of H1N1 virus–induced SCAP and ARDS. (A) Eight
dimensions of the SF-36 instrument. *: Two-way analysis of variance for repeated measures to analyze the difference between the four visits
showed significant within-group differences. (B) Pulmonary HRCT scores of different manifestations. GGO, ground-glass opacity; HRCT, high-
resolution computed tomography.
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level showed moderately positive correlations with reticulation or

interlobular septal thickening at 1-month and 3-month follow-up,

while type IV collagen, type III procollagen, hyaluronic acid, and

laminin had moderate to strong positive correlations with

reticulation or interlobular septal thickening at 6 months and 12

months after ICU discharge (Supplementary Table S3 and

Figures 3E–H). There were no correlations between inflammatory

cytokines and HRCT manifestations. Very weak multicollinearity
Frontiers in Cellular and Infection Microbiology 0744
among the above variables was shown in the collinearity diagnostics

(Supplementary Table S4).
Discussion

This study systematically assessed the long-term outcomes of

pulmonary function, exercise capacity, HRCT manifestations, and
A

B D

E

F

G

H

C

FIGURE 3

Pearson correlation analysis was used to analyze the correlation between the fibrogenic cytokines and variables during ICU therapy, pulmonary
function, pulmonary HRCT, and SF-36 instrument in four visits during 12 months of follow-up after ICU discharge. The solid line is the fitted line of
Pearson correlation analysis; the dotted line is the 95% confidence interval. DLCO, diffusion capacity of the lung for carbon monoxide at single
breath; HRCT, high-resolution computed tomography; and ICU, intensive care unit.
TABLE 3 Pulmonary HRCT descriptions during 12 months of follow-up.

HRCT manifestation 1 month (n = 58) 3 months (n = 57) 6 months (n = 54) 12 months (n = 53) P

GGO 14 (10, 18) 10 (6, 16)* 9 (4, 11)* 6 (2, 10)* <0.001

Difference −3 (−5, −1) −3 (−6, −1) −2 (−5, 1)

Consolidation 3 (2, 5) 0 (0, 4)* 0 (0, 3)* 0 (0, 2)* 0.015

Difference −2 (−4, 0) 0 (−1, 0) 0 (−1, 0)

Reticulation/interlobular
septal thickening

9 (6, 11) 9 (6, 10) 8 (6, 10) 6 (5, 9) ** 0.031

Difference 0 (−1, 1) −1 (−2, 0) −1 (−1, 0)

Bronchiectasis 6 (2, 11) 5 (2, 9) 5 (1, 8) 4 (1, 8) ** 0.018

Difference −1 (−3, 0) −1 (−1. 0) 0 (−1, 0)

Emphysema 4 (1, 8) 4 (2, 8) 4 (2, 9) 4 (2, 10) 0.123

Difference 0 (−1, 1) 0 (−1, 1) 0 (0, 1)

Lung volume 3352 (2241, 3893) 3769 (2696, 4643)* 3537 (2486, 4840)* 4012 (2872, 4721)* 0.004

Difference 584 (173, 995) −31 (−287, 225) 174 (−105, 453)
frontie
P: Two-way analysis of variance for repeated measures to analyze the difference between four visits during 12 months.
One-way analysis of variance was used to analyze differences between subgroups. Differences showed the comparison with the last follow-up visit. *: the result of this follow-up with significant
difference compared with the 1-month follow-up. **: the result of this follow-up with significant difference compared either with the 1-month follow-up, or 3-month follow-up.
GGO, ground-glass opacity; HRCT, high-resolution computed tomography.
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health-related quality of life in survivors of severe H1N1 pneumonia

and ARDS who had been discharged from ICU. The improvements

in pulmonary function and exercise capacity, HRCT, and health-

related quality of life had different time phase and impact on each

other. The decrease in DLCO was the main abnormality in

pulmonary function, which improved at 3 months after ICU

discharge. Although GGO and consolidation were fully absorbed

at 3 months after ICU discharge, reticulation or interlobular septal

thickening was the main long-term manifestation on HRCT, which

did not begin to improve significantly until the 12-month follow-

up, and had a negative correlation with DLCO. Regarding health-

related quality of life, general health and mental health were without

any changes during one year after ICU discharge, even though there

was a positive correlation between DLCO and general health. The

severity of primary disease, tidal volume of mechanical ventilation,

and levels of fibrogenic cytokines at the early stage of ICU

admission affected the long-term outcomes of reticulation or

interlobular septal thickening on HRCT.

A study from Greece evaluated 44 patients with H1N1 infection

every three months, until 6 months after discharge. There was an

improvement in pulmonary function tests at the second

measurement, but there were no changes between the second and

third measurements (Zarogoulidis et al., 2011). Huang’s team in

Taiwan followed up on nine survivors of ARDS due to severe H1N1

pneumonitis at 1, 3, and 6 months after hospital discharge.

Pulmonary function and 6MWT results increased from 1 to 3

months after hospital discharge, but there was no further

improvement from 3 to 6 months after discharge (Hsieh et al.,

2018). Similar results were also found for ARDS of other etiologies.

A 3-month follow-up study in survivors of ARDS secondary to

coronavirus disease 2019 (COVID-19) showed that 82% of these

patients had an impaired DLCO (Gonzalez et al., 2021). Similar to

the previous literature, the present study showed that gas transfer

impairment was the main manifestation of the abnormal

pulmonary function, and in most survivors, it recovered to

normal range at 3 months after ICU discharge. However, there

were still 25% of patients in whom there was no improvement

during 12 months.

Bilateral, peripheral GGO, and/or bilateral areas of

consolidation are the predominant HRCT findings in the acute

phase of H1N1-induced pneumonia (Marchiori et al., 2010). Short-

term serial HRCT evaluation of patients with H1N1 infection

showed that GGO and/or consolidation on initial CT scans

tended to resolve fibrosis, which then resolved completely or

displayed substantially reduced residual disease (Li et al., 2012).

Another study showed that the most common HRCT finding in the

convalescent stage in patients with H1N1 pneumonia was fibrosis

(Feng et al., 2015). Nevertheless, few studies have focused on the

long-term radiographic outcomes in survivors of H1N1 infection.

The present study revealed the dynamic HRCT evolution in

survivors of H1N1-induced pneumonia and ARDS during 12

months after ICU discharge. GGO and consolidation were the

main manifestations on HRCT at the early stage after ICU

discharge, similar to that at the acute phase of H1N1 pneumonia.

Especially, consolidation was mostly absorbed at the 3-month visit.

However, reticulation or interlobular septal thickening did not
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begin to improve significantly until the 12-month follow-up. It

means that reticulation or interlobular septal thickening is the main

long-term HRCT finding in H1N1-induced pneumonia and ARDS.

A similar result was found in the study of COVID-19 survivors

(Gonzalez et al., 2021; Pan et al., 2022). We also discovered that the

severity of reticulation or interlobular septal thickening correlated

with diffusion capacity in such patients.

A study from Australia showed that health-related quality of life

of survivors of severe H1N1 influenza was comparable to that of

healthy population one year after ICU discharge (Skinner et al.,

2015). However, researchers from Spain proposed a significant but

temporary impact on health-related quality of life in the majority of

patients with H1N1 infection (Hollmann et al., 2013). According to

a review from Bein’s team, surviving ARDS is associated with a

long-term substantial reduction in health-related quality of life

(Bein et al., 2018). Neufeld’s team also reported that two-thirds of

ARDS survivors had clinically significant fatigue symptoms in the

first year of follow-up (Neufeld et al., 2020). In this study, we found

that general health, vitality, mental health, and role–emotion in

survivors of H1N1-induced pneumonia and ARDS did not change

during 12 months after ICU discharge, which might be affected

partially by impaired pulmonary function, and the experience in

ICU might impact long-term mental health. Therefore, for the

improvement in health-related quality of life, both psychological

and physical recovery should be focused on.

Type III procollagen is recognized as a marker of ARDS-

associated lung fibroproliferation (Forel et al., 2015). KL-6 is a

marker of alveolar inflammation in ARDS (Nathani et al., 2008),

which is also related to long-term outcomes (Kondo et al., 2011). In

the present study, KL-6 was related to reticulation or interlobular

septal thickening at the 1-month and 3-month visits, but not at the

12-month follow-up. In contrast, type IV collagen, type III

procollagen, hyaluronic acid, and laminin showed correlations

with reticulation or interlobular septal thickening at 6 months

and 12 months after ICU discharge. We considered that the lung

injury and excessive lung fibroproliferation at the early stage during

ICU admission might be related to long-term pulmonary fibrosis in

patients with H1N1-induced ARDS. It also influences the recovery

of pulmonary function and quality of life.

Lung injury and excessive lung fibroproliferation at the early

stage during ICU admission might not only be related to the

severity of the primary disease (Burnham et al., 2014) but also to

mechanical ventilation. Many studies have tried to explore the

mechanism of ventilation-induced acute lung injury and

fibroproliferation in patients with ARDS, which caused poor

outcomes, and high tidal volume was identified as one of the

important risk factors (Foda et al., 2001; Li et al., 2008; Cabrera-

Benitez et al., 2014). Lung-protective mechanical ventilation with

lower tidal volumes has been widely used and could decrease the

mortality of patients with ARDS (Acute Respiratory Distress

Syndrome N et al., 2000). In the present study, all of the patients

received standard lung-protective mechanical ventilation;

nevertheless, the relationship between the tidal volume and the

long-term outcome was still observed, especially influencing the

pulmonary function and fibrosis manifestation on HRCT at the 12-

month visit. Therefore, strictly executing the mechanical ventilation
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strategy with lower tidal volumes might help patients with ARDS in

achieving better short-term or long-term outcomes. There is still

controversy regarding the effectiveness of corticosteroids applied to

reduce ventilation-induced lung fibrosis in severe H1N1 infection–

induced ARDS (Burnham et al., 2014; Cabrera-Benitez et al., 2014;

Moreno et al., 2018). Thus, effective pharmacological therapies to

prevent the development of ventilator-induced and ARDS-related

lung fibrosis should be the research priority in the future.

There are still some limitations to this study. First, this was a

single-center cohort study, which may have induced the

unavoidable selection bias. Second, the sample size was relatively

small, which might have resulted in less statistical power. Third, this

study focused on patients with H1N1 pneumonia–induced ARDS;

therefore, extrapolation of the results to other etiologies of

pneumonia and ARDS should be done with caution. Fourth,

post-ICU life capability, workability, and delirium which was

recognized as aspects related to long-term prognosis after ICU

discharge was not collected in the present study. This study only

describes the long-term prognosis from the perspectives of imaging,

health-related quality of life, and pulmonary function. Lastly,

inflammatory cytokines and fibrogenic cytokines were not

measured in the bronchoalveolar lavage fluid, so we could only

partly explain the injury degree of alveolar epithelial cells through

the results from serum.
Conclusions

The improvements in pulmonary function and exercise

capacity, imaging, and health-related quality of life in survivors of

critical H1N1-induced pneumonia and ARDS had different time

phase and impact on each other during 12 months of follow-up after

ICU discharge. Long-term pulmonary fibrosis outcome, which

would influence the pulmonary function and quality of life, could

be observed via HRCT longitudinal evaluation. It might be not only

related to the severity of the primary disease but also to mechanical

ventilation. These topics still need to be explored in multicenter

studies, covering various etiologies and using larger sample sizes.

Moreover, the mechanism also needs to be further investigated.
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Background: Chronic obstructive pulmonary disease (COPD) is a prevalent

condition that significantly impacts public health. Unfortunately, there are few

effective treatment options available. Mendelian randomization (MR) has been

utilized to repurpose existing drugs and identify new therapeutic targets. The

objective of this study is to identify novel therapeutic targets for COPD.

Methods: Cis-expression quantitative trait loci (cis-eQTL) were extracted for 4,317

identified druggable genes from genomics and proteomics data of whole blood

(eQTLGen) and lung tissue (GTEx Consortium). Genome-wide association studies

(GWAS) data for doctor-diagnosed COPD, spirometry-defined COPD (Forced

Expiratory Volume in one second [FEV1]/Forced Vital Capacity [FVC] <0.7), and

FEV1 were obtained from the cohort of FinnGen, UK Biobank and SpiroMeta

consortium. We employed Summary-data-based Mendelian Randomization

(SMR), HEIDI test, and colocalization analysis to assess the causal effects of

druggable gene expression on COPD and lung function. The reliability of these

druggable genes was confirmed by eQTL two-sample MR and protein quantitative

trait loci (pQTL) SMR, respectively. The potential effects of druggable genes were

assessed through the phenome-wide association study (PheWAS). Information on

drug repurposing for COPD was collected from multiple databases.

Results: A total of 31 potential druggable genes associated with doctor-diagnosed

COPD, spirometry-defined COPD, and FEV1 were identified through SMR, HEIDI

test, and colocalization analysis. Among them, 22 genes (e.g., MMP15, PSMA4,

ERBB3, and LMCD1) were further confirmed by eQTL two-sample MR and protein

SMR analyses. Gene-level PheWAS revealed that ERBB3 expression might reduce

inflammation, while GP9 and MRC2 were associated with other traits. The drugs

Montelukast (targeting the MMP15 gene) and MARIZOMIB (targeting the PSMA4

gene) may reduce the risk of spirometry-defined COPD. Additionally, an existing

small molecule inhibitor of the APH1A gene has the potential to increase FEV1.
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Conclusions:Our findings identified 22 potential drug targets for COPD and lung

function. Prioritizing clinical trials that target these identified druggable genes

with existing drugs or novel medications will be beneficial for the development of

COPD treatments.
KEYWORDS

Mendelian randomization, druggable genes, drugs repurposing, chronic obstructive
pulmonary disease, lung function
Introduction

Chronic Obstructive Pulmonary Disease (COPD) is a complex

lung condition characterized by persistent progressive airflow

limitation, along with chronic respiratory symptoms (dyspnea,

cough, sputum, etc.). Recent large-scale studies have revealed that

the global prevalence of COPD among people aged 30-79 years was

estimated to be 10.3% in 2019, with a staggering 391.9 million

patients worldwide (Adeloye et al., 2022). The prevalence is

expected to continue rising due to factors such as increasing

smoking rates, air pollution, and an aging population. In

addition, COPD ranks as the third leading cause of death

globally, with approximately 2.5 deaths per minute worldwide,

and a large proportion of deaths are caused by infections (S.

European Observatory on Health, Policies et al., 2023). Given the

high burden of COPD-related mortality and morbidity, it is

necessary to implement interventions to reduce its prevalence and

minimize the associated disease burden.

Despite extensive research, the treatment options for COPD

remain limited. Currently, the main treatment involves

bronchodilators, hormones, and mucolytic agents. However, these

drugs only provide temporary relief of symptoms and modest

improvements in lung function without significantly impacting

the overall prevalence of the disease. Moreover, existing drugs are

ineffective in controlling the symptoms and disease progression in

some patients. Therefore, there is an urgent need to develop new

therapeutic drugs.

Incorporating genetics into drug development shows promise in

addressing this issue, as genetically-supported drugs are more likely

to be successful in clinical trials (Trajanoska et al., 2023). For

instance, the identification of the PCSK9 gene’s association with

coronary artery disease risk has led to the development and

successful application of PCSK9 inhibitors (Stoekenbroek et al.,

2015). Druggable genes refer to those that can be targeted by drugs,

including small molecules and biotherapeutic agents, to modulate

their activity (Finan et al., 2017). Genome-wide association studies

(GWAS) have been effective in identifying single nucleotide

polymorphisms (SNPs) associated with COPD (Silverman, 2020).

However, GWAS may fall short in pinpointing causative genes for

direct drug development. In this context, Mendelian randomization
0249
(MR) provides a more reliable approach by mimicking the effects of

gene overexpression, similar to randomized controlled trials

(Figure 1). As a result, MR informs drug development strategies

(Schmidt et al., 2020) and has been employed to explore potential

opportunities for drug repurposing (Folkersen et al., 2020; Gaziano

et al., 2021; Ou et al., 2021; Storm et al., 2021).

In this study, we hypothesized that increased expression of the

druggable gene in whole blood (exposure) could modify the risk of

developing COPD (outcome). We extracted cis-expression

quantitative trait loci (cis-eQTL) and protein quantitative trait

loci (pQTL) for 4,317 druggable genes to investigate the causal

effects of druggable gene expression on doctor-diagnosed COPD,

spirometry-defined COPD (Forced Expiratory Volume in one

second [FEV1]/Forced Vital Capacity [FVC]<0.7), and FEV1.

Furthermore, the safety of the identified potential druggable genes

and opportunities for repurposing licensed or clinical-stage drugs in

COPD were assessed.
Methods

Overall design

We observed the hospitalization of 56 patients with COPD to

observe the real-life disease burden of COPD on patients and to

demonstrate the importance of drug development. The overall

scheme of COPD drug target screening was shown in Figure 2.

Briefly, we conducted a Summary-data-based Mendelian

Randomization (SMR) analysis, using genetic variants that affect

the expression of druggable genes in blood and lung tissue as

instrumental variables to estimate the causal relationships

between these genetic variations and doctor-diagnosed COPD,

FEV1/FVC<0.7, and FEV1. The SMR method utilizes summary-

level data from GWAS and QTL studies to test for associations

between gene expression levels and complex traits of interest. Two-

sample MR estimates the causal effects by separately estimating the

associations between instrumental variables and both exposure

factors and outcomes, requiring two sets of independent sample

data. SMR can be used to prioritize potential genes for further

research, while two-sample MR is suitable for causal inference. For
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SMR results meeting the significance threshold and passing the

heterogeneity independent instrument (HEIDI) test, we conducted

colocalization analyses to determine if the same SNPs were driving

both the outcome and exposure. Furthermore, eQTL two-sample

MR and protein SMR analyses were employed to ensure consistency

in the results. Finally, we matched existing drugs to the identified

druggable genes and conducted a PheWAS analysis to preliminarily

evaluate the safety of these genes as potential drug targets (i.e.,

whether they may cause other diseases).

This study used the big data platform of the Clinical Medical

Research Centre of the First Affiliated Hospital of Guangzhou

Medical University, and the patient’s clinical data were obliterated

for privacy-related information before they were provided to the

investigators. The observational study was approved by the Ethics

Committee of the First Affiliated Hospital of Guangzhou Medical

University (ES-2023-017-01).
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Druggable genes list

Druggable genes were obtained from a review by Finan et al.

(Finan et al., 2017). A total of 4317 druggable genes on autosomes

were utilized in this study.
Exposure data

The eQTL data for whole blood were obtained from the

eQTLGen consortia (www.eQTLgen.org), while the lung-specific

eQTL data were obtained from the GTEx v.8 consortia

(www.gtexportal.org). Detailed descriptions of the data can be

found in the original publications (Aguet et al., 2020; Võsa et al.,

2021). The eQTLGen consisted of a total of 25,482 whole blood

samples from 37 datasets, with the majority of samples being of
B

A

FIGURE 1

The overview of Mendelian randomization. (A) shows the basic assumptions underlying Mendelian randomization: (I) genetic variation must be associated
with exposure; (II) genetic variation must not be associated with any confounding factors; (III) genetic variation must not be directly related to outcome.
(B) indicates that Mendelian randomization is similar to a randomized controlled trial, where different genotypes (on autosomes) are randomly assigned from
one generation to the next according to Mendel’s law, and a population randomly assigned to a genotype with high expression of a particular gene will be
exposed to high expression of a particular gene for life. COPD, chronic obstructive pulmonary disease; eQTL, expression quantitative trait loci.
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European ancestry. Gene expression levels of the samples were

analyzed by Illumina, Affymetrix expression arrays, and RNA-seq.

The GTEx version 8 data contains lung tissue samples from 515

postmortem donors, the majority of whom were of European

ethnicity. The mRNA from each tissue sample was sequenced at a

median depth of 82.6 million reads. We Used eQTLGen and GTEx

v.8 to identify all conditionally independent eQTLs in whole blood

and lung tissue, which covered 2531 of the 4317 druggable genes in

at least one tissue. The pQTL data for whole blood were obtained

from Ferkingstad et al. study, which contained pQTLs for 4907

plasma proteins (Ferkingstad et al., 2021).

For the SMR analysis, we downloaded the cis-eQTL results from

eQTLGen and GTEx v.8 consortia in SMR format in May 2023

(yanglab.westlake.edu.cn/software/smr). In the latest version, every

SNP-gene combination with a distance <1Mb was included.

To further validate the effect of druggable genes at the protein

level, we extracted available cis-pQTLs from the study by

Ferkingstad et al., considering those with a significance threshold

of P < 5e−8.

For the two-sample MR analysis, the cis-eQTLs, which were

defined as significant (5e-8) SNPs located within 5 kb upstream

of the starting point or 5 kb downstream of the endpoint of a

druggable gene, were extracted from the eQTLGen and GTEx

v.8 consortia.
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Outcome data

FEV1 quantifies the maximal volume of air expelled in the first

second of a forceful exhalation, serving as a critical parameter for

evaluating pulmonary function. A reduced FEV1/FVC ratio (<0.7)

typically indicates airflow obstruction (spirometry defined COPD).

The doctor diagnosed COPD in this study comes from the J-10

disease codes record of the healthcare system. This diagnosis

incorporates an assessment based on the patient’s exposure history

(such as smoking), symptoms (coughing, expectoration, or dyspnea),

and post-bronchodilator pulmonary function tests. Conversely,

spirometry-defined COPD (with a pre-bronchodilator FEV1/

FVC<0.7) is identified during population health screenings.

Participants meeting these conditions may not have any exposure

history or symptoms (accounting for more than 70% of cases) (Fang

et al., 2018) and did not undergo post-bronchodilator pulmonary

function tests, making them a distinctly different cohort from those

diagnosed with COPD by a doctor. Consequently, this study

separately investigates the druggable genes associated with both

doctor-diagnosed COPD and spirometry-defined COPD (pre-

bronchodilator FEV1/FVC<0.7). All doctor-diagnosed COPD data

were obtained from the FinnGen consortium (version R8,

downloaded in May 2023), which comprises 16,410 patients with

COPD and 283,589 controls (differentiated according to J-10 disease
FIGURE 2

The flowchart of this study. COPD, chronic obstructive pulmonary disease; eQTL, expression quantitative trait loci; MR, Mendelian randomization;
GWAS, genome-wide association studies; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; pQTL, protein quantitative trait loci;
SMR, summary-data-based mendelian randomization; HEIDI, heterogeneity in dependent instruments; PheWAS, phenome-wide association studies.
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codes in the medical electronic system). The cohorts for FEV1 and

FEV1/FVC<0.7 were derived from the UK Biobank and SpiroMeta

consortium. For further details regarding the data, please refer to the

original literature and the official website (Supplementary Table 1)

(Shrine et al., 2019; Higbee et al., 2021).
Summary-data-based
Mendelian randomization

The MR analysis is based on three fundamental assumptions: 1)

genetic variation must be associated with the exposure; 2) genetic

variation must not be associated with any confounding factors; and

3) genetic variation must not have a direct relationship with the

outcome (Sanderson et al., 2022). As an extension of the MR

concept, SMR employs two-step least squares (2SLS) to estimate

the effect of the exposure on the outcome (e.g., doctor diagnosed

COPD) using genetic variation that is significantly associated with

the exposure (e.g., genes targetable for drug intervention at the

transcriptional or protein expression level) (Sanderson et al., 2022).

The causal associations were computed as follows:

bdruggable gene−COPD =  bSNP−COPD= bSNP−druggable gene

The odds ratio (OR) estimates of the effect of druggable gene

expression on COPD risk are calculated using the formula:

ORdruggable gene-COPD=exp(bdruggable gene-COPD), where OR

represents the odds ratio estimate per 1-ln increase in the level of

the druggable gene, and exp is the base of the natural logarithm.

SMR analyses were completed using the SMR software for

L inux ver s ion 1 .0 . 3 wi th de f au l t op t ion s (h t tps : / /

yanglab.westlake.edu.cn/software/smr). To account for multiple

testing and control for genome-wide type I error rates, we used

the Bonferroni correction to adjust the P values (Armstrong, 2014).
HEIDI test

We conducted the HEIDI test to assess whether the observed

associations were influenced by vertical pleiotropy rather than

linkage disequilibrium (LD) of the dependent variable (Zhu et al.,

2016). LD estimation was performed using the European pedigree

genomes from the 1000 Genomes Project Consortium as a reference

(Zheng-Bradley and Flicek, 2017). Associations with a significance

level of P < 0.01 in the HEIDI test were excluded as they may be

attributed to LD rather than pleiotropy.
Colocalization

An alternative Bayesian test was performed to examine the

colocalization of the two traits and estimate the posterior

probability of shared variation (Giambartolomei et al., 2014). For

each leading SNP in the outcome GWAS database, we retrieved all

SNPs within a 100 kb range upstream and downstream. The

posterior probability of H4 (PP.H4) was estimated, with the
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commonly used threshold of PP.H4 > 0.8 for GWAS and QTL

associations (Navarro et al., 2021).
Two-sample Mendelian randomization

To further validate the results of the SMR analysis, the two-

sample MR approach was employed to estimate the effect on

outcomes by using eQTL of druggable genes as instruments (Li

et al., 2023). We assessed the strength of the correlation between

instrumental variables and exposure using the F-statistic (>10)

(Burgess and Thompson, 2011). In the presence of directional

pleiotropy, we utilized the MR-egger estimated effect size as the

outcome (Burgess and Thompson, 2017). The study proceeded with

the two-sample MR analysis using MR-Egger, weighted median,

inverse variance weighting, simple mode, and weighted mode

methods. When multiple analytical methods yield similar results,

we consider the MR results to be more robust. Cochran’s Q test was

used to assess the overall heterogeneity of Wald ratios (Higgins

et al., 2003). In addition, the Steiger test was conducted to determine

whether the exposure precedes the outcome (https://

jean997.github.io/cause) (Hemani et al., 2017).
Phenome-wide Mendelian randomization

To further assess the potential horizontal pleiotropy and any

possible side effects of potential drug targets, we conducted a

PheWAS analysis using the AstraZeneca portal (https://

azphewas.com/). The original study utilized data from

approximately 15,500 binary phenotypes and around 1,500

continuous phenotypes from about 450,000 participants who

underwent exome sequencing, as published by the UK Biobank.

The complete methodology can be found in the original article

(Wang et al., 2021). We performed multiple corrections and set the

threshold at 2E-9 to account for possible false positives.

All DNA positions are based on the human reference genome

build hg19 (GRCh37). Data processing was carried out using R

software version 4.2 with “TwosampeMR” and “easyMR” packages.
Metagenomic next-generation sequencing
(mNGS) pipeline

mNGS and hybridization capture-based targeted mNGS were

used to detect pathogens. Briefly, about 1 mL of sample was

centrifuged at 12,000 g for 5 min to collect the pathogens and

human cells. Next, 50 mL of precipitate underwent depletion of host

nucleic acid using 1 U of Benzonase (Sigma) and 0.5% Tween 20

(Sigma) and incubated at 37°C for 5 min. Subsequently, the DNA

nucleic acid was extracted using a QIAamp UCP pathogen minikit.

Qubit 4.0 (Thermo Fisher Scientific, MA, USA) was used to

measure extracted DNA concentrations, which were used to

construct metagenomics libraries. The inspected and qualified

library was sequenced on the Nextseq 550 platform (Illumina, San
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Diego, USA). For targeted NGS, the constructed library from each

sample was used for hybrid capture-based enrichment of microbial

probes. To remove adapter and low-quality, low complexity, and

short reads of < 35 bp, raw data generated by the sequencing were

filtered. The clean reads were blasted against a microbial database

downloaded from the National Center for Biotechnology

Information. Finally, microbial information at the species level

can be obtained.
Results

Hospitalization and infections in patients
with COPD

Recurrent acute exacerbations and hospitalization are crucial

characteristics of severe COPD. We observed 56 patients with

COPD admitted to the hospital from July 2020 to January 2024,

most of whom were hospitalized with a combination of lung

infections. During hospitalization, 94.6% of patients received

antibiotics, 21.4% underwent mechanical ventilation, and 64.2%

faced hospitalization costs over 20,000 RMB. Additionally, 51.8%

were hospitalized multiple times during follow-up, with a mortality

rate of 5.4% (Supplementary Table 2). The mNGS results suggested

that Pseudomonas aeruginosa and Human gammaherpesvirus 4

were the most common bacterial and viral pathogens

(Supplementary Figure 1).
Instruments for druggable genes

We used eQTLs from whole blood and lung tissues to intersect

with druggable genes to obtain druggable eQTLs. Finally, cis-eQTLs

for 2529 druggable genes from eQTLGen’s whole blood and 1042

druggable genes from GTEx v.8’s lung tissues were extracted, both

of which were used for SMR analyses with COPD and lung function

as outcomes.

Among the genes identified by SMR/HEIDI and colocalization

analysis, we obtained cis-pQTL data for 9 genes from the

proteomics summary data of whole blood samples provided by

Ferkingstad et al.

Our exposure and outcome samples were both predominantly

European, so it can be assumed that the genetic variants used as

instrumental variables (cis-eQTLs and cis-pQTLs) had a consistent

role between the two different sample sets. The exposure and

outcome samples were from completely independent studies, so

there was no participant overlap.
Druggable targets discovered by eQTL
SMR and HEIDI test

We performed SMR analysis using doctor-diagnosed COPD

GWAS summary data from the FinnGen consortium. Initially, we

identified 3 genes (SLC22A5, C2, and GPC2) whose expression

levels in whole blood were found to be correlated with doctor-
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diagnosed COPD (corrected for P-value by Bonferroni,

P_HEIDI≥0.01, see Supplementary Table 3 for detailed data).

We utilized the FEV1/FVC<0.7 GWAS summary data from the

UK biobank, and identified 23 genes whose expression levels in

whole blood or lung tissues were associated with spirometry-

defined COPD (corrected for P-value by Bonferroni ,

P_HEIDI≥0.01, see Supplementary Table 3 for detailed data).

The SMR analysis using FEV1 GWAS summary data identified 36

genes that were significantly associated with FEV1. Out of these genes,

six were also found to be associated with spirometry-defined COPD.
Druggable genes proposed
after colocalization

Furthermore, colocalization analysis identified 2, 13, and 16

genes that shared the same SNPs (PP.H4 > 0.8 and/or PH4/PH3 > 2,

Supplementary Table 4) in the results of doctor diagnosed COPD,

FEV1/FVC<0.7 and FEV1, respectively (Figure 3).
Druggable targets supported by eQTL two-
sample MR

We performed eQTL two-sample MR (Table 1; Supplementary

Table 5) on druggable genes that had passed the colocalization analysis

to assess the consistency of direction and statistical significance.
Druggable targets supported by
protein SMR

We further performed protein SMR analysis (Table 1;

Supplementary Table 5). Of the identified genes, 1 (GPC2) was

associated with doctor-diagnosed COPD, 10 (TESK2, AKR1A1,

LMCD1, ERBB3, PSMA4, MAST2, MMP15, MRC2, BMP4, and

LTK) with FEV1/FVC <0.7, and 11 (APH1A, CHI3L2, PTK7,

RASGRP3, HSP90AA1, TESK2, ADAM33, COL15A1, LINGO1,

LTBR, and SULT1A1) with FEV1 in protein SMR results, without

contradicting the expression SMR results. These genes were

categorized as high priority.

In addition, we tested the underlying assumptions and

sensitivity analyses for two-sample MR (Supplementary Table 6).

The F-Statistic for the gene instrumental variables were all greater

than 10. The Egger test indicated no evidence of horizontal

pleiotropy for 16 genes and suggested that the IVW results could

be used as the primary ones. The Steiger test confirmed the correct

causal direction.
Repurposing opportunities or adverse
effects for existing drugs

Among the high-priority drug-targeted genes, MMP15 is

associated with Montelukast and COL-3 (NSC-683551), while

PSMA4 is linked to MARIZOMIB. These three drugs are small
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molecule inhibitors, which may reduce the risk of spirometry-

defined COPD. On the other hand, the APH1A gene, which

codes for the gamma-secretase subunit APH-1A, appears to

negatively impact FEV1 (b<0 in MR analysis). Several existing

inhibitors against this target (e .g . , TARENFLURBIL,

BEGACESTAT, SEMAGACESTAT, NIROGACESTAT, RG-4733,

and AVAGACESTAT) may counteract this harmful effect.

Additionally, high expression of the ERBB3 gene may lower the

risk of spirometry-defined COPD. However, various existing
Frontiers in Cellular and Infection Microbiology 0754
antitumor drugs, which are inhibitors of this target, may increase

the risk of spirometry-defined COPD (Table 2).
Phenome-wide MR evaluated side-effects
of druggable genes

The PheWAS analysis revealed that increased GP9 expression

may have adverse effects on platelets in addition to possibly
B

C

A

FIGURE 3

The druggable genes proposed by summary-data-based Mendelian randomization in COPD or lung function. The forest plot showed changes in
doctor-diagnosed COPD risk, spirometry-defined COPD (FEV1/FVC<0.7) risk, and FEV1 level with an increase in gene expression per standard
deviation. All genes passed eqtl SMR, HEIDI test, and colocalization analysis. The colors denote different tissues (red: blood, blue: brain tissue).
In (A, B), an OR<1 indicates a decrease in risk, while an OR>1 means an increase in risk. In (C), a negative estimate corresponds to a decrease in
FEV1, whereas a positive estimate denotes an increase in FEV1. COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1
second; FVC, forced vital capacity; OR, odd ratios; SD, standard deviation; SMR, summary-data-based mendelian randomization.
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TABLE 1 Multi-evidences supporting druggable genes whose expression was significantly associated with COPD and lung function.

Gene Tissue SMR with HEIDI test Coloc analysis Protein SMR with
HEIDI test

Two-sample MR Consortium High priority

Support Direction Support Support Direction Support Direction

Druggable genes whose expression was significantly associated with doctor-diagnosed COPD

C2 Whole-blood √ – √ x – x + eQTLgen x

GPC2 Whole-blood √ + √ √ + eQTLgen √

Druggable genes whose expression was significantly associated with spirometry-defined COPD (FEV1/FVC<0.7)

TESK2 Whole-blood √ + √ √ + eQTLGen √

AKR1A1 Whole-blood √ + √ √ + eQTLGen √

LMCD1 Whole-blood √ + √ √ + eQTLGen √

SERPING1 Whole-blood √ + √ x – √ + eQTLGen x

ERBB3 Whole-blood √ – √ √ – √ – eQTLGen √

PSMA4 Whole-blood √ + √ √ + eQTLGen √

MAST2 Lung √ – √ √ – GTEx_V8 √

CHI3L2 Lung √ – √ x GTEx_V8 x

MMP15 Lung √ + √ GTEx_V8 √

MRC2 Lung √ + √ √ + GTEx_V8 √

BMP4 Whole-blood √ + √ √ + eQTLGen √

LTK Lung √ – √ √ – GTEx_V8 √

TYRO3 Lung √ – √ x + √ – GTEx_V8 x

Druggable genes whose expression was significantly associated with FEV1

APH1A Whole-blood √ – √ √ – eQTLgen √

CHI3L2 Lung √ + √ √ + GTEx.v8 √

COL7A1 Whole-blood √ + √ x + eQTLgen x

GDF11 Whole-blood √ + √ x – eQTLgen x

GDF5 Lung √ – √ x + GTEx.v8 x

PTK7 Whole-blood √ + √ √ – √ + eQTLgen √

RASGRP3 Whole-blood √ – √ √ – eQTLgen √

HSP90AA1 Whole-blood √ – √ √ – eQTLgen √

TESK2 Whole-blood √ – √ √ – eQTLgen √

ADAM33 Lung √ – √ √ – GTEx.v8 √

COL15A1 Lung √ + √ √ + √ + GTEx.v8 √

LINGO1 Lung √ – √ √ – √ – GTEx.v8 √

LRPAP1 Lung √ – √ x – √ – GTEx.v8 X

LTBR Lung √ – √ √ – GTEx.v8 √

NPNT Lung √ – √ x + √ – GTEx.v8 X

SULT1A1 Lung √ + √ √ + GTEx.v8 √
F
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COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; √, pass; x, fail; +, positive; -, negative; blank not possible to test; SMR,
summary-data-based mendelian randomization; HEIDI test, heterogeneity in dependent instruments; Coloc, colocalization; MR, Mendelian randomization; High priority means there are no
contradictory analysis results.
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TABLE 2 Repurposing opportunities or adverse effects for existing drugs on COPD and lung function.

Molecule
type

Current indication
Clinical
phase

Evidence from

Small
molecule

Cancer Phase 3 ChEMBL

Single
protein

Cancer Phase 1 Clinicaltrials.gov

Small
molecule

Asthma Approved Clinicaltrials.gov

Small
molecule

Alzheimer
Disease, Dementia

Phase 3 ChEMBL

Small
molecule

Alzheimer Disease Phase 1 ChEMBL

Small
molecule

Alzheimer Disease Phase 3
ChEMBL

Small
molecule

Cancer Phase 3
ChEMBL

Small
molecule

Cancer Phase 2
ChEMBL

Small
molecule

Alzheimer Disease Phase 2
ChEMBL

Antibody Cancer Phase 1 ChEMBL

Antibody Cancer Phase 2
ChEMBL

Antibody
NSCLC and
other cancer

Phase 2
ChEMBL

Antibody Cancer Phase 1 ChEMBL

Antibody Cancer Phase 2 ChEMBL

Small
molecule

NSCLC and
other cancer

Phase 2
ChEMBL

Antibody
NSCLC and
other cancer

Phase 1
ChEMBL

Antibody
NSCLC and
other cancer

Phase 2
ChEMBL
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Expression
in tissue

Effect
of gene

Outcome Gene coding protein Compound (drug) name
Action
type

Repurposing opportunities for existing drugs

PSMA4 Whole-blood
Increase
risk

FEV1/
FVC<0.7

Proteasome subunit alpha type-4 MARIZOMIB Inhibitor

MMP15 Lung
Increase
risk

FEV1/
FVC<0.7

Matrix metalloproteinase-15 COL-3 (NSC-683551) Inhibitor

Montelukast Inhibitor

APH1A Whole-blood Impair FEV1 Gamma-secretase subunit APH-1A TARENFLURBIL Inhibitor

BEGACESTAT Inhibitor

SEMAGACESTAT Inhibitor

NIROGACESTAT Inhibitor

RG-4733 Inhibitor

AVAGACESTAT Inhibitor

LTBR Lung
Impair FEV1

Tumor necrosis factor receptor
superfamily member 3

HCBE-11 Inhibitor

Adverse effects of existing drugs

ERBB3 Whole-blood
Decrease
risk

FEV1/
FVC<0.7

Receptor tyrosine-protein kinase
erbB-3

CDX-3379 Inhibitor

MM-121 Antagonist

ELGEMTUMAB Inhibitor

DULIGOTUZUMAB Inhibitor

SAPITINIB Inhibitor

LUMRETUZUMAB Inhibitor

AMG-888 Inhibitor
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increasing the risk of spirometry-defined COPD. Conversely,

increased ERBB3 expression is associated with a reduced risk of

spirometry-defined COPD and inflammation suppression.

Moreover, increased MRC2 expression affects cardio metabolism

and the nervous system (Figure 4).
Discussion

The real-world observational study emphasized the urgency and

necessity of developing new drugs for COPD. In this study, we

aimed to uncover druggable genes and explore drug repurposing

possibilities for COPD and lung function. Through a

comprehensive multi-omics approach, which encompassed SMR

analysis with eQTL and pQTL data, colocalization analyses, and

two-sample MR (MR Egger, Weighted Median, and Inverse

Variance Weighted), we successfully identified and validated 22

potential druggable genes. Among these genes, MMP15, APH1A,

LTBR, and PSMA4 emerged as potential targets for existing drugs.

The potential effects of these targets were also investigated using

PheWAS analysis. To our knowledge, this is the first study to use

MR methods to identify drug targets for COPD and lung function,

utilizing the largest publicly available QTL data and COPD GWAS

data to date.

Montelukast and COL-3 (NSC-683551) have been identified as

inhibitors of MMP expression, including MMP15, which plays a

crucial role in extracellular matrix breakdown relevant to lung

function. Previous studies have revealed the association of the

MMP15 gene with lung function and its specific expression in

multiple lung cell types (Soler Artigas et al., 2011; Chun et al., 2022).

Moreover, several studies have linked various MMP family

members, including MMP-9, MMP-12, and MMP-15, to COPD

through the degradation of the alveolar extracellular matrix

(Babusyte et al., 2007; Gharib et al., 2018; Wells et al., 2018; Zhou

et al., 2020). Our findings suggest that inhibiting MMP15 could be

an effective strategy to prevent spirometry-defined COPD.

Montelukast, a common inhibitor of allergic reactions, has been

widely prescribed for the treatment of asthma and chronic cough

(von Mutius and Drazen, 2010; Wang et al., 2014). Since controlling

asthma and airway hyperresponsiveness can help prevent

spirometry-defined COPD (Couillard et al., 2023), it’s likely that

Montelukast could reduce the risk of spirometry-defined COPD by

decreasing MMP levels in patients. On the other hand, COL-3,

despite its broad inhibitory effects on MMPs, is limited in clinical

use due to side effects like photosensitization. This highlights the

need for maintaining a balance between efficacy and safety when

considering strategies for lung function protection.

MARIZOMIB is a small molecule inhibitor that targets PSMA4.

Our results suggest that PSMA4 expression increases the risk of

spirometry-defined COPD. The significant association between

PSMA and severe COPD has been confirmed by a genome-wide

association study, which underscored the crucial role of PSMA4 in

both whole blood and lung tissue (Sakornsakolpat et al., 2018).

Additionally, extensive research investigating genetic variants on

chromosome 15q25.1 in relation to COPD has consistently

identified PSMA4 as a gene exhibiting substantial associations
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with methylation differences in this genomic region (Nedeljkovic

et al., 2018). Such findings are in alignment with our results.

However, the potential clinical application of PSMA4 inhibitors,

which are currently used in oncology, for COPD treatment remains

to be explored.

Our analysis revealed a negative causal association between increased

levels of ERBB3 expression in blood, indicating that the expression of this

gene could act as a protective factor against spirometry-defined COPD.

Although studies on the association of the ERBB3 gene with COPD are

limited, one study has shown that mRNA levels of ERBB4 increase

progressively from non-smokers to non-COPD smokers and then to

COPD patients and is positively correlated with airflow obstruction

severity (Anagnostis et al., 2013). This suggests that the ERBB receptors

may contribute to the development or progression of COPD. However, an

increase in ERBB3 expression does not necessarily indicate that the gene

promotes the development of COPD. Instead, it may be a protective

response of the organism to control the level of inflammation. Phenome-

wide MR analysis in this study suggests that increased ERBB3 expression is

associated with the suppression of inflammation. Evidence has shown that

ERBB signaling can inhibit the production of TNF-a induced by LPS in

immune activation associated with chronic systolic heart failure (Ryzhov

et al., 2017). Therefore, the relationship between ERBB3 and COPD, as well
Frontiers in Cellular and Infection Microbiology 1158
as its mechanism of action, such as its inhibition of inflammation, requires

further verification.

An association between increased levels of LMCD1 expression

in the blood and an increased risk of spirometry-defined COPD was

revealed in this study. It has been shown that LMCD1 plays an

important role in the development of lung fibrosis and affects the

properties of lung myofibroblasts (Jiang et al., 2021). In particular,

in cases of systemic sclerosis-associated lung fibrosis, LMCD1

interacts with serum response factors in lung fibroblasts, which

leads to increased contractile activity of lung myofibroblasts. This

suggests that LMCD1 is a pro-fibrotic molecule that contributes to

myofibroblast activation and sustained fibrotic proliferation

(Bogatkevich et al., 2023). Lung fibrosis and lung myofibroblasts

also play important roles in the pathophysiology of COPD, and it is

reasonable to hypothesize that LMCD1 could potentially contribute

to lung tissue fibrosis, thereby increasing the risk of spirometry-

defined COPD.

Our study has also discovered several previously unreported

genes associated with COPD or lung function. Specifically, we

found that increased expression of APH1A and RASGRP3 is

likely to lead to decreased FEV1, while increased expression of

CHI3L2 is associated with increased FEV1. Besides, heightened
FIGURE 4

Traits significantly associated with druggable genes using AstraZeneca PheWAS portal. The effect size represents the extent of the impact of genetic
variation on the phenotype, with a positive value indicating a positive correlation and a negative value indicating a negative correlation. PheWAS,
phenome-wide association study.
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expression of GPC2 is linked to an increased risk of COPD, while

increased expression of TESK2, AKR1A1, and MRC2 may result in

an increased risk of spirometry-defined COPD. Increased

expression of MAST2 appears to lower the risk of spirometry-

defined COPD. Although no previous reports have been found on

the direct association of these genes with COPD or lung function,

they have well-defined roles in various other conditions, such as

tumors, Alzheimer’s disease, and inflammation. For example, GPC2

has been identified as a prognostic marker for several types of

tumors (Liu et al., 2021; Chen et al., 2022), PTK7 shows potential as

a target for CAR T-cell therapies in lung cancer treatment (Ma et al.,

2023), APH1A (Todd et al., 2022) is involved in the development of

Alzheimer’s disease, and RasGRP3 acts to limit the inflammatory

response during low-intensity pathogen infections (Lee et al., 2023).

While our findings provide new insights into the potential

involvement of these genes in COPD development, further studies

are needed to determine their exact role in the disease.

Our study has several limitations. Firstly, while MR offers

insights into causality, it presumes a linear relationship between

exposure and outcome, which may not capture non-linear or U-

shaped exposure-response relationships. Secondly, the QTLs used

in our study may only show small differences in gene expression

levels, which might fail to fully capture the gene’s potential effects.

Furthermore, the QTLs and FEV1 data included some individuals

of non-European ancestry, whereas the Doctor-diagnosed COPD

and FEV1/FVC<0.7 GWAS populations consisted of Europeans

only. These differences in population may introduce potential bias

in MR effect estimates due to differences in genetic background and

chain imbalance patterns. Finally, this study mainly focused on

European populations, which limits the generalizability of the

findings to other ethnic groups. Therefore, further research and

validation are necessary to generalize the results to other ethnicities.

Our study has identified potential therapeutic targets for COPD.

In the future, well-established drugs like Montelukast, which

targets the MMP15 gene, and Marizomib, targeting the PSMA4

gene, could be prioritized for clinical trials. However, the disease-

modifying potential of many druggable genes requires further

experimental validation.
Conclusion

This study found and validated 22 potential druggable genes

that show promise for COPD and lung function. Our findings

provide genetic evidence supporting the potential therapeutic

benefits of targeting these genes in the treatment of COPD.

Clinical trials prioritizing existing drugs and novel medications

targeting these identified druggable genes could potentially increase

the likelihood of successful treatments.
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Molecular characterization of
vaginal microbiota using a new
22-species qRT-PCR test to
achieve a relative-abundance
and species-based diagnosis of
bacterial vaginosis
Ayodeji B. Oyenihi1*†, Ronald Haines1†, Jason Trama1*,
Sebastian Faro1,2, Eli Mordechai1, Martin E. Adelson1

and John Osei Sekyere1*

1Institute for Biomarker Research, Medical Diagnostic Laboratories, Genesis Biotechnology Group,
Hamilton, NJ, United States, 2Memorial Women’s Care, Houston, TX, United States
Background: Numerous bacteria are involved in the etiology of bacterial

vaginosis (BV). Yet, current tests only focus on a select few. We therefore

designed a new test targeting 22 BV-relevant species.

Methods: Using 946 stored vaginal samples, a new qPCR test that quantitatively

identifies 22 bacterial species was designed. The distribution and relative

abundance of each species, a- and b-diversities, correlation, and species co-

existence were determined per sample. A diagnostic index was modeled from

the data, trained, and tested to classify samples into BV-positive, BV-negative, or

transitional BV.

Results: The qPCR test identified all 22 targeted species with 95 – 100%

sensitivity and specificity within 8 hours (from sample reception). Across most

samples, Lactobacillus iners, Lactobacillus crispatus, Lactobacillus jensenii,

Gardnerella vaginalis, Fannyhessea (Atopobium) vaginae, Prevotella bivia, and

Megasphaera sp. type 1 were relatively abundant. BVAB-1 was more abundant

and distributed than BVAB-2 and BVAB-3. NoMycoplasma genitaliumwas found.

The inter-sample similarity was very low, and correlations existed between key

species, which were used to model, train, and test a diagnostic index: MDL-BV

index. The MDL-BV index, using both species and relative abundance markers,

classified samples into three vaginal microbiome states. Testing this index on our

samples, 491 were BV-positive, 318 were BV-negative, and 137 were transitional

BV. Although important differences in BV status were observed between different

age groups, races, and pregnancy status, they were statistically insignificant.
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Conclusion: Using a diverse and large number of vaginal samples from different

races and age groups, including pregnant women, the new qRT-PCR test and

MDL-BV index efficiently diagnosed BV within 8 hours (from sample reception),

using 22 BV-associated species.
KEYWORDS

bacterial vaginosis (BV), MDL-BV index, vaginitis, qRT-PCR, BVAB, vaginal microbiome,
machine learning
1 Introduction

Bacterial Vaginosis (BV), a condition in which the normal

Lactobacillus-rich vaginal microbiome becomes dominated by

polymicrobial anaerobic bacterial species under non-acidic pH,

remains the most common cause of abnormal vaginal discharge

in reproductive-age women, with an estimated prevalence rate of

29% in North America (Abou Chacra et al., 2021; Elnaggar et al.,

2023). The normal vaginal microbiome is dominated by three major

Lactobacillus species, L. crispatus, L. jensenii, and L. gasseri, with

low abundance of L. acidophilus, which protects the vagina by

producing lactic acid, hydrogen peroxide, and bacteriocins that

suppress bacterial growth (Pacha-Herrera et al., 2022; Wu et al.,

2022). Lactobacillus iners, however, is quite enigmatic as it occurs in

both healthy and unhealthy vaginal environments; L. iners, unlike L.

crispatus, L. jensenii, and L. gasseri, produces the human non-

functional L form of lactic acid (Basavaprabhu et al., 2020).

To produce lactic acid, which is necessary to maintain an acidic

pH of < 4.5, Lactobacillus sp. uses glycogen deposited unto the

vaginal walls from the epithelial cells (Shen et al., 2022; Navarro

et al., 2023). The acidic pH keeps away most microbial species and

allows Lactobacillus sp. to proliferate, keeping the species diversity

in the normal vaginal microbiota low. Lactic acid is metabolized

from glycogen, whose production and deposition are mediated by

circulating estrogen in a dose-dependent manner. In the absence of

glycogen or lactic-acid–producing species, the pH rises, allowing

other microbes to proliferate, colonize the vagina, and increase the

microbiota diversity. Hence, physiological factors disrupting or

increasing estrogen levels indirectly affect Lactobacillus sp. and

BV-associated bacterial species’ prevalence (Shen et al., 2022;

Navarro et al., 2023). The etiology and pathogenesis of BV are

still not fully understood, making it important to study the involved

microbes for timely diagnosis and treatment. Particularly, the

interactions between species within the BV microbiome that

cause pathologies, treatment failure and recurrence, or healing

need further interrogations to enable a species biomarker-based

diagnosis of BV.

The colonization of the vaginal microbiota by anaerobic bacterial

and fungal species causes BV or vulvovaginal candidiasis,

respectively, characterized by increased vaginal discharge with a

fishy odor (Swidsinski et al., 2023). Dysbiosis also predisposes the
0263
vagina to sequelae of other sexually transmitted infections (STIs) and

obstetric disorders. Although BV is asymptomatic in many women, it

is associated with the development of common obstetric and

gynecologic complications (Javed et al., 2019; Cheng et al., 2020;

Gustin et al., 2021). It also increases the risk of contracting HIV and

other STIs and pelvic inflammatory disease (PID) (Unemo et al.,

2017). Notably, BV recurrence after treatment is common (estimated

to affect 50% of women annually) (Hilbert et al., 2016; Coudray and

Madhivanan, 2020; Coudray et al., 2020) and may be due to re-

infections from sexual partners or failure of current treatment options

(Coudray et al., 2020; Vodstrcil et al., 2021). Besides the health

impacts of recurrence, BV treatment costs are increasing annually,

specifically in the USA: this economic impact is particularly

pronounced in BV-associated preterm births and other obstetric

complications (Peebles et al., 2019; Watkins et al., 2024).

Species such as Gardnerella vaginalis, Fannyhessea vaginae,

Prevotella bivia, Megasphaera sp., and BVAB are commonly

implicated in the etiology of BV, with G. vaginalis and F. vaginae

being common in most BV infections (Swidsinski et al., 2023) as

sessiles. Swidsinksi et al. (2023) observed that vaginal epithelial cells

from females with BV were covered with G. vaginalis biofilms that

encapsulated other species, forming a polymicrobial biofilm, as well

as by non-adherent planktonic bacterial cells. The biofilms

associated with BV explain their ability to escape both the

immune response and antimicrobial chemotherapy as biofilms

prevent the immune cells and antimicrobial agents from reaching

the pathogens (Cangui-Panchi et al., 2023; Swidsinski et al., 2023).

This leads to high treatment failure and recurrence rates of about

50% (Muñoz-Barreno et al., 2021); indeed, the ability of these

biofilm-coated polymicrobial species to spread into the uterus and

fallopian tube explains their resistance to antimicrobials and the

immune response (Swidsinski et al., 2023).

To diagnose BV, clinicians rely mostly on the classical clinical

signs and symptoms outlined in Amsel’s criteria (Amsel et al., 1983)

or on the microscopically based Nugent score (Nugent et al., 1991).

While these standard diagnostic methods have been effective over

the years, they have been confronted with limitations such as being

labor-intensive and time-consuming, subjective and unable to

accurately identify pathogens (Muzny et al., 2023). As recently

discussed by Muzny et al. (2023), nucleic acid tests ease the burden

of laboriously going through the clinical testing criteria, saving
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clinicians time and effort for other duties. The development of

culture-independent molecular diagnostics has enabled the

detection of non-cultivable bacterial species associated with BV

and continues to revolutionize infectious disease diagnosis (Hilbert

et al., 2016; van den Munckhof et al., 2019; Bhujel et al., 2021).

Molecular tests such as real-time polymerase chain reaction (RT-

PCR), combined with the traditional clinical diagnostic criteria,

have greatly improved the sensitivity and specificity of detecting BV

pathogens (Hilbert et al., 2016; van den Munckhof et al., 2019;

Bhujel et al., 2021). They are also applicable in monitoring patient

response to antibiotic therapy (Onderdonk et al., 2016; Elnaggar

et al., 2023). This approach has proven more useful for identifying

patients at risk for recurrent BV (Jones, 2019; Coudray and

Madhivanan, 2020; Vodstrcil et al., 2021; Wu et al., 2022; Sobel

and Vempati, 2024; Watkins et al., 2024).

Bes ides next-generat ion sequencing (NGS)-based

metagenomics that target all genomes, current PCR diagnostics

for BV mainly focus on a smaller spectrum of bacterial species.

Hence, to increase the resolution and diagnostic power of PCR-

based BV diagnostics (Balashov et al., 2014), we designed a new 22-

species quantitative Real-Time PCR assay (qRT-PCR) that

quantitatively detects 22 vaginal bacterial species within 8 hours

(from sample reception). This newly designed proprietary qRT-

PCR assay (Bacterial Vaginosis (with Lactobacillus Profiling)

Panel®, Medical Diagnostic Laboratories, L.L.C. (MDL), New

Jersey, USA) was used to screen 946 vaginal samples routinely

obtained from different health centers across the United States. We

further used the results, with assistance from machine-learning

algorithms (Decision Trees and Random Forests) to design, train,

and test an index (herein termed the MDL-BV index) that used a

relative-abundance and species-based markers to classify the

vaginal microbiome in three categories: BV-negative (healthy

microbiome), transitional BV (between healthy and unhealthy

vaginal microbiome), and BV-positive (abnormal microbiome).
2 Materials and methods

2.1 Specimen collection and processing

Clinical vaginal samples are routinely obtained from different

healthcare centers across the United States for diagnostic processing

at MDL. Historical vaginal specimens (n = 946) marked for disposal

were received in OneSwab® (Copan Diagnostics, CA, USA) or

ThinPrep® (Hologic, MA, USA) transport media in a Clinical

Laboratory Improvement Amendments (CLIA)-certified infectious

disease laboratory facility between January and June 2023 and stored

at −80°C were selected randomly for this study. This included

specimens from symptomatic, asymptomatic, pregnant, or non-

pregnant females and from whom vaginal profiling was requested.

For each biological specimen that arrives at the laboratory facility,

specimen accessioning occurs that assigns a randomMDL number to

ensure the de-identification of specimens. To further the de-

identification of specimens during this study, samples that matched

our collection criteria were randomized and the MDL numbers

associated with each sample were not recorded.
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2.2 Targeted bacterial species

The newly designed quantitative real-time PCR (qRT-PCR) assay

(Bacterial Vaginosis (with Lactobacillus Profiling) Panel®) is a BV

diagnostic assay designed by MDL to qualitatively and quantitatively

detect 22 bacterial species that are found in the eubiotic and dysbiotic

vaginal microbiome. These species are L. crispatus, L. jensenii, L.

gasseri, L. iners, L. acidophilus, Gardnerella vaginalis, Fannyhessea

vaginae (Atopobium vaginae), Megasphaera sp. types 1 and 2,

Prevotella bivia, Bacterial Vaginosis-Associated Bacterium (BVAB)

1–3, Ureaplasma urealyticum, Mycoplasma hominis, Mycoplasma

genitalium, Mobiluncus curtisii, Mobiluncus mulieris, Sneathia

sanguinegens, Bifidobacterium breve, Bacteroides fragilis, and

Streptococcus anginosus (Onderdonk et al., 2016; Muzny et al.,

2020; Mondal et al., 2023; Powell et al., 2023).
2.3 DNA preparation

DNA from the vaginal specimens was extracted according to

validated in-house laboratory protocols using QIAamp®DNAMini

Kit (QIAGEN, Maryland, USA) and the X-tractor Gene® DNA

workstation (QIAGEN, Maryland, USA) with slight modifications.

Canine Herpes Virus DNA was spiked into the samples and

subsequently detected as an internal extraction control.

To serve as amplification standards, plasmids for each of the 22

bacterial species were generated by whole-gene synthesis

(Genewiz®, Azenta Life Sciences, Waltham, USA). Briefly, a

species-specific region of each species was amplified, synthesized,

and cloned into the pUC-GW-AMP plasmid vector with an

ampicillin-resistance marker. These plasmids were transformed

into chemically competent Escherichia coli cells (One Shot™

TOP10, ThermoFisher Scientific, New Jersey, USA) and grown in

liquid Lysogeny Broth (LB) containing 50 µg/mL Ampicillin.

Plasmid DNA was isolated from overnight cultures using

Wizard® Plus SV Minipreps DNA Purification Systems

(Promega, Wisconsin, USA) according to the manufacturer’s

protocol. Extracted DNA was subsequently quantified

spectrophotometrically using NanoDrop 1000 equipment

(ThermoFisher Scientific, New Jersey, USA). Standard 10-fold

serial dilutions of 108 to 101 DNA copies/µL were prepared for

each bacterial species.
2.4 Identification of bacterial species by
multiplex qRT-PCR

Each vaginal and plasmid control DNA sample was amplified in

triplicates using species-specific primers and fluorescent probes on

a CFX384 Touch Real-Time PCR Detection System (Bio-Rad,

California, USA). The specific primer and probe sequences, as

well as the multiplex RT-PCR conditions in the Bacterial

Vaginosis (with Lactobacillus Profiling) Panel by Real-Time PCR

assay are proprietary to MDL. An aliquot of 0.5mL of DNA was used

as the template in a 4mL total PCR reaction mixture containing four

primer sets, four probes, and the in-house—prepared mastermix of
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Taq DNA polymerase and dNTPs (MDL, New Jersey, USA) in

multiplex PCR reactions. Human b-globulin DNA served as the

internal control while no-template control was included to account

for potential extraneous nucleic acid contamination. After

amplification, a standard curve (fluorescence vs cycle number)

was generated for each species and the target DNA copy for each

sample was extrapolated. A 102 copies/mL concentration in each

sample was established as the positive cutoff for a given bacterium.

The relative percentage concentration of all the bacterial species

identified in each vaginal specimen was then computed and

tabulated (Supplementary Table S1).
2.5 Relative abundance- and species-based
classification of BV

The mean, median, standard deviation, and concentration

distribution of each species across samples as well as alpha-

diversity, Shannon index, beta-diversity (Bray-Curtis Dissimilarity

matrix), and relative abundance were calculated from the gDNA

concentration data (obtained from the qRT-PCR amplification

results of each species from the samples) and represented as box

and Whisker plots, histograms, heatmaps, and charts. Using the

distribution patterns in the data, a relative abundance or

concentration-based cut-off criteria was established and used to

define BV-positive (abnormal vaginal microbiota with bacterial

vaginosis and depleted Lactobacillus sp.: ≤ 40% relative

abundance), BV-negative (i.e., normal vaginal microbiota with ≥

70% Lactobacillus sp. relative abundance), and transitional BV

(transition between negative and positive BV microbiota with 30–

50% Lactobacillus sp. relative abundance) status (see Table 1 for full

definitions). Using the species-species correlation and co-existence

data as well as previous research from literature, a species-based

criteria was also established for determining BV-positive, BV-

negative, and transitional BV status. A two-tier system was then

created by synthesizing the species-based and concentration-based

BV diagnosis criteria, which were used to interpret the PCR results.
Frontiers in Cellular and Infection Microbiology 0465
This criterion was called the MDL-BV index, which was further

trained and tested on the qRT-PCR and demographics data using

machine-learning algorithms (Decision Trees and Random Forests)

in Python. The datasets were divided into two: one for training and

one for testing. Python libraries such as numpy, pandas, scikitlearn,

XGBoost, and matplotlib, were used for analysis and visualization.
2.6 Demographics

The age, race, and pregnancy status of the females from whom

the samples were taken were collected and used to stratify the data

to compare the different rates, distributions, and relative abundance

of the various species, BV-positive, BV-negative, and transitional

BV according to age, race, and pregnancy status.
2.7 Statistical analysis

Statistical analyses were performed with Prism version 10.1.2

(Graph-Pad, California USA) or the R statistical package.

Quantitative data obtained in this study were expressed as the

mean ± standard error of the mean (SEM). To detect bacterial

associations and correlations, Pearson’s correlation coefficient was

chosen. The Kruskal–Wallis test was employed to determine any

statistically significant differences in age distributions among BV

classification groups. The data were parsed through Python (and

Biopython) to calculate the significance of the coexistence between

any two species using Chi-square and T-test.

Three types of groupings were used in this (Chi-square and

T-test) analysis: (1) all Lactobacillus species were grouped into one

and their absence/presence was compared with the absence/

presence of each non-Lactobacillus species; (2) all Lactobacillus

species except L. iners were grouped into one and their absence/

presence was compared with the absence/presence of each non-

Lactobacillus species; (3) the presence/absence of each Lactobacillus

species was compared with that of each non-Lactobacillus species.

The resulting data were tabulated in Supplementary Table S2, and
TABLE 1 MDL-BV index designed to interpret the new 22 species qRT-PCR results and diagnose vaginal samples as BV-positive, BV-negative, or
transitional BV.

BV Status# Relative abundance (%)

Lactobacillus
sp.

BVAB (1, -2, -3),
S. anginosus,
B. fragilis

G. vaginalis, P. bivia,
A. vaginalis,

Megasphaera sp. 1

Megasphaera sp. 2, U. urealyticum,
Mycoplasma sp., Mobiluncus sp.,

S. sanguinegens, B. breve

Healthy
microbiome
(BV negative)

≥ 70 ≤3 ≤ 20 ≤ 20

Transitional
BV

30 – 60 0 - 10 ≤ 30 ≤ 50

BV positive ≤ 40 0 - 100 20 – 100 0 – 100
# (1) When a sample falls within both BV-negative and transitional BV, assign it to transitional BV. (2) When a sample falls within both BV-positive and transitional BV, assign it to BV-positive.
(3) When at least three of a sample’s four groups/biomarkers’ relative abundances fall within a single BV state and only one falls in another BV state, override the single disagreement, and assign
or classify the sample to the BV state with which the three relative abundances agree or fall into. (4) When biomarkers 2 (BVAB group) and 4 (Megasphaera sp. 2 group) have a relative abundance
of zero, then a relative abundance of 0 – 30% for Group 1 and 70 – 100% for Group 3 is BV-positive; a relative abundance of 30 – 50% (Group 1) is transitional BV; and 60–100% (Group 1) is BV
negative. (5) When every group is zero and only group 4 is 100%, define it as BV positive. (6) When all groups are zero, filter out that sample as there are no results to report
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the significant results were filtered out and used to generate heat

maps. The results were only considered significant if P < 0.05.
3 Results

3.1 Demographics

The vaginal samples were obtained from 946 women whose

average age was 34.8 years, with a standard deviation of 13.3 years.

The ages ranged from 18 to 84 years. The median age was 32 years;

hence, the age distribution is somewhat skewed towards younger

women [Figure 1; Supplementary Table S1 (Demographics)]. Fifty-

three women reported as pregnant while the rest were either not

pregnant or unknown. Race data was obtained for 245 samples:

White (n = 145 samples), Black (n = 79), “Other race” (n = 15),

Asian (n = 4), and Native American (n = 2) [Figure 1;

Supplementary Table S1 (Demographics)]. The “Other race”

category refers to those not falling within any of the four races

above: Hispanic/Latino, Native Hawaiian or Pacific Islander, and

mixed races.

The age distribution of the races [Figure 1; Supplementary

Table S1 (Demographics)] shows a broader distribution of ages

within the White population (with outliers) than that of the other

races, albeit the median ages across all races fell within a narrow

range of 28 – 35 years. The age distribution of White people ranged

from 18 – 83 years, with 50% falling within 28 – 40 years. Whereas

the ages of Black people ranged from 18 to 55 years, 50% were

within the same 28 – 40 years range. The “Other races”, which
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includes Hispanics/Latinos, had ages between 28 and 32 years and

the median age was different among all the races [Figure 1;

Supplementary Table S1 (Demographics)].
3.2 Identification and distribution of
species across samples

The BV qRT-PCR assay efficiently identified the targeted 22

species with 95 – 100% sensitivity and specificity. Except for M.

genitalium which was not detected in any sample, all the other

species were present in at least one of the 946 samples. The

percentage of the count of the identified species across all the

samples are as follows: L. iners (75%), G. vaginalis (65%), F. vaginae

(53%),Megasphaera sp. type 1 (44%), and P. bivia (41%) (Figure 2).

These are followed by L. crispatus (29%), L. jensenii (23%), BVAB-1

(17%), U. urealyticum (13%), L. gasseri (12%), M. hominis (12%),

M. curtisii (11%), and BVAB-3 (10%). The remaining species had

less than 10% relat ive abundance across al l samples

combined (Figure 2).

To understand the distribution (spread) of the species and their

concentrations across the samples, we used bar charts, histograms,

and box and Whisker plots. L. iners, followed by G. vaginalis, F.

vaginae, Megasphaera sp. type 1, P. bivia, and L. crispatus had better

concentration distributions across the samples than the other

species, with their median concentrations (102 and 106 gDNA

copies/µL) being found in more than 100 samples. Indeed, other

species were found in low concentrations across all the samples

(Supplementary Figures S1–S22). The relative concentration for
FIGURE 1

Box plot and histogram showing the age distribution among the races from which the vaginal samples were obtained. The box plot on the left,
showing the age distribution among White people, Black people, Other (races), Native American or Alaska Natives, and Asians. White people were
the largest population, followed by Black people. Other races are those who belong to none of the four races. The median ages among the races
were very close within 28 and 35. An age distribution histogram on the right, shows the overall age distribution of participants in the study. The
histogram includes a kernel density estimate (KDE) to show the smooth distribution of ages. The data is somewhat right-skewed, indicating a
younger population with fewer older women. Most women fell into the 20–40 age range, with a peak around the late 20s to early 30s.
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each identified species ranged between 102 and 108 genomic DNA

copies/µL and the median range was between 102 and 106 copies/

µL (Figure 3).

The concentrations of the Lactobacillus species detected in this

study were in the order, L. iners > L. crispatus > L. jensenii >

L. gasseri > L. acidophilus (Figure 2). Additionally, F. vaginae and

G. vaginalis occurred in similar amounts (~105 copies/µL) and were

slightly more than the values obtained for P. bivia (104 copies/µL).

BVAB-1 was the most predominant of the BVABs, and its relative

concentration was 44% and 31% more than BVAB-3 and BVAB-2,

respectively. Notably, over 98% of the Megasphaera species

identified in this study belonged to type 1 with a mean

concentration of ~106 copies/µL. Of the Mycoplasmas, U.

urealyticum was found in higher concentrations than M. hominis.

Although M. curtisii was 39% more abundant, it occurred in lower

concentrations in vaginal swabs than M. mulieris.
3.3 Relative abundance, a- and
b-diversities

We further investigated the per-sample species relative

abundance and richness as well as inter-sample species diversity

using alpha and beta diversities. The relative abundance of the

species perfectly mirrored their concentration distribution across
FIGURE 2

Percentage of the count of each species across all vaginal
specimens (n = 946) as detected by qPCR. Among the 946 samples,
it is observed that the most dominant species are Lactobacillus
iners, Gardnerella vaginalis, Atopobium (Fannyhessea) vaginae,
Megasphaera sp. type 1, Prevotella bivia, Lactobacillus crispatus, and
Lactobacillus jensenii. The horizontal axis is the percentage of each
species across all samples. No Mycoplasma genitalium was detected
in any of all the samples.
FIGURE 3

The relative concentration distribution of the identified bacterial species in vaginal swabs (n = 946). Each chart represents the concentration
distribution per species; M. genitalium is not shown as was not detected in any of the samples. The vertical axis shows the count (frequency) of
samples while the concentrations are shown on the horizontal axis. The median concentrations (102 and 106 gDNA copies/µL) of Lactobacillus iners
and L. crispatus, Gardnerella vaginalis, Atopobium (Fannyhessea) vaginae, Prevotella bivia, and Megasphaera sp. type 1 were found in more than 100
samples. The charts also do not show the count of samples with zero concentrations but only counts of samples with higher concentrations.
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the samples (Figure 3; Supplementary Figures S1–S22), with L.

iners, L. jensenii, P. bivia, G. vaginalis, Megasphaera sp. type 1, and

F. vaginae being more abundant in many samples than the other

species. The relative abundance, shown as a heatmap and a box plot

(Figure 4), represents the abundance of each species across samples,

normalized relative to the total concentration of microbial species

within each sample. However, the other less abundant species also

presented greater variability in relative abundance across the

samples, as shown in the outliers (black stars) and absence of

boxes (Figure 4B).

The alpha diversity of the species within each sample was

determined using species richness and Shannon diversity index

(Figure 5). The species richness shows that 50% of the samples had

2 – 6 species, with 8 – 12 species occurring in 100 – 300 samples

(Figures 5A, C). The Shannon index, which ranges from 0 (no

diversity) to 5 (practically 3.5, i.e., most diverse), showed that 50%

of the samples’ diversity index was between 0.7 and 1.8, with 200 –

280 samples having a diversity of > 2.0 (Figures 5B, D).

Inter-sample (b-) diversity, using the Bray-Curtis dissimilarity

index and associated principal component analysis (PCoA), showed

that a few of the samples shared strong similarities (Figure 6).

Samples with close similarity in species diversity are shown as blue

(purple) while those with little similarity are shown as yellow. The

abundance of yellow in the matrix shows how different most of the

samples are from one another (Figure 6A). The PCoA chart also
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reflected this, with a few samples clustering together but most of the

samples were spatially separated (Figure 6B).
3.4 Correlation and co-existence
of species

We performed correlation, Chi-square and T-test analyses of the

data to determine the significance of the species-species co-existence

in the samples (Supplementary Table S2). A heat map of the

significant results was generated for easy visualization of the data

(Figure 7; Supplementary Table S2). Unlike the the Chi-square test

(Figures 7A–C), the T-test provided a significant association between

the non-Lactobacillus species (BVAB-1 was significantly affected by

the presence/absence of L. iners only but not by the other Lactobacillus

species)–Figure 7D and the presence/absence of the Lactobacillus

species (without L. iners–Figure 7E or as a group–Figure 7F). In the

absence of L. iners, the Lactobacillus species were not significantly

associated with B. fragilis (which was only significantly associated with

L. gasseri) but rather, withMegasphaera sp. type 2 (Figure 7B). Hence,

the Chi-square test provided a more stringent cut-off than the T-test:

individually, the Lactobacillus species were significantly associated

with 14 species (Figure 7C).

Therefore, the presence of BVAB-1 and B. fragilis were

independent of L. iners. Furthermore, L. crispatus and L. jensenii
A B

FIGURE 4

Relative abundance of the 22 species across all the 946 vaginal samples. The heatmap (A) highlights the distribution and intensity of species’ relative
abundance across all samples, offering a color-coded representation that easily identifies the most prevalent species. The box plot (B) provides a
statistical summary of each species’ relative abundance, including the median, interquartile range, and any outliers, offering insight into the variability
and distribution of abundance for each species. This plot provides insights into the central tendency, spread, and outliers for the relative abundance
of each microbial species within the dataset. Median values are represented by the line within each box. Interquartile range (IQR), indicating the
middle 50% of the data, is shown by the box itself. Whisker extend to show the range of the data, i.e., 1.5 * IQR from the quartiles. Outliers are points
outside the Whisker and are indicated as individual points.
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were significantly associated with the presence/absence of the same

non-Lactobacillus species except B. fragilis, B. breve, P. bivia, and U.

urealyticum (Figure 7). Although L. acidophilus was included in the

Chi-square pairwise association test, it did not yield any significant

results with any of the species (Supplementary Table S2).

Using Pearson’s correlation coefficient, a clear pattern was

observed regarding the co-existence of the 21 species within the

vaginal microbiota: all the Lactobacillus species, except L. iners,

inversely correlated with most of the other non-Lactobacillus

species while species such as BVAB (1–3), Megasphaera sp. type

1, P. bivia, G. vaginalis, F. vaginae, M. hominis, M. mulieris, M.

curtisii, and S. sanguinegens were positively correlated with each

other. Notably, some species had very little or no inverse

correlation with the Lactobacillus sp. (except L. iners): S.

anginosus, B. breve, U. urealyticum, M. hominis, Megasphaera sp.

type 2, and B. fragilis. S. anginosus, B. breve, and B. fragilis were the

only non-Lactobacillus species with an inverse correlation with L.

iners; the other species had a positive correlation with L. iners. The

BVAB species did not correlate with each other as BVAB -2 was less

correlated with both BVAB-1 and BVAB-3; these latter two species,
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however, had a strong positive correlation (Supplementary

Figure S23).
3.5 Relative abundance- and species-based
diagnostic criteria

All the Lactobacillus sp. were bundled together as a marker of

a normal vaginal microbiome (Group 1). Owing to the absence of

a Nugent score or Amsel data for the samples, we used a species-

based criteria to select species that are not found in normal

vaginal microbiota: BVAB-1, -2, -3, B. fragilis, and S. anginosus.

These five species were grouped into a species marker (Group 2)

to identify BV-positive samples (Table 1). Owing to the strong

co-existence association between G. vaginalis, P. bivia,

Megasphaera sp. type 1, and A. vaginalis (Supplementary

Figures S10, S23), they were tied together to serve as a marker

(Group 3) to fine-tune our criteria in distinguishing between

transitional BV, BV-positive, and BV-negative samples. Finally,

the remaining eight species were also grouped into a marker
A B

DC

FIGURE 5

Alpha diversity of the 946 vaginal samples: species richness and Shannon index. Boxplot of Species Richness (A), showing the count of species
present across samples. This boxplot provides a clear visualization of the central tendency and variability in species richness. Boxplot of the Shannon
Index (B), indicating the diversity value that considers both abundance and evenness of species. Histogram of Species Richness Distribution
(C), providing a view of the frequency distribution of species counts across samples. Histogram of Shannon Index (D) visualizes the distribution of
the Shannon index across samples, reflecting both the abundance and evenness of species. The Shannon index is a more comprehensive measure
of diversity, considering not just the presence of species but also their relative abundances.
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(Group 4) to further distinguish between BV-positive, BV-

negative, and transitional BV (Table 1).

The relative abundance distribution of the species within each

of the four biomarker groups above was then used to select cut-off

ranges for each group, incorporating a relative abundance-based

criteria into the species-based criteria above. This resulted in a

four-marker criterion, called the MDL-BV index, for diagnosing

BV. We trained and tested this two-tier diagnosticMDL-BV index

on our samples using machine-learning codes (Decision Trees

and Random Forests) in Python, adjusting the ranges of each

(species group) biomarker’s relative abundance until an optimal

range per (species group) biomarker was found. The results of the

MDL-BV index’s classifications were manually verified to ensure

its veracity.

Observations made during the training and testing process made

us include the following four instructions into the MDL-BV index

code to enable categorization of all types of vaginal samples into their

respective BV states: 1. When a sample falls within both BV-negative

and transitional BV, assign it to transitional BV; 2. When a sample

falls within both BV-positive and transitional BV, assign it to BV-

positive; 3. When at least three of a sample’s four groups/biomarkers’

relative abundances fall within a single BV state and only one falls in

another BV state, override the single disagreement, and assign or

classify the sample to the BV state with which the three relative

abundances agree; 4. When biomarkers 2 and 4 have a relative

abundance of zero, then a relative abundance of 0 – 30% for

Group 1 and 70 – 100% for Group 3 is BV-positive; a relative

abundance of 30 – 50% (Group 1) is transitional BV and 60 – 100%
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(Group 1) is BV negative; 5.When every group is zero and only group

4 is 100%, define it as BV positive; 6. When all groups are zero, filter

out that sample as there are no results to report (Table 1).

The final MDL-BV index was then tested on the data used in

this study and 490 samples were classified as BV positive, 335

samples were classified as BV negative, and 151 samples were

classified as Transitional BV. A manual verification of these

classifications found them to be accurate, based on the MDL-BV

index ranges. The relative abundance of each of the four

biomarkers/groups and the final BV status classification based on

these relative abundances, produced by the Python code, is shown

in Supplementary Table S3 and summarized in Table 1.
3.6 Demographics affect BV

The effect of age, pregnancy status, and race on BV status was

analyzed using a correlation heatmap (Supplementary Figure S24)

and Box and Whisker distribution plots (Figure 8). Notably, almost

all BV-negative cases were found within the White population.

Transitional BV was found only among White and Black people,

with BV-positive cases being widely distributed among the Black

population aged 28 – 40; most White women who had BV were

aged between 25 and 35. The age groups of the BV-positive and

transitional BV populations were almost the same among Black

people but very different among White people. The ‘Other” race

(including Latinos/Hispanics) also had substantial BV, with their

ages between a tight window of 28 to 32 years. Although the number
FIGURE 6

The Bray-Curtis dissimilarity matrix heatmap and associated principal component analysis (PCoA) for beta diversity. On the left, the Bray-Curtis
Dissimilarity Matrix heatmap shows the pairwise dissimilarities between the samples. Higher values (closer to yellow, 1.0) indicate greater dissimilarity
between samples, while lower values (closer to purple, 0.0) indicate greater similarity. On the right, the PCoA of Bray-Curtis Dissimilarities scatter
plot visualizes the samples in a reduced two-dimensional space based on their dissimilarities. Each point represents a sample, and their positions
reflect patterns of variation across the samples. Labels on the plot correspond to the sample numbers, helping to identify specific samples within the
context of the PCoA. These show how dissimilar the samples were from each other.
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of Asian and American Indian samples was relatively few, they were

all BV-positive and fell within the median age range.

It is notable that most women who were pregnant were also BV-

positive, with no transitional and BV-negative status being found

among them. Further, the age differences between BV-positive

pregnant women (24 – 30 years) and non-pregnant women (28 –

38 years) were wide. The Box plot in 8C shows a similar occurrence

of BV among women aged 21 – 60, with very little incidence being

found among women aged above 60 and below 20. Notably,

transitional BV cases were more common among women aged

between 41 and 50 than among the other age groups. BV-negative

cases were mostly found among women aged between 21 – 30 years.

Chi-square tests indicated that there was no statistically

significant association between race and BV status (P = 0.217),

and between pregnancy status and BV status (P = 0.527) at

significance levels (P < 0.05). The Kruskal-Wallis test, which was

used to assess whether there are statistically significant differences

in age distributions between the BV positive and BV negative
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groups, found no statistically significant differences in the age

distributions between the BV positive and BV negative groups

(P = 0.820) at significance levels (P < 0.05). Therefore, age by

itself, may not be a distinguishing factor between these two groups

within the dataset analyzed.
3.7 Demographics affect variations in
relative abundance

3.7.1 Variance of Lactobacillus shows lower
abundance in BV-positive samples and higher
abundance in BV-negative samples.

The relative abundance of Lactobacillus sp. showed that while

L. acidophilus, L. jensenii, and L. crispatus had low mean abundance

in BV-positive and transitional BV samples, and high mean

abundance in BV-negative samples, L. iners and L. gasseri did not

exhibit such phenomena. The mean abundance of L. gasseri was
A B

D E F

C

FIGURE 7

Heatmap of significant p-square values obtained from Chi-square and T-test analysis of pairwise comparisons between Lactobacillus and other non-
Lactobacillus species within the samples. (A) visualizes the significant Chi-square p-values between Lactobacillus species and non-Lactobacillus species.
(B) (Group 1) visualizes the significant Chi-square p-values of all Lactobacillus species (except L. iners) against each non-Lactobacillus species.
(C) visualizes the significant Chi-square p-values from grouped comparisons of all Lactobacillus species against each non-Lactobacillus species.
(D) shows the significant T-test p-values of all Lactobacillus species against all the other non-Lactobacillus species grouped together (T-test could not
get individual species comparisons because of the structure of the data). (E) visualizes the significant T-test p-values from T-Test Group 1, which
involves grouped comparisons of all Lactobacillus species (except L. iners) against each non-Lactobacillus species. (F) visualizes the significant T-test p-
values from the “T-Test Group 2” sheet, which involves grouped comparisons of all Lactobacillus species against each non-Lactobacillus species. Rows
represent different Lactobacillus species. Columns represent different non-Lactobacillus species. The color intensity indicates the level of significance,
with cooler colors (towards blue) indicating lower p-values (higher significance) and warmer colors (towards red) indicating higher p-values (lower
significance). Cells filled with a p-value of 1.0 represent non-significant results that were not included in the original significant results table and are
shown for completeness.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1409774
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Oyenihi et al. 10.3389/fcimb.2024.1409774
similar across all three BV states (marginal variance). L. iners was

more prevalent in transitional BV samples and less abundant in

both BV-negative and BV-positive samples; its mean relative

abundance in both BV-positive and –negative species was similar.

The greatest variance was observed in L. acidophilus’ relative

abundance levels between BV-positive and BV-negative

samples (Figure 9).

3.7.2 Variance of Lactobacillus and vaginal
anaerobes show differences in pregnancy

The mean abundance of L. acidophilus, L. gasseri, and L. iners

were slightly higher in pregnant women than in non-pregnant

women. L. crispatus and L. iners had the highest relative

abundance in non-pregnant and pregnant women, respectively.

While L. jensenii’s mean relative abundance in both pregnant and
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non-pregnant women was similar, L. crispatus stood out as the only

Lactobacillus with a slightly higher relative abundance in non-

pregnant women than in pregnant women. Notably, the variance

between the mean relative abundance of L. acidophilus in pregnant

and non-pregnant women was markedly wider than the other

species (Figure 10; Supplementary Figure S25). Except for

L. crispatus, the mean relative abundance of the Lactobacillus sp.

was marginally higher in non-pregnant women than in pregnant

women (Supplementary Figure S25).

The variance in mean relative abundance of the facultative and

obligate anaerobes in pregnant and non-pregnant women differed per

species (Figure 11; Supplementary Figure S26). Instructively,

B. fragilis, Megasphaera sp. type 2, and B. breve were only present

in non-pregnant women and absent in pregnant women. BVAB-3,

P. bivia, M. curtisii, F. vaginae and M. mulieris had similar levels in
A B

C

FIGURE 8

Box and Whisker plots showing the distribution of BV-positive, Transitional BV, and BV-negative samples across different races, ages, and pregnancy
status. (A) shows the distribution of BV status across different races. (B) illustrates the distribution of BV status among pregnant and non-pregnant
women. (C) visualizes the distribution of BV status across different age groups. The horizontal axes show the ages for the different classifications and
distributions. The box colors are not the same for all the three plots and their respective keys in the upper right or left corners designate the correct
interpretation of each color. The Whisker show the upper and lower quartiles while the boxes show the 25th and 75th percentile range (50% of the
population) while the stars show outliers. Chi-square and Kruskal-Wallis tests respectively showed that there were no significant effect/association
between race, pregnancy status, and age groups with BV.
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both cohorts, with a slight decrease in four out of the five species for

pregnant women; only M. curtisii was slightly higher in pregnant

women. The differential abundance of BVAB-1, BVAB-2, G.

vaginalis, Megasphaera sp. type 1, S. anginosus, and U. urealyticum

was higher in pregnant women. S. sanguinegens alone was higher in

non-pregnant women (Figure 11; Supplementary Figure S26). Non-

pregnant women had higher diversity of anaerobes (n = 16 species)

and generally lower mean relative abundance than pregnant women

(n = 13 species) (Supplementary Figure S27).
Frontiers in Cellular and Infection Microbiology 1273
3.7.3 Variance of Lactobacillus and vaginal
anaerobes show differences by age group

L. acidophilus was absent in females aged 61+ years and highest

in those aged 41–50 years while L. crispatus was highest in those

aged 61+ years. L. jensenii was most dominant in the 0–20 years’

cohort while L. gaserri had similar abundance levels across all age

groups, except the 51–60 age group where it was slightly lower. L.

iners was also most abundant in the 0–20 years group (Figure 12;

Supplementary Figure S28).
FIGURE 10

Plots displaying the relative abundances of five Lactobacillus species in vaginal samples collected from pregnant and non-pregnant women. L.
crispatus was the highest in non-pregnant women while L. iners was highest in pregnant women. In all, the variance between these two cohorts
were not so wide. L. acidophilus had a wider spread/distribution of relative abundances across the samples for the two cohorts.
FIGURE 9

A bar chart displaying the relative abundances of five Lactobacillus species across three BV-Negative, BV-Positive, and Transitional BV statuses.
Overall, Lactobacillus species tend to have higher mean abundances in BV-Negative samples, indicating their potential protective role against BV.
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FIGURE 11

The mean and absolute relative abundances of various non-Lactobacillus bacterial species across pregnancy statuses (Pregnant and Not Pregnant).
Species such as B. fragilis, Megasphaera sp. type 2, and B. breve were only present in non-pregnant women while the S. sanguinegens variance
between pregnant and non-pregnant women was higher (in non-pregnant women). BVAB-3, P. bivia, F. vaginae, and M. mulieris had slightly higher
mean abundances in non-pregnant women than in pregnant women. The rest had higher or slightly higher mean abundances in pregnant women
than in non-pregnant women.
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Likewise, the anaerobic bacterial species differed between age

groups, with S. sanguinegens, F. vaginae, M. mulieris, Megasphaera

sp. type 1, G. vaginalis, B. breve, and BVAB-3 being very dominant

in females aged 61+ years. B. breve was very abundant in the 41–50

years group whileMegasphaera sp. type 2 was also very prevalent in

the 0–20-year group. B. fragilis, S. anginosus, M. mulieris, and

Megasphaera sp. type 2 were also highly prevalent within the 31–40-

year cohort. Notably, within the 21–30, 31–40, and 41–50 age

groups, most of the species were mostly of similar or slightly

higher relative abundance; the outliers are described above

(Figure 13; Supplementary Figure S29).

There were 13 species in the 0–20 group, 15 in the 21–30, 41–50,

and 51–60 groups, and 13 in the 61+ group, showing that the

diversity increases after age 21, plateaus until age 60 and decreases

after age 61. The highest relative abundances were mainly within

the age 21–50 bracket for majority of the species (Figure 13;

Supplementary Figure S29).

3.7.4 Variance of Lactobacillus and vaginal
anaerobes show differences by age group

Variance of Lactobacillus and vaginal anaerobes show diversity

and abundance vary by race Lactobacillus sp. and non-Lactobacillus

sp. across the different racial groups. Specifically, L. iners, L.

crispatus, and L. jensenii were present in most of the races, albeit

L. crispatus was higher in most races and L. acidophilus was

consistently lower than the other Lactobacilli. L. iners was very

common in Asian people compared with the other Lactobacilli; L.

acidophilus was higher in Others (Hispanics and Pacific Islanders)

races and lower in the remaining races. L. gasseri was high in Asian,
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Black, and Others (Hispanics and Pacific Islanders) races across all

races. Notably, L. crispatus was the highest Lactobacilli in White

people (Figure 14; Supplementary Figures S30, S31).

Racial variations in relative abundance were most obvious in

B. fragilis, S. anginosus, M. hominis, Megasphaera sp. type 2, P. bivia,

B. breve, and BVAB-2. For many of the species, there were a higher

relative abundance among Black people than White people:

Mobilincus sp., S. sanguinegens, U. urealyticum, G. vaginalis,

Megasphaera sp., and BVAB-2. B. fragilis M. mulieris, G. vaginalis,

BVAB-1 and BVAB-3 were highly abundant in Asian people. Among

White people, F. vaginalis, M. hominis, S. sanguinegens, Megasphaera

sp. type 1, G. vaginalis, P. bivia, B. breve, BVAB-2 and BVAB- 3 were

dominant (Figure 15; Supplementary Figures S32, S33).
4 Discussion

Unlike other infections with single etiological agents, BV is a

polymicrobial infection with no clear consensus on the specific

bacterial species responsible for the altered vaginal microbiota state

(Mondal et al., 2023; Sobel and Vempati, 2024). The exact

contributions of BV-associated microbes to the pathogenesis of BV,

which may be relevant for accurate diagnosis and therapeutics,

remain unresolved. Nevertheless, the occurrence of normal,

transitional, and abnormal vaginal microbiota states is dependent

on the composition and interactions of the different Lactobacillus and

anaerobic species present (Onderdonk et al., 2016; Lynch et al., 2019;

Chee et al., 2020; Drew et al., 2020). To address this gap between the

vaginal microbiome dynamics and the current BV diagnostic tests’
FIGURE 12

Charts displaying the mean and absolute relative abundances of five Lactobacillus species across different age groups (0–20, 21–30, 31–40, 41–50,
51–60, 61+). L. acidophilus was more abundant in age 41–50 group, followed by age 31–40 and 21–30 groups. L. crispatus was higher than the
other species in all age groups except 0–20 group, where L. iners and L. jensenii were higher. Except. L. acidophilus, the other species had a wider
distribution of relative abundances for the different age groups.
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FIGURE 13

The bar chart displays the mean and absolute relative abundances of various non-Lactobacillus bacterial species across different age groups.
Fourteen species were present in age 0–20 group, 15 were found in age 21–30, 41–50, and 51–60 groups, 16 was found in age 31–40 group, and
13 were found in 61+ age group. Species such as P. bivia, F. vaginae and S. sanguinegens had broader spread of relative abundances across the age
groups. Overall, non-Lactobacillus bacterial species are primarily observed in the 21–30 age group, with little to no data available for other age
groups. This indicates a higher microbial diversity in this age group compared to others.
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limitations, a new qRT-PCR test that detects and measures the gDNA

concentrations of 22 species found in all the various conditions of the

vaginal microbiome was designed. The relatively shorter turnaround

time of this test and the ease of adoption in a routine diagnostic

laboratory makes it possibly more valuable than the current classical

tests (Muzny et al., 2023; Swidsinski et al., 2023).

With such a broad spectrum of bacterial species, the resolution

of the test is enhanced to efficiently distinguish between normal,

abnormal, and transitional microbiota. The test has been validated

with 95 – 100% sensitivity and specificity with a short turnaround

time of 8 hours (from sample reception). In studies where results

from PCR or qPCR studies targeting 2 – 13 species have been

compared with Amsel’s criteria or Nugent’s score, the results have

been highly sensitive and specific (Menard et al., 2008; Malaguti

et al., 2015; Lynch et al., 2019; Drew et al., 2020; Vodstrcil et al.,

2021). We are therefore confident that subsequent studies with our

test, using Nugent score or Amsel’s criteria-diagnosed samples, may

equally yield similar or better results with its larger bacteria target

spectrum. Although this study is limited by the inability to compare

the current results with clinical presentation data, its sensitivity and

specificity in detecting the controls used confirm its efficiency.

In fact, the test’s diagnostic capability is further appreciated when

the make-up and sample size of our vaginal specimens are

considered: 946 vaginal samples from a wide spectrum of ages

(18 – 83), races (White, Black, Asian, American Indian, and “Other

(Hispanics and Pacific Islanders)”, not to mention the races of most

women who failed to state their race), and pregnancy status. The

Bray-Curtis dissimilarity matrix and the principal component
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analysis (PCoA) showed how dissimilar the samples were as few of

the samples clustered together (Figure 6). The sample differences

were further highlighted by the species richness (a-diversity) of the
samples in which the number of species per sample ranged from

2 – 12, with 50% of the samples having 2 – 6 species per sample.

Instructively, the Shannon index further clarified this observation by

showing that the species diversity per sample was low, with most

samples having an index between 0.8 and 1.8 and the most diverse

sample having an index of 3.2 (out of 3.5).

Thus, although the samples were dissimilar in terms of

composition, their diversity was relatively low, which could be

characteristic of a healthy vaginal microbiome if the relative

abundance of Lactobacillus sp. is high (Balashov et al., 2014).

However, it is worth noting that the Shannon diversity is affected

by the number of species sampled and the vaginal microbiome is

naturally not as diverse as the gut microbiome (Javed et al., 2019;

Muzny et al., 2020; Abou Chacra and Fenollar, 2021). Hence,

although the 22 species used are more than any PCR test, it may

not represent all the species in the vaginal microbiota. For instance,

the alpha diversity of the samples was calculated through a direct

count of the number of species observed in each sample without

using any estimators or indices. Hence, it does not account for

undetected species or attempt to estimate the total species richness

in the samples, which methods like the Chao1 index aim to do.

Notwithstanding, the representative nature of the samples used in

this study is self-evident.

To our knowledge, no qPCR assay has the same broad-

spectrum species target, making this assay an important
FIGURE 14

Mean and absolute relative abundance distribution of Lactobacillus species in different racial/ethnic groups. White, Black, and other races had more
diversity of Lactobacillus sp. while Asian people had very little diversity. L. acidophilus was higher in other (Hispanics and Pacific Islanders) races than
White and Black people. L. crispatus was higher in American Indians and White people while L. gasseri and L. iners were higher in Black and Other
races. L. gasseri was also higher in Asian people. The relative abundance spread of the species differed per race. NP means not provided. The
Whisker show the upper and lower quartiles while the boxes show the 25th and 75th percentile range (50% of the population) while the stars
show outliers.
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innovation and the first to do so. Whereas other assays have used

only two or up to 13 species (Malaguti et al., 2015), not all of the

species were quantitatively detected as was done in this assay

(Brotman and Ravel, 2008; Menard et al., 2008; Malaguti et al.,

2015; Drew et al., 2020). This is despite the calls for increasing the

bacterial spectrum for molecular BV diagnosis, focusing on

Megasphaera, G. vaginalis, F. vaginae, and other anaerobes

(Brotman and Ravel, 2008; Menard et al., 2008; Lynch
Frontiers in Cellular and Infection Microbiology 1778
et al., 2019). Moreover, owing to the biofilm-forming nature of

these BV-associated species, which leads to immune evasion, high

treatment failure rates and recurrence, a shorter-turnaround

diagnostic tool is merited (Cangui-Panchi et al., 2023; Muzny

et al., 2023). This study answers that call.

By both detecting and quantifying the 22 species in vaginal

samples, we were able to obtain a clearer picture of the vaginal

microbiome’s composition and make a better diagnosis of its
FIGURE 15

Relative abundance distribution of non-Lactobacillus species in different racial/ethnic groups. For many of the species, there were a higher relative
abundance among Black people than White people, explaining the higher prevalence of BV in Black people than White people. F. vaginae,
Megasphaera sp. type 1, and G. vaginalis were highest in American Indians. Relative abundance distribution of the species differed per species. The
Whisker show the upper and lower quartiles while the boxes show the 25th and 75th percentile range (50% of the population) while the stars show
outliers. NP means not provided.
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condition; a feat only achievable with whole-genome metagenomics

(Asante and Osei Sekyere, 2019; Osei Sekyere et al., 2020; Osei

Sekyere et al., 2023). For instance, although BVAB-1, -2, and -3

were detected together in the same study (Fredricks et al., 2005),

BVAB-2 has been commonly tested as a marker of BV positivity

without BVAB-1 and -3. Yet, this study showed that BVAB-2 is the

least prevalent/abundant among these three species, with BVAB-1,

followed by BVAB-3, being the most common. A Brazilian study

using 223 BV-positive samples also reported the same findings

regarding the relative abundance of BVAB-1, BVAB-2, and BVAB-

3, affirming our observations (Malaguti et al., 2015). A positive

association between BV and high-risk Human Papilloma Virus

(HPV) genotypes has been reported, owing to the occurrence of

BVAB 1 and 3, and other BV-associated- bacteria in women co-

infected with HIV and HPV (Naidoo et al., 2022). The same study

also showed that the presence of BVAB 1 and 3 had an elevated

likelihood of increasing the severity of cervical neoplasia in this

population (Naidoo et al., 2022). Nevertheless, these species are not

as closely related as initially thought as a recent phylogenetic

analysis identified BVAB 1, 2, and 3 to be “Clostridiales

genomosp.”, Oscillospiraceae bacterium strain CHIC02, and

Mageeibacillus indolicus, respectively (Osei Sekyere et al., 2023).

Additionally, the relative abundance of the various species

identified by this test mirrors what has been reported (Malaguti

et al., 2015; Bayigga et al., 2019; Abou Chacra et al., 2021; Zhang

et al., 2022; Powell et al., 2023), with Lactobacillus sp. (except

L. acidophilus), G. vaginalis, A. (F.) vaginae, P. bivia, and

Megasphaera sp. type 1 being the most dominant and widely

distributed (Figures 2, 4; Supplementary Figures S1–S22). The

absence of M. genitalium [which was found in low abundance in

other studies using BV-positive samples (Malaguti et al., 2015)], and

lower abundance and prevalence of L. acidophilus, M. hominis,

U. urealyticum, Megasphaera sp. type 2, Mobiluncus sp.,

S. sanguinegens, B. breve, and S. anginosus are also consistent with

other findings (Atassi et al., 2019; Chee et al., 2020; Argentini et al.,

2022; Wu et al., 2022), further crediting the diagnostic efficiency

of this test.

Overall, the Lactobacillus species had higher mean abundances in

BV-negative samples, lower abundances in BV-positive samples, and

in-between for transitional BV, indicating their potential protective role

against BV (Figure 9). The higher relative abundance of L. iners in

pregnant women and transitional BV samples could further suggest

that L. iners play a crucial role in transitioning the vaginal microbiome

from BV-negative to BV-positive. The transitioning effect of L. iners

has been investigated and reported earlier and these observations

further throws more light on the veracity of this conclusion (Zheng

et al., 2021), albeit other studies provide conflicting findings and call for

additional studies (Carter et al., 2023).

It was observed from the correlation, and co-existence analysis that

the five Lactobacillus sp. mostly co-existed together while G. vaginalis,

A. (F.) vaginae, P. bivia, andMegasphaera sp. type 1 also co-existed in

the same samples (Figures 4, 7; Supplementary Figures S1–S23). The

Chi-square and T-tests also largely agreed with the significant

association between the Lactobacillus sp. and the non-Lactobacillus

species, with few exceptions (Figure 7). This was used to form two

separate groups of species-based biomarkers. Furthermore, the BVABs,
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S. anginosus, and B. fragilis, which are known to be mainly associated

with BV microbiomes and absent in normal vaginal microbiomes

(Weyers et al., 2009; Matu et al., 2010; Malaguti et al., 2015; Schmidt

et al., 2015; Barrientos-Durán et al., 2020), were also teased from the

remaining non-Lactobacillus species and grouped into another

biomarker group. The remaining eight species were then also

bundled together into another fourth group (Table 1). Using the

relative abundance distributions of each species (Figure 4;

Supplementary Figures S1–S22), the relative abundance range for

each of the four species biomarker groups was set to form the MDL-

BV index, which was then further trained and tested on the data using

machine-learning algorithms (Decision Trees and Random Forests) to

diagnose BV. A relative abundance-based approach was adopted over a

nominal concentration value because concentrations vary from sample

to sample, and the swabbing method of sample collection among

clinicians is not standardized; hence, samples collected by each swab is

not quantitative.

TheMDL-BV index has a high cut-off range for negative BV status

(≥70% Lactobacillus sp. relative abundance) to ensure that samples

diagnosed as normal were BV-negative in verity. It also errs on the side

of caution by classifying samples that meets the criteria of both BV-

negative and transitional or transitional and BV-positive, as transitional

BV or BV-positive respectively. The training of the model on the data

further revealed certain intricacies and nuances in the distribution of

the species and their relative abundances, which were used to refine it

by including more details and rules. For instance, in situations where

only two of the four biomarkers had a relative abundance score, the

ratios were adjusted (Table 1). This strengthened the diagnostic

efficiency of the MDL-BV index, resulting in a final classification of

the samples as 491 BV-positive, 318 BV-negative, and 137 transitional

BV. A manual verification of the results confirmed the veracity of the

classifications (Supplementary Table S3).

Instead of using just two biomarkers involving all Lactobacillus

sp. and all non-Lactobacillus species (Balashov et al., 2014), this

index uses four biomarkers, which further refines the ability of the

index to correctly distinguish between transitional BV or BV-

positive microbiomes. Evidently, a correct molecular diagnosis of

BV is critical to its treatment and monitoring, making this test and

index very important in gynecology and obstetrics. The next stage of

this research is to train the model on large datasets with Nugent

scores/Amsel criteria as a means of further enhancing it and

strengthening its proof of concept in BV diagnosis.

The distribution of BV among the different demographic

variables viz., age, race, and pregnancy status showed important

differences, albeit none of the differences were statistically

significant (Figure 8). Specifically, although the number of vaginal

samples from Black people was lower than that from White people,

there were more BV-positive samples from the former than from

the latter. While most of the vaginal samples from White people

were BV-negative, those from Black people were either BV-positive

or transitional. Notably, the samples from the “Other” races (which

includes Hispanics/Latinos and Pacific Islanders), Asians, and

Native American Indians, although fewer in number, were also

BV-positive, with none being negative. Furthermore, the mean age

and age range for White people with transitional BV were higher

than those of all the other races, including the mean age of White
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1409774
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Oyenihi et al. 10.3389/fcimb.2024.1409774
people with abnormal vaginal microbiomes (Figure 8). Hence,

although these differences were not statistically significant, they

concur with other studies that show a higher prevalence of BV

among Black and Hispanics than among White people and Asians

(Peebles et al., 2019). This agreement between our data and other

studies further confirms the accuracy of our MDL-BV index.

A further analysis of the racial vaginal microbiome composition

showed that Black women had a higher prevalence of many of the

anaerobes implicated in the BV pathogenesis, including G. vaginalis,

F. vaginae, and Megasphaera sp., followed by Hispanics and Asian

women who also had higher abundance of these BV-associated

species than Caucasians (Figure 15; Supplementary Figures S32,

S33). These findings are not singular as other studies have also

identified the same. Particularly, Borgdoff et al. (2017) found a higher

abundance of L. crispatus among Caucasians than Black and Asian

women and a higher G. vaginalis and L. iners in Ghanaian and Asian

(and Mediterranean) women, respectively (Borgdorff et al., 2017).

Contrarily however, Roachford et al. (2022) also found a higher

abundance of L. crispatus and L. iners in African Americans than in

other ethnicities (Roachford et al., 2022); nevertheless, most studies

agree that Africans have lower Lactobacillus-rich microbiomes

compared with White women. These racial and ethnic variations

were examined recently by Xin Wei et al. (2024) and found that the

nucleotide identities of these vaginal denizens found in different

ethnicities varied from each other, underscoring an evolutionary

mechanism that explains these observed variations (Wei et al., 2024).

In effect, the genomes of the same species had differences when

isolated from different races. While they also observed similarly higher

abundance of BV-associated bacteria in Black pregnant women than

other races (higher alpha diversity and Shannon index), they

established that the alpha diversity remained fairly constant over

gestational time and across ethnicities (Wei et al., 2024). This is

similar to our finding in which the differences between pregnant and

non-pregnant cohorts’ vaginal microbiome variations were marginal.

Notwithstanding, this study brings out certain unique findings that

merit further investigation: the absence of B. fragilis, Megasphaera sp.

type 2, and B. breve in pregnant women; the higher differential

abundance of G. vaginalis, BVAB-1 and -2, U. urealyticum,

Megasphaera sp. type 1, and S. anginosus in pregnant women; and

the higher abundance of S. sanguinegens in non-pregnant women

compared with pregnant women.

Albeit pregnancy had no significant effect on BV, we posit that the

observed marginal variations of higher diversity and higher relative

abundance in pregnant women than in non-pregnant women can be

due to the hormonal changes that occur in the former. Hormonal

variations in pregnancy also explain the lower relative abundance of

Lactobacillus sp. (except L. iners) and anaerobes among non-pregnant

women. Notably, L. acidophilus presented the widest variations

between cohorts, suggesting that it is more sensitive to these changes

than the other species and could be adopted as a biomarker. Indeed, the

higher abundance of L. crispatus among non-pregnant and

menopausal women, the absence of L. acidophilus in menopausal

women, and the higher abundance of L. iners among pregnant

women further show how the variations in hormones affect these

species’ relative abundance through changes in the hosts estrogen-

medicated metabolisms (Auriemma et al., 2021). The higher
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abundance of L. crispatus and L. iners was been reported previously

(Borgdorff et al., 2017; Wei et al., 2024).

Although BV among non-pregnant women was more prevalent

than among pregnant women, BV-negative or transitional BV

samples were not obtained from pregnant women (Figure 8). This

is a concerning observation as BV in pregnancy is associated with

preterm labor, low birth weight, premature rupture of membranes,

miscarriage, chorioamnionitis, and birth asphyxia (Bayigga et al.,

2019; Basavaprabhu et al., 2020; Vodstrcil et al., 2021). Although the

pregnancy stage of the women from whom the samples were

obtained is unknown, it is known that the first-trimester vaginal

microbiome is similar to a BV-positive microbiome while the 2nd and

3rd trimesters are similar to a normal vaginal microbiome (Kaur et al.,

2020). Hence, the stage of the pregnancy and vaginal symptoms

should be considered in making a final therapeutic decision regarding

pregnant women when using molecular-based tests. Furthermore, the

difference in the number of pregnant women (n = 53) vis-a-viz the

number of non-pregnant (or unknown pregnancy status) women is

large and can skew the data. This is a major limitation in our data set

and should be considered when analyzing the pregnancy data.

Although BV-positive samples were found in all age groups (18 –

83 years), they were mostly prevalent among women who were

between 20 and 60 years, with a higher number of BV-positive and

transitional BV samples being found among women between 41 – 50

years. The species variations per age group further support this

observation as the anaerobic species diversity and abundance

increase from after 20 years, plateau until age 50, and begin to

decline again (Figures 12, 13; Supplementary Figures S28, S29).

Indeed, the median age found in this study’s population is similar to

what was found in Brazil (Malaguti et al., 2015) and in the USA

(Watkins et al., 2024), with women above 21 years being more likely to

suffer recurrence of BV (Coudray and Madhivanan, 2020; Coudray

et al., 2020). Hence, the age groups found in our data concur with that

of other studies, which confirms that BV is common among

reproductive-age women and lower before puberty and after

menopause (Auriemma et al., 2021). However, age was not

significantly associated with BV occurrence in this study.
5 Conclusion

The new qRT-PCR assay developed by MDL is the first of its kind

to quantitatively detect 22 species in the vaginal microbiome. We

developed a novel classification system, the newMDL-BV index, which

was trained on large sets of data and based on four species-based and

relative abundance-based biomarkers. This multifaceted two-tier

approach of using species and relative abundance provides a better

diagnostic resolution for a polymicrobial infection such as BV. We are

working to extend this approach to apply to other microbiome-based

diagnostics to make disease diagnosis reflective of the clinical

presentations. Our study is, however, limited by the absence of a

clinical Nugent score or Amsel’s criteria; however, we are working to

include these in the next studies that will involve the MDL-BV index

and the 22-species qRT-PCR BV test. The clinical and socio-economic

importance of this novel proprietary BV diagnostic test in obstetrics

and gynecology is notable.
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Background: Parvimonas micra (P. micra) has been identified as a pathogen

capable of causing lung abscesses; however, its identification poses challenges

due to the specialized culture conditions for anaerobic bacterial isolation. Only a

few cases of lung abscesses caused by P. micra infection have been reported.

Therefore, we describe the clinical characteristics of lung abscesses due to P.

micra based on our case series.

Methods: A retrospective analysis was conducted on eight patients who were

diagnosed with lung abscesses attributed to P. micra. Detection of P. micra was

accomplished through target next-generation sequencing (tNGS). A systematic

search of the PubMed database using keywords “lung abscess” and “Parvimonas

micra/Peptostreptococcus micros” was performed to review published literature

pertaining to similar cases.

Results: Among the eight patients reviewed, all exhibited poor oral hygiene, with

four presenting with comorbid diabetes. Chest computed tomography (CT)

showed high-density mass shadows with necrosis and small cavities in the

middle. Bronchoscopic examination revealed purulent sputum and bronchial

mucosal inflammation. Thick secretions obstructed the airway, leading to the

poor drainage of pus, and the formation of local abscesses leading to

irresponsive to antibiotic therapy, which finally protracted recovery time. P.

micra was successfully identified in bronchoalveolar lavage fluid (BALF)

samples from all eight patients using tNGS; in contrast, sputum and BALF

bacterial cultures yielded negative results, with P. micra cultured from only one

empyema sample. Following appropriate antibiotic therapy, seven patients

recovered. In previously documented cases, favorable outcomes were

observed in 77.8% of individuals treated with antibiotics and 22.2% were cured

after surgical interventions for P. micra lung abscesses.

Conclusions: This study enriches our understanding of the clinical characteristics

associated with lung abscesses attributed to P. micra. Importantly, tNGS has

emerged as a rapid and effective diagnostic test in scenarios where traditional
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sputum cultures are negative. Encouragingly, patients with lung abscesses

caused by P. micra infection exhibit a favorable prognosis with effective airway

clearance and judicious anti-infective management.
KEYWORDS

Parvimonas micra, lung abscess, target next-generation sequencing, TNGS, diagnosis
Introduction

Primary lung abscesses typically result from infections leading

to necrosis and cavitation of the lung tissue. Aspiration of oral-

derived anaerobic bacteria represents the predominant etiology of

primary lung abscesses (Bansal et al., 2013). Individuals with

periodontal disease are at an elevated risk of developing anaerobic

lung abscesses. Since anaerobic organisms necessitate specific

culture conditions, conventional sputum culture often yields

negative results in the detection of anaerobic bacteria. Anaerobic

organisms were isolated only in a limited number of lung abscess

cases (Yazbeck et al., 2014).

Parvimonas micra (P. micra) is a gram-positive anaerobic

coccus prevalent in the oral cavity, particularly in the gingival

crevices. P. micra has been associated with aspiration pneumonia

(Yu et al., 2021), lung abscesses (Zhang et al., 2021), and empyema

(Vilcarromero et al., 2023). Nevertheless, clinical insights into P.

micra-related lung abscesses remain rare.

Given the challenges in culturing and identifying anaerobic

bacteria due to their vulnerability to atmospheric exposure,

innovative approaches utilizing next-generation sequencing of

metagenomes (NGS) have shown promise in enhancing the

positive detection rate of anaerobic bacteria (Zhang et al., 2021).

In this study, we present findings from eight cases of lung

abscess caused by P. micra, with the pathogenic bacterium

identified through genomic sequencing. Additionally, a systematic

review of prior cases detailed in the published literature was

conducted to delineate the clinical features of lung abbesses

attributed to this pathogen, which may be unfamiliar to

pulmonary healthcare providers.
Patients and methods

Patients

A retrospective analysis was conducted on patients who were

diagnosed with lung abscesses and admitted to Beijing Chao-Yang

Hospital between July 2022 and December 2023. The results from

bronchoalveolar lavage fluid (BALF) pathogen testing using target

next-generation sequencing (tNGS) indicated P. Micra as the

predominant bacterium, consistent with the clinical presentation.
0285
Two physicians independently confirmed the association of lung

abscess with P. micra. Comprehensive patient medical records,

laboratory tests, examinations, and treatment modalities were

compiled for review.
tNGS testing

Bronchoscopies were performed within 5 days of hospital

admission, with BALF samples obtained from the segmental

bronchus corresponding to the identified lesions. Immediately

following collection, 5 ml of BALF was aseptically preserved at

−20°C and transported to Beijing KingMed Diagnostics Laboratory

within 4 h. Cellular material within the samples was enriched, lysed,

and subjected to DNA extraction from 500 ml of fluid as per

established protocols. Subsequent to polymerase chain reaction

amplification and purification, sequencing was performed

utilizing a genetic sequencing platform (KM MiniSeqDx-CN) and

an automatic nucleic acid-protein analyzer (Qsep100, BiOptic,

Taiwan). Sequence data interpretation was facilitated by

the Pathogenic Microbial Data Analysis and Management

System 1.0 (KingMed Diagnostics, Co., Ltd., China), which

comprises a bacterial minimal genome database consisting of 198

respiratory pathogens.
Literature review

A systematic search of the PubMed database was conducted to

identify journal articles, employing the search terms “lung abscess” and

“Parvimonas micra/Peptostreptococcus micros”. The inclusion criteria

included papers published from 01/01/1980, to 31/12/2023. Five

articles documenting pulmonary abscesses associated with P. micra,

with a collective total of nine patients, were contained in the review.
Results

Characteristics

The general characteristics of the eight patients are outlined in

Table 1. Their ages ranged from 28 to 83 years, with four patients
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having diabetes and none presenting HIV infection or receiving

immunosuppressive treatment. The median duration from

symptom onset to definitive diagnosis was approximately 40 days.

Notably, all eight patients exhibited poor oral hygiene, with

manifestations including periodontal disease and dental disease.

Primary symptoms were non-specific, yet common

manifestations included fever (n = 5), cough (n = 8), and sputum

production (n = 7). Additional complaints included sore throat,

dyspnea, chest pain, and hemoptysis.
Laboratory tests, chest CT,
and bronchoscopy

Upon admission, routine blood tests revealed a median white

blood cell count of 9.57 × 109/L, with half of the patients exhibiting

normal procalcitonin (PCT) levels.

Chest CT findings demonstrated large-scale consolidation with

necrosis and small cavities (Figure 1), devoid of classical air-fluid

levels. The boundaries of the focusing area were unclear and

blurred. The lesions were located in the right upper lobe (n = 2),

left upper lobe (n = 2), right middle lobe (n = 1), and inferior lobe of

the right lung (n = 3). One patient was complicated with liver

abscesses and empyema.

Bronchoscopy revealed purulent sputum (Figure 1) and

inflammatory changes in the bronchial mucosa at the affected sites.

CT-guided pulmonary biopsy was performed on three patients

to differentiate from lung cancer. Pathology indicated inflammation

of the lung tissue.
Microbiological examinations

Although gram-positive cocci were identified in five cases via

sputum or BALF smears, bacterial cultures yielded negative results

for all eight patients. However, tNGS analysis of BALF samples

confirmed P. micra as the predominant bacterium. Anaerobic

culture of the pleural effusion identified P. micra in one patient

complicated with concomitant empyema. Additionally, tNGS

reports indicated the presence of other bacteria including

Fusbacterium nucleatum (n = 5), Klebsiella pneumoniae (n = 2),

Escherichia coli (n = 1), Streptococcus pneumoniae (n = 1), and

Acinetobacter baumannii (n = 1).
Treatment and outcomes

Following diagnosis, patients received tailored anti-infection

therapies such as piperacillin–tazobactam (n = 3), ampicillin–

sulbactam (n = 2), moxifloxacin (n = 1), meropenem (n = 1), and

imipenem–cilastatin (n = 1). Mucolytic drugs and airway clearance

techniques were also employed to facilitate sputum expectoration.

Their symptoms improved, and chest CT scans indicated

resolution of the lung abscesses. Subsequent to initial therapy,

oral antibiotics were administered for 2 to 5 months. Seven

patients achieved satisfactory outcomes, with almost no
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symptoms and almost completely absorbed lesions on chest CT.

Two months later, one patient developed massive hemoptysis

attributed to secondary Enterococcus faecium infection, leading to

fatal pneumonia and sepsis.
Literature review

A review of the literature identified other nine reported cases

(Table 2), revealing cough (77.8%) and expectoration (77.8%) as the

most common symptoms. Additional data indicated smoking

history, alcohol consumption, periodontal conditions, and dental

issues. The median time taken from clinical onset to make a

diagnosis was 2 months. CT scan showed irregular mass shadows

which had no obvious improvement after short-term initial

empirical treatment. It is difficult to distinguish from malignant

lesions. Thus, CT-guided percutaneous lung biopsies were

performed in 55.6% of these patients. In published cases,
Frontiers in Cellular and Infection Microbiology 0487
metagenomics next-generation sequencing (mNGS) facilitated

pathogen identification in more than half of the cases. The details

of coinfections and treatment are shown in Table 3. A majority of P.

micra lung abscess cases reported in the literature also displayed

favorable outcomes, with 77.8% of patients cured via medication

and 22.2% benefitting from surgical intervention.
Discussion

The majority of lung abscesses are believed to be caused by the

aspiration of anaerobic bacteria from the oral cavity, particularly from

gingival crevices. P. micra is one of the most prevalent anaerobic

microorganisms in the human oral cavity (Badri et al., 2019).

However, due to challenges in laboratory culture, there are limited

published data on the clinical characteristics of P. micra lung abscess,

mainly in the last 5 years (Yun et al., 2019; Yang and Su, 2021; Zhang

et al., 2021; Fukushima et al., 2023; Zhijun et al., 2023).
A B
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C

FIGURE 1

Chest computed tomography and bronchoscopy of P. micra lung abscess Computed tomography is displayed in the lung window (A, D, F, I), soft
tissue window (B, E, G, J), and bronchoscopy (C, H). (A, B, F, G) The initial CT scan showed large consolidations with necrosis and small cavities
(white →) without a clear air-liquid level, which can be described as a “bubble levitation sign”. (C, H) The bronchial segment was obstructed by
purulent secretions (→). (D, E, I, J) After treatment for 3 months, the follow-up chest CT showed significant absorption of the lesions.
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Anaerobic lung infections are often associated with poor oral

hygiene conditions and inadequate airway protection (Hata et al.,

2020). Zhang et al (Zhang et al., 2021). reported that patients with

a long smoking history and poor oral hygiene are susceptible to P.

micra lung abscesses. However, in our study, smoking was not

identified as a significant risk factor, as only two male patients

had a long history of smoking, whereas the other patients were
Frontiers in Cellular and Infection Microbiology 0588
non-smokers. Lai et al. reported four cases of childhood

pneumonia and abscesses caused by oral obligate anaerobes,

primarily P. micra, where poor oral hygiene was a crucial risk

factor (Zhijun et al., 2023). Therefore, poor oral health is an

important risk factor for P. micra–induced lung abscesses. In

addition, alcoholism should also be noted as a common

predisposing condition for aspiration (Kuhajda et al., 2015).
TABLE 2 Clinical characteristics of P. micra in case series and in the literature.

Characteristic Our case series (n = 8) Literature cases (n = 9)

Age Year median (range) 55.5 (28-82) 61.5 (46-82)

Gender Male/female 5/3 8/1

Time from clinical onset to diagnosis (days) 40 (14-70) 60 (4-260)

Symptom
No. (%)

Fever 5 (62.5) 3 (33.3)

Cough 8 (100) 7 (77.8)

Expectoration 7 (87.5) 7 (77.8)

Chest pain 2 (25) 3 (33.3)

Dyspnea 1 (12.5) 2 (22.2)

Hemoptysis 1 (12.5) 3 (33.3)

Sore throat 1 (12.5) 0

Circulatory failure 0 1 (11.1)

Method pathogen detection BALF NGS 8 (100) 3 (33.3)

Lung tissue NGS 0 2 (22.2)

BALF culture 0 1 (11.1)

Blood culture 0 2 (22.2)

Abscess culture 1 (12.5) 1 (11.1)

Underlying health status Diabetes 4 (50) 1 (11.1)

Hypertension 3 (37.5) 3 (33.3)

Cerebrovascular disease 1 (12.5) 0

Bipolar disorder 0 1 (11.1)

Atrial fibrillation 0 1 (11.1)

Heart valve replacement 0 1 (11.1)

Healthy 4 (50) 3 (33.3)

Location of infection Right upper lung lobe 2 (25) 3 (33.3)

Right middle lung lobe 1 (12.5) 2 (22.2)

Right lower lung lobe 3 (37.5) 0

Left upper lung lobe 2 (25) 3 (33.3)

Left lower lung lobe 0 2 (22.2)

Bronchoscopy 8 (100) 7 (77.8)

CT-guided percutaneous lung puncture 3 (37.5) 5 (55.6)

Prognosis Cured with medicines 7 (87.5) 7 (77.8)

Surgical resection 0 2 (22.2)

All-cause mortality 1 (12.5) 0
BALF, bronchoalveolar lavage fluid; NGS, next-generation sequencing.
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TABLE 3 Diagnosis, treatment, and prognosis of patients with P. micra lung abscess.

Case Age Gender Lesion site Biopsy
method

Diagnostic
method

Coinfection Treatment Prognosis

1 72 M Right middle
lung lobe

N BALF tNGS K. pneumoniae Ampicillin sulbactam for 10
days, and amoxicillin
clavulanate 500/125 mg every
8 h for 3 months

Cured
with medicines

2 67 F Left upper
lung lobe

N BALF tNGS N Meropenem 1.0 g every 8 h for
11 days, piperacillin
tazobactam 4.5 g every 8 h for
14 days, moxifloxacin 400 mg
once a day for 4 months

Cured
with medicines

3 83 M Right upper
lung lobe

CT-GPLP BALF tNGS F. nucleatum Meropenem 1.0 g every 12 h
for 8 days, piperacillin
tazobactam 4.5 g every 8 h for
6 days, moxifloxacin 400 mg
once a day for over 5 months

Cured
with medicines

4 54 F Right lower
lung lobe

CT-GPLP BALF tNGS
Lung
tissue NGS

A. baumannii Piperacillin tazobactam 4.5 g
every 8 h for 15 days,
moxifloxacin 400 mg once a
day for 15 days, amoxicillin
and metronidazole for
4 months

Cured
with medicines

5 49 M Right lower
lung lobe

N BALF tNGS P. endodontalis Ampicillin intravenous for 12
days and amoxicillin
clavulanate for 2.5 months

Cured
with medicines

6 57 F Left upper
lung lobe

CT-GPLP
EBUS-TBNA

BALF tNGS N Ceftazidime 2.0 g every 8 h for
17 days, moxifloxacin 400 mg
once a day for 5 months

Cured
with medicines

7 59 M Right upper
lung lobe

TBLB BALF tNGS P. endodontalis
F. nucleatum

Meropenem 1.0 g every 8 h for
17 days,
moxifloxacin 400 mg once a
day for 1.5 months,
Imipenem cilastatin 1.0 g every
8 h for 8 days.

Death from
Enterococcus
fecal sepsis

8 28 M Right lower
lung lobe

N BALF tNGS,
culture of
pleural effusion

F. nucleatum Meropenem 1.0 g every 8 h for
12 days, Piperacillin
tazobactam 4.5 g every 8 h for
20 days, moxifloxacin for
3 months

Cured
with medicines

9
(Fukushima
et al., 2023)

57 F Right upper
lung lobe

Surgical
resection

Blood culture N Ceftriaxone, vancomycin, and
azithromycin for 10 days

Cured
with resection

10 (Yang
and
Su, 2021)

49 M Left lower
lung lobe

N Blood culture A. odontolyticus Ceftriaxone and clindamycin
Ampicillin sulbactam
Amoxicillin/clavulanate
6 months

Cured
with medicines

11 (Zhang
et al., 2021)

61 M Left upper
lung lobe

CT-GPLP Lung
tissue NGS

N Metronidazole 200 mg every
8 h for 3 months

Cured with
medicines

12 (Zhang
et al., 2021)

81 M Right middle
lung lobe

EBUS-TBNA BALF NGS F. nucleatum Amoxicillin clavulanate 375 mg
every 8 h for 2 months

Cured with
medicines

13 (Zhang
et al., 2021)

46 M Left lower
lung lobe

CT-GPLP BALF NGS F. nucleatum,
S. constellatus

Moxifloxacin 400 mg once a
day for 4 months

Cured with
medicines

14 (Zhang
et al., 2021)

82 M Right upper
lung lobe

CT-GPLP Lung
tissue NGS

P. intermedia,
S. constellatus

Metronidazole 200 mg every
8 h for 5 months

Cured
with medicines

15 (Zhang
et al., 2021)

62 M Left upper
lung lobe

CT-GPLP BALF NGS F. nucleatum Amoxicillin–clavulanate 375
mg every 8 h for 4 months

Cured
with resection

(Continued)
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Among our patients, three male patients had a history of regular

alcohol consumption.

The symptoms observed in these patients were non-specific. All

patients presented with a productive cough with sputum, and most

experienced fever. Radiologically, chest CT scans revealed mass of

lung consolidation with liquefactive necrosis and small cavities

within the consolidation, without a distinct liquid–gas plane.

Given the presence of small cavities with thick walls of

consolidations on lung CT scan, along with non-specific

symptoms, many patients underwent lung puncture biopsy for

the differentiation of lung cancer. The lung biopsy pathology

from these lung puncture biopsies revealed chronic inflammation

of the lung tissue (Zhang et al., 2021). Gorospe et al. reported a case

of a chest wall abscess of P. micra following CT-guided needle lung

biopsy of the right lung consolidation (Gorospe et al., 2014).

In our case series, bronchoscopy revealed sticky secretion

plugging in the bronchi as a feature of P. micra infection. For

patients with lung consolidation and necrosis, bronchoscopy could

be performed initially for pathogenic analysis. When empyema

secretion plugging in the bronchial region was detected, without

neoplasm, P. micra was isolated, and symptoms and radiological

findings improved following targeted antibiotic therapy,

percutaneous lung biopsy could be avoided.

The mNGS markedly improves pathogenic diagnosis, but it is

expensive and involves procedural DNA and RNA sequencing,

respectively. Target NGS is a more economical technology with a

cost of approximately one-fifth of that of mNGS, with the similar

advantages of rapid speed and high accuracy. The target detection

of 198 pathogens include 80 bacteria, 79 DNA and RNA viruses, 32

fungi, and 7 mycoplasmas and chlamydia, which account for 95%

respiratory infections (Li et al., 2022). Clinical data have shown that

tNGS is effective and economical for diagnosis of respiratory

infection (Li et al., 2022). However, NGS technology cannot

achieve antibiotic sensitivity of the pathogen, and anaerobic

culture remains important, particularly for determining antibiotic

resistance. Additionally, as NGS often detects multiple bacterial

species, clinicians must carefully ascertain the true pathogenic

bacteria, by integrating patients’ symptoms, laboratory tests, and

radiological findings. Compared with traditional culture, tNGS had

a shorter turnaround time for positive pathogen detection (1 day vs.

4 days). Finally, for detected pathogens with high NGS sequencing
Frontiers in Cellular and Infection Microbiology 0790
read numbers, especially in RNA sequencing tests, this approach

could be helpful for the differentiation of colonization and infection.

tNGS is only a method for detecting microbes rather than a

diagnostic method. However, tNGS is designed to target highly

suspected microbes when they are commonly recognized

as pathogens that cause lower respiratory tract infections.

Furthermore, after its routine application in the clinical diagnostic

process in clinical practice for pathogen identification in our

hospital, its role as an examination for diagnostic purposes

becomes increasingly important. Therefore, we could have a

positive view of its promising diagnostic usage in the future.

Finally, the results from tNGS could not be held as the only

diagnostic evidence. To establish a precise diagnosis for an

infection, tNGS should be combined with other clinical

information such as medical history, symptoms, laboratory, and

radiological findings.

In bronchoscopy, if bronchial blockage by purulent secretions is

observed, which leads to local hypoxia and creates conditions for

anaerobic bacterial growth, promoting sputum excretion and

maintaining airway patency are critical treatment procedures on

the base of drug therapy. Chest physiotherapy by respiratory

therapists, including the use of devices such as the Acapella valve

and high-frequency chest wall oscillation devices, are helpful in

clearing airway secretions (Polverino et al., 2017)

P. micra is susceptible to many antibiotics, including penicillin

G, ampicillin, cefepime, vancomycin, and metronidazole (Boattini

et al., 2018; Fukushima et al., 2023). In the case of lung abscess,

intravenous antibiotics were administered for 2 to 4 weeks,

followed by oral antibiotic treatment for 2 to 3 months until

the chest radiographic lesions resolved. Proper drainage

helps with absorption and hastens recovery. Although lung

abscesses associated with P. micra have rarely been reported,

it has a benign prognosis, as most patients recover after

antibiotic treatment.

In patients who do not respond to antibiotic therapy, catheter

drainage or surgical resection should still be considered (Herth

et al., 2005). Both percutaneous tube drainage (Lee et al., 2022) and

endoscopic drainage (Unterman et al., 2017) have been shown to

effectively reduce abscess size and improve clinical outcomes.

However, catheter placement in P. micra-related lung abscesses

with small cavities can be challenging (Herth et al., 2005). Surgical
TABLE 3 Continued

Case Age Gender Lesion site Biopsy
method

Diagnostic
method

Coinfection Treatment Prognosis

16 (Yun
et al., 2019)

62 M Left upper lobe N BALF culture N Piperacillin–tazobactam 4.5 g
every 6 h for 7 days,
amoxicillin–clavulanic 875/
125mg every 12 h for
several weeks

Cured
with medicines

17 (Gorospe
et al., 2014)

67 M Right upper
lobe and
middle lobe

CT-GPLP Chest wall
abscess culture

N Levofloxacin for 7 days
Clindamycin 600 mg every 8 h
for 8 weeks

Cured
with medicines
CT-GPLP, computed tomography-guided percutaneous lung puncture; EBUS-TBNA, endobronchial ultrasound-guided transbronchial needle aspiration; BALF, bronchoalveolar lavage fluid;
NGS, next generation sequencing. N, no; M, male; F, female
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resection may be necessary if antibiotic therapy is ineffective or in

cases of life-threatening hemoptysis. In cases reported previously,

two patients were cured after surgery.

This study has several limitations. First, this study has a small

sample size, which may lead to bias. Furthermore, sputum or BALF

cultures were negative for all patients. Finally, tNGS results do not

cover all pathogens, which may be inaccurate in finding rare

coinfected pathogens. To avoid missing important pathogens,

retesting or conversion to mNGS would be considered, if the

tNGS results not align with the clinical situation or if patients

exhibited a poor response to treatment.
Conclusion

In conclusion, our study systemically reports the characteristics

of P. micra–related lung abscesses in adults based on the largest

number of cases to date. Imaging features included mass

consolidation with necrosis without a clear liquid–gas plane on

chest CT, and sticky secretion plugging in the bronchial region on

bronchoscopy. tNGS is an effective and cost-efficient tool for rapidly

detecting pathogens. The lung abscesses caused by P. micra have a

good prognosis with appropriate treatment. Improving oral health,

promoting sputum excretion, and following an appropriate

extended course of antibiotic treatment are crucial for recovery

from P. micra-induced anaerobic lung abscesses.
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The value of metagenomic next-
generation sequencing with
different nucleic acid extracting
methods of cell-free DNA or
whole-cell DNA in the diagnosis
of non-neutropenic
pulmonary aspergillosis
Xiaomin Cai1,2†, Chao Sun2†, Huanhuan Zhong2,3, Yuchen Cai2,
Min Cao1, Li Wang4, Wenkui Sun5, Yujian Tao6, Guoer Ma7,
Baoju Huang4, Shengmei Yan2, Jinjin Zhong2, Jiamei Wang8,
Yajie Lu2, Yuanlin Guan9, Mengyue Song3, Yujie Wang2,
Yuanyuan Li2 and Xin Su1,2*

1Department of Respiratory and Critical Care Medicine, Nanjing Drum Tower Hospital, Affiliated
Hospital of Medical School, Nanjing University, Nanjing, China, 2Department of Respiratory and
Critical Medicine, Jinling Hospital, Affiliated Hospital of Medical School, Nanjing University,
Nanjing, China, 3Department of Respiratory and Critical Care Medicine, The Second Affiliated Hospital
of Suzhou University, Suzhou, China, 4Department of Respiratory and Critical Care Medicine, The
Second Affiliated Hospital of Nanjing University of Chinese Medicine, Nanjing, China, 5Department of
Respiratory and Critical Care Medicine, Jiangsu Province Hospital, The First Affiliated of Nanjing
Medical University, Nanjing, China, 6Department of Respiratory and Critical Care Medicine, Affiliated
Hospital of Yangzhou University, Yangzhou, China, 7Department of Respiratory and Critical Care
Medicine, Affiliated Hospital of Jiangsu University, Zhenjiang, China, 8Department of Respiratory and
Critical Care Medicine, Jinling Hospital, Nanjing Medical University, Nanjing, China, 9Department of
Research and Development, Hugobiotech Co., Ltd., Beijing, China
Purpose:Metagenomic next-generation sequencing(mNGS) is a novel molecular

diagnostic technique. For nucleic acid extraction methods, both whole-cell DNA

(wcDNA) and cell-free DNA (cfDNA) are widely applied with the sample of

bronchoalveolar lavage fluid (BALF). We aim to evaluate the clinical value of

mNGS with cfDNA and mNGS with wcDNA for the detection of BALF pathogens

in non-neutropenic pulmonary aspergillosis.

Methods: mNGS with BALF-cfDNA, BALF-wcDNA and conventional

microbiological tests (CMTs) were performed in suspected non-neutropenic

pulmonary aspergillosis. The diagnostic value of different assays for pulmonary

aspergillosis was compared.

Results: BALF-mNGS (cfDNA, wcDNA) outperformed CMTs in terms of

microorganisms detection. Receiver operating characteristic (ROC) analysis

indicated BALF-mNGS (cfDNA, wcDNA) was superior to culture and BALF-GM.

Combination diagnosis of either positive for BALF-mNGS (cfDNA, wcDNA) or

CMTs is more sensitive than CMTs alone in the diagnosis of pulmonary

aspergillosis (BALF-cfDNA+CMTs/BALF-wcDNA+CMTs vs. CMTs: ROC analysis:

0.813 vs.0.66, P=0.0142/0.796 vs.0.66, P=0.0244; Sensitivity: 89.47% vs. 47.37%,
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P=0.008/84.21% vs. 47.37%, P=0.016). BALF-cfDNA showed a significantly

greater reads per million (RPM) than BALF-wcDNA. The area under the ROC

curve (AUC) for RPM of Aspergillus detected by BALF-cfDNA, used to predict

“True positive” pulmonary aspergillosis patients, was 0.779, with a cut-off value

greater than 4.5.

Conclusion:We propose that the incorporation of BALF-mNGS (cfDNA, wcDNA)

with CMTs improves diagnostic precision in the identification of non-

neutropenic pulmonary aspergillosis when compared to CMTs alone. BALF-

cfDNA outperforms BALF-wcDNA in clinical value.
KEYWORDS

metagenomic next-generation sequencing (mNGS), cell-free DNA, whole-cell DNA,
non-neutropenic pulmonary aspergillosis, pulmonary aspergillosis
1 Introduction

Pulmonary Aspergillosis (PA) is a serious infectious fungal disease,

commonly seen in immunocompromised patients (El-Baba et al.,

2020). Aspergillus fumigatus is the predominant culprit, responsible

for more than 70% of cases. Depending on the interaction between

Aspergillus and individuals with varying immune status and underlying

diseases, PA is classified as invasive pulmonary aspergillosis (IPA),

allergic bronchopulmonary aspergillosis (ABPA) and chronic

pulmonary aspergillosis (CPA). With the increasing use of

corticosteroids or antimicrobials, an aging population, PA is not

limited to immunosuppressed populations. High-risk hosts include

individuals like those with chronic obstructive pulmonary disease

(COPD) (Guinea et al., 2010) and critically ill patients (Taccone

et al., 2015). In recent years, the morbidity of PA has been

increasing. However, PA in non-neutropenic patients is hard to be

recognized in the early stage due to the atypical clinical and radiological

manifestations and limited sensitivity of traditional diagnostic

methods. Thus, the mortality stays high. Current diagnostic tools,

such as Aspergillus-specific IgG (Lu et al., 2023) and Pentraxin 3 (He

et al., 2018) may have some value in the diagnosis of non-neutropenic

PA, but we still need quicker and earlier detection methods for PA.

Therefore, finding a sensitive, efficient, specific and less invasive

method for early PA diagnosis is of great value of improving outcomes.

Since in 2014, when Charles Y. Chiu’s team (Wilson et al., 2014)

used metagenomic Next-Generation Sequencing (mNGS) to detect

Leptospira for the first time to confirm the diagnosis of meningitis,

mNGS has emerged as a novel molecular diagnostic technique.

Over the past few years, mNGS has been recognized as a

comprehensive, rapid and accurate method in detecting infectious

pathogens in the nervous, respiratory and blood system infection

offering advantages such as rapid detection, non-bias and broad

spectrum. Commonly used samples inc lude sputum,

bronchoalveolar lavage fluid (BALF) and blood. However, few

reports have been published about the application of mNGS in
0294
the study of PA in non-neutropenic patients. Basing on the methods

of extracting nucleic acid, whole-cell DNA (wcDNA) and cell-free

DNA (cfDNA) are both applied widely. mNGS of cfDNAmay cause

host DNA degradation, potentially leading to the loss of cfDNA in

the supernatant. Conversely, fragmenting cells without degrading

host DNA during the extraction of wcDNA from BALF samples can

increase human DNA release. Determining the appropriate sample

processing technique for clinical settings, but there are few reports

on the clinical value of these two sample processing technologies.

Therefore, we performed this clinical study to analyze the

pathogenicity of non-neutropenic patients with suspected PA in

terms of sample type and nucleic acid extraction method. Our aims

are to analyze the pathogenic profile in detail and to systematically

evaluate the efficacy of mNGS in the diagnosis of PA.
2 Materials and methods

2.1 Study design and patient population

From March 2022 to October 2022, patients with suspected PA

in non-neutropenic admitted to the Department of Respiratory and

Critical Care Medicine of Nanjing Jinling Hospital, Nanjing Drum

Tower Hospital, Nanjing First Hospital, Jiangsu Province Hospital,

affiliated Hospital of Yangzhou university, Affiliated Hospital of

Jiangsu university, Jiangsu Second Chinese Medicine Hospital.

Patients were eligible for enrollment if they were (1) age≥ 18

years; (2) including but not limited to: patients with underlying

diseases, such as COPD, diabetes, and the use of corticosteroids;

(3) have respiratory symptoms, like fever, cough, that have failed to

respond to treatment with broad-spectrum antibacterial

medication; (4) computed tomography (CT) showing lesions such

as pulmonary nodules, infiltrative shadows or cavities. Patients were

excluded from the study based on the following criteria: (1) age <18

years; (2) neutropenia (absolute neutrophil count <0.5×109/L).
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The patients were finally classified as the PA (including IPA and

CPA) and non-PA groups. The clinical diagnosis of PA and whether the

microorganism detected was pathogenic or colonizing was made by two

senior pulmonologists based on host risk factors, clinical symptoms,

chest computed tomography, laboratory findings, and response to

treatment. The diagnostic criteria for IPA and CPA were mainly

referred to the guidelines of the 2020 EORTC/MSGERC,2016 IDSA,

2017 ESCMID/ERS/ECMM (Denning et al., 2016; Patterson et al., 2016;

Ullmann et al., 2018; Donnelly et al., 2020). Proven IPA requires a

positive Aspergillus in sterile body fluids or tissues. The probable IPA

needs the combination of (1) host factors like COPD, diabetes; and (2)

clinical symptoms like fever, cough; and (3) CT showing lesions with or

without a halo sign, infiltrative shadows, or cavities; and (4)

microbiological evidence included positive results for Aspergillus

culture or PCR, single Galactomannan (GM) test ≥1.0, or single

serum/plasma GM ≥0.7 with BALF GM ≥0.8. The possible IPA needs

at least one of the host factors and clinical features. CPA diagnosis relies

on (1) clinical symptoms, like cough, sputum, or fever; (2) CT imaging

like cavitation, fugal ball; and (3) Aspergillus culture positive or

immunological response to Aspergillus (positive Aspergillus IgG or

precipitin test). The disease has been present for at least 3 months.

BALF samples taken from patients with suspected PA

underwent mNGS of cfDNA, mNGS of wcDNA, and

conventional microbiological tests (CMTs). The CMTs included

the GM test, culture, and smear microscopic for the bacteria and

fungi, and smear microscopic for tuberculosis. Physical information

and clinical details were investigated. The remaining BALF sample

from each of the enrolled patients was collected into a 3 mL sterile

tube and delivered to Hugobiotech (Hugobiotech, Beijing, China)

immediately for mNGS of cfDNA and wcDNA(The minimum total

volume of BALF required for the each experiment was 1.5 mL). The

remaining 5 mL Blood samples from 8 enrolled patients were

collected into a vacuum blood collective tube and delivered to

Hugobiotech (Hugobiotech, Beijing, China) at room temperature

and immediately for mNGS of cfDNA.

Concurrently, the remaining 3ml BALF from 62 of enrolled

patients was collected into sterile tubes and immediately sent to

KingMed (Guangzhou, China) for target next generation

sequencing (tNGS) detection.
2.2 GM test and culture

The hospital laboratories performed the GM test using the

double-sandwich enzyme-linked immunosorbent assay (Bio-Rad

Laboratories). Samples of appropriately collected bronchoalveolar

lavage fluid (BALF), comprising more than 10 mL, were cultured

using CHROMagar and incubated at 35°C for three days.
2.3 mNGS detection

2.3.1 Nucleic acid extraction
Based on its manual, cfDNA and wcDNA were extracted from

clinical samples using QIAamp DNA Micro Kit (QIAGEN, Hilden,

Germany). For cfDNA extraction, the supernatant of the sample is
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taken after centrifugation. For wcDNA, the sample is extracted

directly without centrifugation. Using Qubit 3.0 Fluoremeter

(Invitrogen, Q33216) and agarose gel electrophoresis (Major

Science, UVC1–1100) check DNA concentration and quality.

2.3.2 Library generation and sequencing
DNA library construction was carried out in line with the

guidelines specified in the Qiagen library construction kit

(QIAseq Ultralow Input Library Kit). Quality control of the

library was conducted using both the Qubit Agilent 2100

Bioanalyzer (Agilent Technologies, Palo Alto, USA) and the 3.0

Fluoremeter (Invitrogen, Q33216). Eligible DNA libraries, labeled

with different barcodes, were combined and sequenced using the

SE75bp sequencing strategy and Illumina Nextseq 550 sequencing

platform (Illumina, San Diego, USA).

2.3.3 Bioinformation pipeline
After gaining the sequencing data, we filtered out splice

sequences, low quality, low complexity, and shorter sequences to

obtain high-quality data. Then, we use SNAP software to remove

human-derived sequences that match the human reference database

(hg38). Next, we aligned the remaining data to the microbial

genome database using BWA-MEM (processing time is

approximately 20 minutes, and the memory requirement is

around 20G). Finally, we compared the remaining data with the

microbial genome database using Burrow Wheeler Alignment. This

database contains an extensive collection of microbial genomes

from NCBI having more than 30,000 microorganisms, including

17,748 species of bacteria, 11,058 species of viruses, 1,134 species of

fungi, and 308 species of parasites. Finally, the microbial

composition in the sample was determined. The positive criteria

for the mNGS result were set as follows (Gu et al., 2021):
(1) To detect bacteria, fungi, and parasites, the sequencing

coverage should be in the top 10 of all pathogens detected and

not detected in the negative control (NTC), or the sample/NTC

should have an RPM (reads per million mapped reads) ratio

greater than 10.

(2) For viruses, tuberculosis, and cryptococci, at least one

specific sequence should be detected and not detected in the

NTC, or the sample/NTC RPM ratio should be greater than 5.
2.4 tNGS detection

2.4.1 Nucleic acid extraction and
library preparation

The magnetic bead method is employed for the extraction of

nucleic acids from samples.

The samples were subjected to amplification using ultra-multiplex

PCR primers (a total of 153 respiratory pathogens (Supplementary

Table 1) were analyzed with the aim of identifying highly conserved

regions). This was achieved through the design of specific primers.

The amplified PCR products were purified by magnetic beads and

mixed with specific sequencing junction tags and a library amplifying
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enzyme for the second round of amplification. The products of the

second round of amplification were purified by magnetic beads for the

second time to obtain the libraries.

2.4.2 Sequencing and bioinformatic analysis
Sequencing was conducted using the gene sequencer KM

MiniSeqDx-CN. Following a comparison and analysis of the data

from the sequencing machine with the database, the pathogenic

situation in the samples was judged.
2.5 Statistical analysis

We used SPSS software (version 26, IBM Corp, Armonk, NY,

USA), MedCalc (version 20.1), and Prism (version 9.5.1) for

statistical analysis and drawing. Continuous variables were

presented as mean ± SD. The t-test and Wilcoxon test for two

group samples were used to compare the normal or abnormal

distribution. We employed the Pearson chi-squared test and

McNemar test (for paired data) or the Fisher’s exact test for

categorical data. The specificity and sensitivity of detection

methods in diagnosing PA were calculated (percentage with 95%

confidence interval [CI]) and compared (chi-squared). Spearman’s

r values were utilized to analyze their correlation. Furthermore, a

receiver operating characteristic (ROC) curve was employed to

determine the best test for identifying specific pathogens with

true-positive results. The study implemented the Yoden index to
Frontiers in Cellular and Infection Microbiology 0496
establish the cut-off values for RPM in the ROC curve. A two-tailed

P-value of less than 0.05 was considered statistically significant.
3 Results

3.1 Patient characteristics

A total of 71 suspected PA patients including 48 male and 23

female were enrolled in this study, Table 1 displays their clinical

features. Most patients have underlying diseases (97.2%, 69/71), such

as lung cancer (7), COPD (9), and diabetes (18). The clinicians finally

diagnosed 19 cases of PA (12 cases of IPA, and 7 cases of CPA) and

52 cases of non-PA (26 cases of bacterial infection, 4 cases of non-

infectious diseases, 8 cases of Mycobacterium tuberculosis (MTB), 6

cases of other fungal diseases, 3 cases of non-tuberculous

mycobacteria (NTM), and 1 case of Chlamydia psittaci

pneumonia,4 cases of bacterial co-infections with other fungal).
3.2 Species distribution and consistency of
microorganisms detected by BALF-cfDNA,
BALF-wcDNA, and CMTs for suspected
non-neutropenic pulmonary aspergillosis

BALF-cfDNA detected 43 species (14 fungi, 19 bacteria, 6

viruses, 3 mycobacteria, 1 chlamydia), BALF-wcDNA detected 44
TABLE 1 Clinical characteristics of PA and non-PA in non-neutropenic patients on admission.

Characteristic, n (%) N=71
PA
(n=19)

non-PA
(n=52)

P-value

Male/Female 48/23 14/5 34/18 0.51

Age, mean (SD),years 61.17 ± 13.236 62.63 ± 7.974 60.63 ± 14.729 0.47

Smoking history 30 (42.25) 9 (47.37) 21 (40.38) 0.60

Drinking history 12 (16.90) 2 (10.53) 10 (19.23) 0.61

Admitted to ICU 18 (25.35) 5 (26.32) 13 (25.00) 1.00

Use of hormones for more than 3weeks within 60days 0.79

Vein/Oral 13 (18.31) 4 (21.05) 9 (17.31)

Inhale 1 (1.41) 0 1 (1.92)

Use of immunosuppressive agents within 30 days 8 (11.27) 1 (5.26) 7 (13.46) 0.59

Underlying diseases

Hypertension 25 (35.21) 7 (36.84) 18 (34.62) 0.86

Diabetes 18 (25.35) 7 (36.84) 11 (21.15) 0.30

Bronchiectasis 16 (22.54) 7 (36.84) 9 (17.31) 0.16

Cerebrovascular disease 17 (23.94) 4 (21.05) 13 (25.00) 0.97

Pulmonary emphysema 15 (21.13) 4 (21.05) 11 (21.15) 1.00

Pulmonary tuberculosis 12 (16.90) 5 (26.32) 7 (13.46) 0.36

Cardiovascular disease 12 (16.90) 2 (10.53) 10 (19.23) 0.49

(Continued)
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TABLE 1 Continued

Characteristic, n (%) N=71
PA
(n=19)

non-PA
(n=52)

P-value

Underlying diseases

Other solid organ tumor (except lung cancer) 11 (15.49) 5 (26.32) 6 (11.54) 0.25

Chronic obstructive pulmonary disease 9 (12.68) 7 (36.84) 2 (3.85) 1.00

Interstitial Lung Disease 8 (11.27) 0 8 (15.38) 0.16

Chronic kidney diseases 7 (9.86) 2 (10.53) 5 (9.61) 1.00

Lung cancer 7 (9.86) 2 (10.53) 5 (9.61) 1.00

Hepatopathy 4 (5.63) 1 (5.26) 3 (5.77) 0.81

Congestive heart failure 3 (4.22) 0 3 (5.77) 0.56

Hematologic tumor 2 (2.82) 1 (5.26) 1 (1.92) 0.47

Organ transplantation 1 (1.41) 0 1 (1.92) 1.00

Clinical symptoms

Fever 35 (49.30) 8 (42.11) 27 (51.92) 0.46

Cough 63 (88.73) 17 (89.47) 46 (88.46) 1.00

Shiver 5 (7.04) 1 (5.26) 4 (7.69) 1.00

Eexpectoration 61 (85.92) 17 (89.47) 44 (84.62) 0.89

Hemoptysis 13 (18.31) 5 (29.41) 8 (15.38) 0.56

Chest distress 33 (46.48) 11 (57.89) 22 (42.31) 0.24

Asthma/dyspnea 35 (49.30) 10 (52.63) 25 (48.08) 0.73

Chest pain 11 (15.49) 4 (21.05) 7 (13.46) 0.68

Chest computed tomography images

Infiltration or exudation 45 (63.38) 12 (63.16) 33 (63.46) 0.98

Small nodule 23 (32.39) 8 (42.11) 15 (28.85) 0.32

Wedge-shaped and segmental or
lobar consolidation

21 (29.58) 4 (21.05) 17 (32.69) 0.32

Cavitation sign 15 (21.13) 9 (47.37) 6 (11.54) 0.004

Multiple clump-like infiltrates or consolidations along the
bronchovascular bundle

15 (21.13) 5 (26.32) 10 (19.23) 0.78

Tubercle 14 (19.72) 4 (21.05) 10 (19.23) 1.00

Tree bud sign 5 (7.04) 3 (15.79) 2 (3.85) 0.07

Mass 4 (5.63) 1 (5.26) 3 (5.77) 1.00

Air crescent sign 3 (4.22) 2 (10.53) 1 (1.92) 0.05

Halo sign 1 (1.41) 0 1 (1.92) 1.00

Pleural thickening 0.33

Unilateral 8 (11.27) 1 (5.26) 7 (13.46)

Bilateral 18 (25.35) 7 (36.84) 11 (21.15)

Pleural effusion 0.25

Unilateral 15 (21.13) 2 (10.53) 13 (25.00)

Bilateral 11 (15.49) 2 (10.53) 9 (17.31)
F
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PA, Pulmonary aspergillosis; non-PA, non- Pulmonary aspergillosis.
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species (17 fungi, 18 bacteria, 5 viruses, 3 mycobacteria, 1

chlamydia), and CMTs detected 14 species (4 fungi, 9 bacteria,1

mycobacteria). As shown, BALF-mNGS (cfDNA, wcDNA) detected

more species than CMTs. Five (Rhizopus delemar, Klebsiella

aerogenes, Serratia marcescens, Human mastadenovirus B, Human

mastadenovirus C) microorganisms were detected only by BALF-

cfDNA. Six microorganisms (Alternaria alternata, Candida

parapsilosis Chaetomium globosum, Candida intermedia,

Aspergillus glaucus, Human betaherpesvirus 6B) were detected

only by BALF-wcDNA. Elizabethkingia meningosepticum was

identified by CMTs alone. Escherichia coli was seen by both

CMTs and BALF-wcDNA, and the remaining species detected by

CMTs were those that both mNGS methods could detect (Figure 1).

Aspergillus fumigatus was the most frequently reported fungus in all

three methods.

34 patients had positive responsible pathogens according to

CMTs (34/71, 47.89%), 58 and 51 patients were tested positive by

BALF-cfDNA and BALF-wcDNA (BALF-cfDNA:58/71, 81.69%;

BALF-wcDNA:51/71, 71.83%). The positive rate of BALF-mNGS

was higher than CMTs (BALF-cfDNA vs. CMTs: 81.69% vs.
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47.89%, P<0.001; BALF-wcDNA vs. CMTs: 71.83% vs. 47.89%,

P=0.002; BALF-cfDNA vs. BALF-wcDNA: 81.69% vs.

71.83%, P=0.016).

31 patients were positive for the pathogens tested using both

three methods (BALF-cfDNA, BALF-wcDNA, and CMTs), the

consistency between the three methods was as follows:

(1) matched in 7 (7/31, 22.58%) patients (perfect agreement in

pathogens detection across all three methods), (2) partially matched

in 17 (17/31, 54.84%) patients (at least one microorganism

overlapped between three methods), (3) wholly mismatched in 7

(7/31, 22.58%) patients (no overlap of the pathogen between the

three methods). 4 patients were not detected by 3 methods and 1

patient was detected only through CMTs.
3.3 Differences in numbers for RPM
detected by BALF-cfDNA, BALF-wcDNA

The RPM range observed was 1–86419 by BALF-cfDNA and 1–

207274 by BALF-wcDNA. Generally, RPM detected by BALF-
FIGURE 1

Species distribution of gram-positive bacteria, gram-negative bacteria, fungus, viruses, and chlamydia pasittaci detected by BALF-cfDNA, BALF-
wcDNA, and CMTs. MTB, Mycobacterium tuberculosis; NTM, Non-tuberculous mycobacteria.
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cfDNA was higher than those detected by BALF-wcDNA (29.5 vs.

19.5, P<0.001). For the Gram-positive bacteria, the RPM tested by

BALF-cfDNA was greater than BALF-wcDNA (347.5 vs.119.5,

P=0.008). Besides, for the detection of Gram-negative bacteria

(188 vs. 97, P=0.071), fungus (17 vs. 9, P=0.467), MTB/NTM (29

vs.43, P=0.575), and virus (2 vs.2, P=0.163), there was no significant

difference between BALF-cfDNA and BALF-wcDNA (Figure 2).

These results reveal that mNGS of BALF-cfDNA captures more

reads of microorganisms than mNGS of BALF-wcDNA.
3.4 Microbial distribution for pulmonary
aspergillosis detected by BALF-cfDNA,
BALF-wcDNA, and CMTs

For PA patients, BALF-cfDNA identified 21 species (8 fungi, 10

bacteria, 3 viruses), BALF-wcDNA detected 21 species (8 fungi, 9

bacteria, 4 viruses), and CMTs detected 8 species (3 fungi, 5

bacteria) (Figure 3).

The positive rate for Aspergillus was 78.95% (15/19) for BALF-

cfDNA and 73.68% (14/19) for BALF-wcDNA, there was no diversity

in the positive rate (P=1.00). 9 patients were positive for Aspergillus by

CMTs, with a positive rate of 47.37% (9/19), which was no statistical

difference with BALF-cfDNA and BALF-wcDNA (P=0.109; 0.18). The
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number of Aspergillus identified by CMTs only and BALF-mNGS

(cfDNA and wcDNA both) only were 2 and 8 patients, respectively, 1

patient detected Aspergillus by BALF-cfDNA only, 7 patients detected

Aspergillus through three methods both.

Aspergillus fumigatus, closely followed by Aspergillus flavus, is

the most common causative of Aspergillus in patients with PA. A

higher number of RPM indicated Aspergillus detection through

BALF-cfDNA instead of BALF-wcDNA (48 vs. 6, P=0.001).
3.5 Comparison of diagnostic performance
among BALF-cfDNA, BALF-wcDNA, and
CMTs in non-neutropenic
pulmonary aspergillosis

Using a clinical diagnosis as the gold standard, we compared the

diagnostic accuracy of detection methods in non-neutropenic PA

(Table 2). BALF-cfDNA showed a sensitivity of 78.95% and a

specificity of 84.62%, with PPV and NPV of 65.22% and 91.67%,

respectively. The sensitivity, specificity, PPV, and NPV of BALF-

wcDNA were 73.68%, 88.46%, 70.00%, and 90.20%. The sensitivity

and specificity of BALF-cfDNA were similar to BALF-wcDNA. The

sensitivity and specificity of CMTs in diagnosing PA were 47.37%

and 84.62%, whereas the PPV and NPV were 52.94% and 81.48%.
B

A

FIGURE 2

Differences in numbers for RPM detected by BALF-cfDNA, BALF-wcDNA. (A) Comparison of the number of RPM detected by BALF-cfDNA and
BALF-wcDNA for all pathogens, Fungus, Gram-positive bacteria, Gram-negative bacteria, MTB/NTM, and virus. (B) >0 represented that the numbers
of RPM detected by BALF-cfDNA were higher than that detected by BALF-wcDNA.≤0 represented that the numbers of RPM by BALF-wcDNA were
higher or equal to BALF-cfDNA. **P<0.01; ***P<0.001; ns, no significant.
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BALF-mNGS (cfDNA, wcDNA) perform better than culture or

BALF-GM in sensitivity. No significant difference was observed in

sensitivity and specificity between BALF-mNGS (cfDNA, wcDNA)

and CMTs. Combination diagnosis of either positive for CMTs or

BALF-mNGS (cfDNA, wcDNA) had significantly higher sensitivity,

but significantly lower specificity than those of CMTs alone.

(Tables 2, 3).

ROC analysis of BALF-cfDNA, BALF-wcDNA, and CMTs for

the diagnosis of PA yielded an AUC of 0.818, 0.811, and 0.66.

BALF-mNGS (cfDNA, wcDNA) and CMTs exhibited comparable

diagnostic abilities, while BALF-mNGS (cfDNA, wcDNA)

outperformed culture or BALF-GM. The combination of BALF-

mNGS (cfDNA, wcDNA) and CMTs is more effective than CMTs

alone in the diagnosis of PA (Figure 4; Table 3).

14 out of 71 patients had taken antifungal agents (Voriconazole,

Caspofungin) before providing a sample. For these patients,

Sensitivity and specificity results indicate no significant differences

when comparing BALF-mNGS (cfDNA, wcDNA) and CMTs for

diagnosing PA (Sensitivity: BALF-cfDNA/BALF-wcDNA, 75.00%

vs. 37.50%, P=0.25/75.00% vs. 37.50%, P=0.25; Specificity: BALF-

cfDNA/BALF-wcDNA, 83.33% vs. 66.67%, P=1.00/100.00% vs.
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66.67%). There is no notable difference in the diagnostic efficacy

of BALF-mNGS (cfDNA, wcDNA) between this patient group and

those who did not receive antifungal medication (BALF-cfDNA:

sensitivity, 75.00% vs. 83.33%, P=1.00/specificity, 83.33% vs.

84.78%, P=1.00; BALF-wcDNA: sensitivity, 75.00% vs.75.00%,

P=1.00/specificity,100.00% vs. 86.96%, P=1.00).
3.6 “True positive”, “False positive”, “False
negative” by BALF-mNGS

We observed that the diversity of RPM for Aspergillus detected

by BALF-cfDNA in “True positive” and “False positive” patients (61

vs. 2.5, P=0.03), whereas there was no significant difference in

BALF-wcDNA (14 vs. 6, P=0.231). (Figure 5) We utilized the ROC

curve to assess the diagnostic performance of BALF-cfDNA in

“True positive” PA patients. The area under the ROC curve (AUC)

for the RPM was 0.779 (P=0.031) (Figure 4D), and the cut-off value

calculated according to the Yoden index was greater than 4.5, the

sensitivity and specificity were 100.00% and 62.50%. For BALF-

wcDNA, the AUC for the RPM was 0.673 (P=0.232).
FIGURE 3

Microbial distribution for Pulmonary Aspergillus detected by BALF-cfDNA, BALF-wcDNA, and CMTs.
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The RPM of Aspergillus detected by BALF-cfDNA showed a

positive correlation with BALF-GM (Spearman’s r values:0.481,

P=0.037), while no correlation was observed with serum-GM.

Next, we compared the levels of serum-GM and BALF-GM in

patients categorized as “True positive” or “False positive” based on

BALF-cfDNA and BALF-wcDNA separately, we found a

difference in BALF-GM (BALF-cfDNA:0.8 vs.0.16, P=0.014;

BALF-wcDNA:0.8 vs.0.17, P=0.002), but no significant

difference in serum-GM (BALF-cfDNA:0.25 vs.0.15, P=0.057,

BALF-wcDNA:0.25 vs. 0.11, P=0.053).

There was variety in serum-GM between PA patients with

true-positive and false-negative by BALF-cfDNA (0.25 vs. 0.1,

P=0.008) or BALF-wcDNA (0.25 vs. 0.1, P=0.034) separately, and

no differences in BALF-GM (BALF-cfDNA:0.84 vs. 0.32, P=0.305;

BALF-wcDNA:0.88 vs. 0.33, P=0.246) (Figure 6).
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3.7 Antifungal agents’ application
before enrollment

In our investigation, 8 out of 19 PA patients had received

antifungal agents (Voriconazole, Caspofungin) before sample

collection. 1 case (1/8, 12.50%) and 6 cases (6/8, 75.00%) were

identified to have Aspergillus by CMTs and BALF-mNGS(cfDNA,

wcDNA). We found no significant difference in the detection of

Aspergillus among culture, CMTs, BALF-cfDNA, and BALF-

wcDNA (P=0.344, 1.00, 0.065, 0.109) when treating PA patients

with antifungal agents before sampling. In addition, there was also

no diversity in serum GM (0.32 vs. 0.15, P=0.119), BALF-GM

(0.54 vs. 0.75, P=0.354), RPM of Aspergillus detected by BALF-

cfDNA (42 vs. 96, P=0.346) and BALF-wcDNA (6 vs. 32.5,

P=0.154) (Figure 7).
TABLE 3 Comparison of the sensitivity, specificity, and ROC curve (AUC) among different diagnostic methods for suspected PA.

sensitivity/
specificity/AUC

BALF-cfDNA BALF-wcDNA CMTs Culture

BALF-wcDNA 1.00/0.687/0.8412 / / /

CMTs 0.109/1.00/0.0602 0.18/0.774/0.0662 / /

Culture 0.003/0.07/0.0018 0.006/0.219/0.0024 0.063/0.031/0.1911 /

BALF-GM 0.012/0.549/0.007 0.021/1.00/0.0088 0.25/0.25/0.2758 0.727/0.453/0.7651

cfDNA+CMTs 0.5/0.031/0.9053 / 0.008/0.031/0.0142 /

wcDNA+CMTs / 0.5/0.016/0.7349 0.016/0.063/0.0244 /
TABLE 2 Diagnostic performance of BALF-cfDNA, BALF-wcDNA, and CMTs in PA.

Methods
Sensitivity
(95%CI)

Specificity
(95%CI)

PPV
(95%CI)

NPV
(95%CI)

AUC
(95%CI)

BALF-cfDNA
78.95% 84.62% 65.22% 91.67% 0.818

0.5667–0.9149 0.7248–0.9199 0.4489–0.8119 0.8045–0.9671 0.708–0.899

BALF-wcDNA
73.68% 88.46% 70.00% 90.20% 0.811

0.5121–0.8819 0.7703–0.946 0.481–0.8545 0.79–2-0.9574 0.7–0.894

CMTs
47.37% 84.62% 52.94% 81.48% 0.66

0.2733–0.6829 0.7284–0.9199 0.3096–0.7383 0.6916–0.8962 0.538–0.768

Culture
21.05% 96.15% 66.67% 76.92% 0.586

0.0851–0.433 0.8702–0.9932 0.3000–0.9408 0.6536–0.8549 0.463–0.702

BALF-GM
31.58% 90.38% 54.55% 78.33% 0.61

0.1536–0.5399 0.7939–0.9582 0.2801–0.7873 0.6638–0.8688 0.487–0.723

cfDNA+CMTs
89.47% 73.08% 54.84% 95.00% 0.813

0.6861–0.9813 0.5975–0.8323 0.3777–0.7084 0.8350–0.9911 0.703–0.896

wcDNA+CMTs
84.21% 75.00% 55.17% 92.86% 0.796

0.6243–0.9448 0.6179–0.8477 0.3755–0.7159 0.8099–0.9754 0.684–0.882
cfDNA, cell-free DNA metagenomic next generation sequencing; wcDNA, whole-cell DNA metagenomic next generation sequencing; CMTs, conventional microbiological tests; PPV, positive
predictive value; NPV, negative predictive value; CI, confidence interval; AUC, the area under the ROC curve.
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3.8 Blood-cfDNA for suspected
pulmonary aspergillosis

8 patients submitted both blood and BALF cfDNA, of whom 5were

diagnosed with PA (2 cases of CPA and 3 cases of IPA). However,4 of

them did not detect any pathogens through blood-cfDNA. 3 patients (2

cases of IPA) detected Aspergillus through the blood cfDNA (Figure 8),

and they also found Aspergills by BALF-mNGS (cfDNA, wcDNA).

A significant difference was observed in the serum-GM (0.78

vs.0.15, P=0.034) between the patients with positive and negative

Aspergillus detection in blood-cfDNA, but there was no notable

difference in BALF-GM (1.23 vs.0.62, P=1.00).
3.9 tNGS for suspected
pulmonary aspergillosis

A total of 62 patients with suspected PA (18 PA and 44 non-PA)

were subjected to tNGS. The pathogens detected are shown in

Supplementary Figure 1.
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The sensitivity and specificity of the diagnosis of PA by tNGS

was 52.94% (0.3096–0.7383), 84.44% (0.7122–0.9225), and PPV and

NPV were 56.25% (0.3318–0.769), and 82.61% (0.6928–

0.9091), respectively.

The AUC values of tNGS, BALF-cfDNA, BALF-wcDNA and

CMTs for PA in the 62 patients were re-analyzed using ROC curves,

which yielded values of 0.716, 0.838, 0.808 and 0.658, respectively.

The results demonstrated that tNGS did not exhibit a significant

difference in comparison with the other methods (tNGS vs. BALF-

cfDNA: 0.716 vs. 0.838, P=0.148; tNGS vs. BALF-wcDNA: 0.716 vs.

0.808, P=0.083; tNGS vs. CMTs: 0.716 vs. 0.658, P=0.521).
4 Discussion

This is the first report to assess the diagnostic efficacy of

mNGS using cfDNA and wcDNA on BALF samples from patients

with suspected PA. Our findings show a significantly higher

detection rate of microorganisms in patients using BALF-mNGS

(cfDNA, wcDNA) compared to CMTs. We provide evidence that
B

C D

A

FIGURE 4

(A–C) ROC analysis of BALF-cfDNA, BALF-wcDNA, BALF-GM, culture and CMTs for the diagnosis of PA. (D) ROC analysis of RPM of Aspergillus
detected by BALF-cfDNA in “True positive” PA.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1398190
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Cai et al. 10.3389/fcimb.2024.1398190
BALF-mNGS might be the supplementary choice for the diagnosis

of PA.

Rapid and precise identification of pathogens is hindered by the

low sensitivity and time-consuming of conventional culture. Prior

research indicates that mNGS permits impartial pathogen detection

across diverse samples (Wei et al., 2022) and has outperformed

culture in the investigation of infectious diseases (Zhang et al., 2020;

Liang et al., 2022; Zuo et al., 2023). Our study demonstrates that

BALF-mNGS (cfDNA, wcDNA) offers distinct advantages over
Frontiers in Cellular and Infection Microbiology 11103
culture in the diagnosis of PA with a high sensitivity.

Conventional fungal and bacterial culture may overlook some

pathogens due to differences in culture conditions, pathogen-

specific incubation periods, and antimicrobial agents.

Additionally, findings indicate that mNGS can promptly identify

elusive pathogens that traditional culture methods may miss,

possibly contributing to its superior sensitivity. The specificity of

culture in diagnosing PA is not 100% and may be viewed as

colonization or contamination. DNA extraction from certain PA
BA

FIGURE 6

(A, B) Differential analysis of serum-GM, BALF-GM in the “True Positive” and “False Negative” PA by BALF-cfDNA, BALF-wcDNA. *P<0.05; **P<0.01;
ns, no significant.
B

C

A

FIGURE 5

Comparison the difference between “True positive” and “False positive” by cfDNA, wcDNA. (A) The difference in the number of detected RPM
between True positive and False positive. (B, C) Difference between serum-GM and BALF-GM in True positive and False positive. *P<0.05;
***P<0.001; ns, no significant.
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patients was hindered by Aspergillus’ thick polysaccharide cell wall

leading to negative mNGS results.

The diagnostic criteria for PA also include the GM test, which is

frequently used clinically. GM test is an important mycologic evidence

for diagnosing PA. Our findings indicate that BALF-mNGS has

superior performance compared to BALF-GM for diagnosing PA.

There have been limited studies comparing the diagnostic efficacy of

BALF-mNGS with CMT in cases of PA. Thus, we conducted a

comparison between the diagnostic performances of CMTs which

includes culture and GM test to BALF-mNGS in diagnosing PA

patients. While the sensitivity and specificity for CMTs were inferior

to BALF-mNGS (cfDNA, wcDNA), there was no significant statistical

difference between them. Combining a positive BALF-mNGS

(cfDNA, wcDNA) or CMTs leads to a more effective diagnosis of

PA than relying on CMTs alone, with higher sensitivity observed. This

improvement can be attributed to the mNGS technique’s capacity to

identify microorganisms that are challenging to cultivate. However,

the specificity of this combination of diagnostics is significantly
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reduced for a number of reasons. These include contamination

during sample processing and the detection of non-pathogenic

microbial DNA by macrogenomic sequencing techniques. These

factors may result in the generation of false-positive results, thereby

reducing the specificity of the diagnosis. Considering the cost-

effectiveness and clinical value, it is recommended that CMTs be the

primary option for suspected PA. BALF-mNGS testing could serve as

a complementary approach in cases where CMTs are negative despite

strong suspicion of Aspergillus infection. In contrast, the value of

BALF-mNGS combined with CMTs in patients with neutropenic PA

remains to be evaluated. Previous studies have indicated that in

immunocompromised IPA patients, the diagnostic performance of

mNGS was significantly superior to that of CMTs (Shi et al., 2023).

Furthermore, the diagnostic efficacy of mNGS in combination with

CT was superior to that of immunocompetent patients (Zhan et al.,

2023). It is therefore hypothesized that in patients with neutropenic,

the performance of mNGS in combination with CMTs for the

diagnosis of PA should remain superior to that of CMTs and

perform better than in non-neutropenic patients. However, this

needs to be confirmed by further studies.

cfDNA and wcDNA have different performances in pathogen

recognition due to different nucleic acid extraction methods. mNGS

of cfDNA uses host DNA degradation methods, which can lead to

the loss of cfDNA from the supernatant and the potential

introduction of reagent contamination (Ji et al., 2020). However,

the extraction of wcDNA from BALF sample via cell fragmentation

without host DNA degradation increases the release of human

DNA. Previous study has reported that cfDNA outperformed

wcDNA in patients with pulmonary or central nervous system

infections (He et al., 2022; Yu et al., 2022). However, there was no

statistical difference between BALF-cfDNA and BALF-wcDNA in

diagnosing PA. Our study illustrates that BALF-cfDNA is superior

to BALF-wcDNA in the detection rate of pathogens and assessing

Aspergillus infection, with a higher RPM for the microorganism.

The ratio of DNA in the sample determines the sensitivity of mNGS

(Ebinger et al., 2021). mNGS of cfDNA directly extract DNA from

the supernatant of BALF (Gu et al., 2021). Conversely, wcDNA does

not filter human DNA from the supernatant, potentially resulting in

a greater ratio of pathogenic DNA for cfDNA than wcDNA derived
FIGURE 8

Pathogens distribution by blood cfDNA.
B C DA

FIGURE 7

(A–D) Effect of antifungal agents on serum-GM, BALF-GM, RPM of Aspergillus detected by BALF-cfDNA and BALF-wcDNA. ns, no significant.
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from the same BALF specimen. Besides, WcDNA may be better for

the detection of the type of fungi. In this study, six microorganisms

were exclusively detected by wcDNA, mostly fungi (5/6), and none

had a high number of RPM detected. This occurrence may coincide

with the fact that wcDNA extraction necessitates cell wall lysis and

consequently detects more fungal species than cfDNA, or it may

relate to sequencing contamination.

Plasma cell-free DNA sequencing has been widely used in clinical

infectious diseases (Burnham et al., 2017; Armstrong et al., 2019).

Consistent with the higher sensitivity of BALF-mNGS than blood-

mNGS in patients with pneumonia as demonstrated by Chen et al.

(Chen et al., 2020), our study similarly found that blood-mNGS was less

sensitive than BALF-mNGS in detecting PA. Due to the limited number

of blood samples in our study, we were unable to establish statistical

significance in this comparison.We recruited the patients with CPA and

IPA using blood-cfDNA. All patients with Aspergillus detected by

blood-cfDNA were diagnosed with IPA except for one considered to

be Aspergillus colonization. This could suggest that the blood-cfDNA is

more suitable for patients with bloodstream rather than local infections,

but further research is needed to confirm this. In contrast, the specificity

of blood-mNGS in diagnosing PA was also lower than BALF-mNGS

and CMTs in this study. This may be due to the small number of cases

where blood-mNGS was used, and because Aspergillus fumigatus was

detected in one patient by blood-mNGS who was later found to be

colonized with Aspergillus following extensive clinical evaluation.

The most frequently detected pathogen was Aspergillus

fumigatus, in agreement with previous research (Latgé and

Chamilos, 2019). The identification of Aspergillus in respiratory

samples does not necessarily indicate the presence of PA, as it is

possible that the respiratory Aspergillus was colonized or

contaminated during sequencing or other procedures. We try to

distinguish the Aspergillus colonization by mNGS. Thus, patients

with a confirmed PA diagnosis were identified as “True-positive” if

Aspergillus was detected by the mNGS. Conversely, if the final

diagnosis was non-PA but Aspergillus was detected by the mNGS,

patients were classified as “False-positive”. Additionally, a patient

was labeled as “False-negative” if Aspergillus was not detected by the

mNGS while they had a PA diagnosis.

The GM test identifies a polysaccharide antigen present in the

cell wall of Aspergillus. The antigen can be released early during

Aspergillus tissue invasion from the outer layer of the cell wall into

the bloodstream, and can thus be detected in bodily fluids. The

degree of fungal growth is reflected by the amount of antigen

released, which in turn indicates the severity of the infection. In

the investigation of patients with central nervous system infections,

pathogen reads from mNGS cohered with modifications in

cerebrospinal fluid WBC, exhibiting a connection between the

number of pathogen readings and the extent of the disease’s

infection (Zhang et al., 2020). In this study, BALF-GM levels

showed a positive correlation with the RPM of Aspergillus, true-

positive patients had higher serum-GM levels than false-negative

patients. Furthermore, serum-GM levels were found to be higher in

individuals with positive blood-cfDNA for Aspergillus as compared

to those with negative blood-cfDNA. This indirectly suggests that

the RPM of Aspergillus in this study reflects the fungal loads. In

several studies (Zhou et al., 2017; Sehgal et al., 2019; Dai et al.,
Frontiers in Cellular and Infection Microbiology 13105
2021), BALF-GM proved more effective than serum-GM in

diagnosing non-neutropenic PA. Our study found BALF-GM to

be more relevant than serum-GM in differentiating true-positive

from false-positive patients. Wang et al (Wang et al., 2022), also

discovered that true-positive patients with microorganisms detected

by mNGS had more reads than false-positive patients in invasive

fungal disease. Our previous study (Liu et al., 2021) demonstrates

the capacity to distinguish Pneumocystis jirovecii Pneumonia and

Pneumocystis jirovecii Colonization through pathogen reads using

mNGS. In our study, true-positive patients displayed a greater RPM

of Aspergillus than false-positive patients when utilizing BALF-

cfDNA and the cut-off value was 4.5, whereas BALF-wcDNA was

not significantly different. These findings suggest that BALF-cfDNA

may be a more appropriate test for patients suspected to have PA

than BALF-wcDNA. It appears that Aspergillus infection status can

be inferred from the high or low RPM count.

Previous studies (Chen et al., 2020) have highlighted that using

antimicrobial drugs prior to specimen collection can lead to

inaccurate results in false-negative results in microbial cultures.

Besides, Qing Miao et al. (Miao et al., 2018) demonstrated that

mNGS is less susceptible to the effects of prior antibiotic exposure.

Our study discovered a negligible impact of antifungal drug

exposure on culture outcomes, CMTs, and the detection of

Aspergillus by BALF-mNGS (cfDNA, wcDNA). This may be the

reason for the shorter duration of antifungal drug use. It could also

be due to the lower sensitivity of fungal cultures compared to

bacterial cultures, resulting in antifungal drugs having a weaker

effect. However, larger samples are needed to confirm this.

In this study, we also employed tNGS to assess its efficacy in

diagnosing PA. tNGS represents a novel approach that combines the

advantages of PCR and NGS. This technology amplifies target

pathogen sequences by PCR, thereby reducing host nucleic acid

interference and enhancing detection sensitivity. The results

demonstrated that tNGS exhibited lower sensitivity values than

BALF-mNGS in the diagnosis of PA. However, tNGS demonstrated

comparable sensitivity to CMTs. This may be attributed to the fact that

the tNGS technique employed in this study is limited to the detection

of Aspergillus fumigatus and is unable to identify other types of

Aspergillus, including Aspergillus flavus and Aspergillus niger, among

others. The ROC curves also demonstrated superior diagnostic

performance of the BALF-mNGS compared to tNGS, although the

difference was not statistically significant. To date, no studies have been

conducted to assess the applicability of tNGS in the context of non-

neutropenic PA. Consequently, further studies with larger sample sizes

are required to investigate the potential of tNGS in this area.

Our study has several limitations. Firstly, the sample size in this

study was limited. In future studies, the sample size will be

expanded in order to further stratify IPA and CPA, thereby

providing more valuable information for the diagnosis and

treatment of both diseases. Secondly, we were unable to retain

blood from all enrolled patients at the same time as the BALF

samples for simultaneous mNGS test, which prevented us from

better assessing its diagnostic efficacy. Thirdly, due to COVID-19,

the BALF sample could not be transported to the business lab for

mNGS testing in time, which prevented the results from serving as a

recommendation for using antimicrobial drugs.
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5 Conclusion

In summary, the results indicate that BALF-mNGS (cfDNA,

wcDNA) performs better than CMTs in detecting pathogens.

Furthermore, when diagnosing non-neutropenic PA, BALF-mNGS

(cfDNA, wcDNA) shows similarity to CMTs but superiority to culture

and BALF-GM. Combining BALF-mNGS (cfDNA, wcDNA) with

CMTs shows the potential to enhance the sensitivity of diagnostic

performance. Additionally, the RPM of Aspergillus serves as an

indicator of fungal loads. An additional advantage of BALF-cfDNA

over BALF-wcDNA is the ability to differentiate between “True

positive” and “False positive” patients with PA. Therefore, mNGS of

BALF-cfDNA may present a novel diagnostic technology for PA.
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Application of metagenomic
next-generation sequencing and
targeted metagenomic next-
generation sequencing in
diagnosing pulmonary infections
in immunocompetent and
immunocompromised patients
Yong Liu1, Wencai Wu2, Yunping Xiao1, Hongyan Zou1,
Sijia Hao1 and Yanfang Jiang1*

1Genetic Diagnosis Center, The First Hospital of Jilin University, Changchun, China, 2Key Laboratory
of Biomedical Information Engineering of Ministry of Education, Biomedical Informatics & Genomics
Center, School of Life Science and Technology, Xi’an Jiaotong University, Xi’an, Shaanxi, China
Background: Metagenomic next-generation sequencing (mNGS) technology

has been widely used to diagnose various infections. Based on the most

common pathogen profiles, targeted mNGS (tNGS) using multiplex PCR has

been developed to detect pathogens with predesigned primers in the panel,

significantly improving sensitivity and reducing economic burden on patients.

However, there are few studies on summarizing pathogen profiles of pulmonary

infections in immunocompetent and immunocompromised patients in Jilin

Province of China on large scale.

Methods: From January 2021 to December 2023, bronchoalveolar lavage

fluid (BALF) or sputum samples from 546 immunocompetent and

immunocompromised patients with suspected community-acquired pneumonia

were collected. Pathogen profiles in those patients onwhommNGSwas performed

were summarized. Additionally, we also evaluated the performance of tNGS in

diagnosing pulmonary infections.

Results: Combined with results of mNGS and culture, we found that the most

common bacterial pathogens were Pseudomonas aeruginosa, Klebsiella

pneumoniae, and Acinetobacter baumannii in both immunocompromised and

immunocompetent patients with high detection rates of Staphylococcus aureus

and Enterococcus faecium, respectively. For fungal pathogens, Pneumocystis jirovecii

was commonly detected in patients, while fungal infections in immunocompetent

patients were mainly caused by Candida albicans. Most of viral infections in patients

were caused by Human betaherpesvirus 5 and Human gammaherpesvirus 4. It is

worth noting that, comparedwith immunocompetent patients (34.9%, 76/218), more

mixed infections were found in immunocompromised patients (37.8%, 14/37).

Additionally, taking final comprehensive clinical diagnoses as reference standard,

total coincidence rate of BALF tNGS (81.4%, 48/59) was much higher than that of

BALF mNGS (40.0%, 112/280).
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Conclusions: Our findings supplemented and classified the pathogen profiles

of pulmonary infections in immunocompetent and immunocompromised

patients in Jilin Province of China. Most importantly, our findings can

accelerate the development and design of tNGS specifically used for regional

pulmonary infections.
KEYWORDS

pulmonary infection, bronchoalveolar lavage fluid, TNGS, MNGs, immunocompetent
and immunocompromised
Introduction

Although some progress has been made in the treatment of

pulmonary infections, pulmonary infection is still an important

cause of mortality worldwide (Ravimohan et al., 2018; D'Anna et al.,

2021; Schneider et al., 2021). Therefore, early identification of

pathogens is crucial for rapid clinical diagnosis and initial

treatment. Although there are various detection methods, it is still

a challenge to quickly and accurately diagnose pulmonary

infections (Luyt et al., 2020; Turcios, 2020). Conventional

methods, including microbial culture (Handel et al., 2021),

microscopic smear (Yue et al., 2021), polymerase chain reaction

(PCR) (Ramachandran and Wilson, 2020), nucleic acid

hybridization, histopathology (Greninger and Naccache, 2019),

and serological antibody detection (Simner et al., 2018), can only

identify about 40% of pathogens, with long detection time and low

positive detection rate, which cannot meet the current clinical needs

(Qu et al., 2022; Shi et al., 2022). Besides, empirical therapy is often

ineffective in treating immunocompromised patients with atypical

pneumonia (Azoulay et al., 2019). Therefore, rapid and accurate

identification of pathogens is very important for the clinical

intervention of these patients.

At present, the metagenomic next-generation sequencing

(mNGS) is a new and rapidly developing pathogen diagnosis

technology (Han et al., 2019). mNGS has the advantages of

short detection time and wide detection range (Gökdemir et al.,

2022), which can accurately identify bacteria, fungi, viruses,

parasites, and other pathogens (Indelli et al., 2021). Clinicians has

extensively used mNGS to diagnose various infections, such as

bloodstream infection, abdominal cavity infection, central nervous

system infection, etc (Greninger and Naccache, 2019; Thakur, 2020;

Li et al., 2022). mNGS has become a promising detection method

for infectious diseases (Zhou et al., 2022).

Recently, based on the most common pathogen profiles,

targeted mNGS (tNGS) using multiplex PCR (Xie et al., 2022),

reducing economic burden on patients, has been developed to

detect pathogens with predesigned primers in the panel (Li et al.,

2021; Huang et al., 2023). However, the occurrence of infections in

immunocompromised patients caused by rare (Zhan et al., 2021),

regional (Ramirez et al., 2020), and emerging (El Zein et al., 2020;
02109
Fishman, 2023) pathogens limited the application of this tNGS in

those patients. However, there are few studies on summarizing

pathogen profiles of pulmonary infections in immunocompetent

and immunocompromised patients in Jilin Province of China on

large scale.

Given the advantage of tNGS and comprehensiveness of

mNGS, it is necessary to summarize pathogen profiles of

pulmonary infections in Jilin Province of China using mNGS to

provide reference for designing and developing regional tNGS.

Therefore, our study retrospectively enrolled immunocompetent

and immunocompromised patients with suspected community-

acquired pneumonia, evaluated the value of mNGS in the diagnosis

of pulmonary infections by comparing the diagnostic performance of

mNGS and conventional culture using sputum and bronchoalveolar

lavage fluid (BALF) samples, and summarized pathogen profiles

in both immunocompetent and immunocompromised patients.

Additionally, we also summarized the coincidence rate of tNGS

results against final comprehensive clinical diagnoses.
Methods

Ethics statement

This study was reviewed and approved by the Ethical Review

Committee of the First hospital of Jilin University (approval no.

2024–612). All procedures followed were in strict compliance with

the Ethical Review of Biomedical Research Involving Human

Subjects (2016), the Declaration of Helsinki, and the International

Ethical Guidelines for Biomedical Research Involving Human

Subjects. The study was exempted from requiring informed

consent by the Ethical Review Committee as it was a retrospective

study and patient data were anonymized.
Patients and sample collection

A total of 546 patients admitted to The First Hospital of Jilin

University from January 2021 to December 2023 and diagnosed as

suspected community-acquired pneumonia were retrospectively
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enrolled (Figure 1). Specimens were subjected to conventional

culture and mNGS/tNGS testing in parallel. All patients with

suspected pulmonary infection had abnormal chest imaging

results. The inclusion criteria were as follows: (1) Patients with

symptoms such as fever, cough, sputum, dyspnea, and imaging

abnormalities, such as lung shadows, space-occupying lesions, and

other signs of pulmonary infection, (2) Patients on whom mNGS/

tNGS was performed, and (3) Patients with complete clinical data.

The exclusion criteria were as follows: (1) Patients on whom

mNGS/tNGS was not performed and (2) Patients with incomplete

clinical and laboratory data.
mNGS pipeline

BALF and sputum samples were collected based on the standard

clinical procedure. After collection, BALF or sputum samples were

immediately inactivated at 65°C for 30 minutes. A 1.5 mL

microcentrifuge tube with 0.5 mL sample and 1 g 0.5 mm glass

beads was attached to a horizontal platform on a vortex mixer and

agitated vigorously at 2800–3200 rpm for 30 min. Subsequently,

0.3 mL supernatant 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. Qubit 4.0

(Thermo Fisher Scientific, MA, USA) was used to measure

extracted DNA concentrations. QIAseq Ultralow Input Library

Kit (QIAGEN, Hilden, Germany) was used to construct

metagenomics libraries (Ji et al., 2020). Inspected and qualified
Frontiers in Cellular and Infection Microbiology 03110
library was sequenced on Nextseq 550 platform (Illumina, San

Diego, USA).
Commercial tNGS pipeline

Based on multiplex PCR and mNGS, in-house tNGS panel was

designed to detect 273 pathogens, including 113 bacteria, 47 fungi,

101 viruses, and 12 parasites, causing infections in different systems

according to the public pathogen databases and the published

studies. After nucleic acid extraction, multiplex PCR with the

designed primers was used to construct libraries. Library

concentrations were quantified using Qubit 4.0 and Illumina

NextSeq platform was used for high-throughput sequencing.
Analysis of sequencing data

Raw sequencing data were exposed to quality control, including

the removal of low-quality reads (Q score cutoff, 20). High-quality

sequencing data were generated using in-house software, followed

by computational subtraction of human host sequences mapped to

the human reference genome (hg38) using Burrows-Wheeler

Alignment (Li and Durbin, 2009). The remaining data were

blasted against in-house classification reference databases, which

were constructed according to the published microbial genome

databases, including reference sequence database at National Center

for Biotechnology Information. The constructed databases contain

25,863 pathogens, including 12,142 bacteria, 2,680 fungi, 10,061

viruses (including DNA and RNA viruses), 654 parasites, 206

mycobacteria, and 120 mycoplasma/chlamydia.
Interpretation of mNGS/tNGS results and
diagnostic assessment

As control, negative and positive controls were also set with the

same procedure and bioinformatics analysis. Strictly map reads

number (SMRN) and genomic coverage were analyzed. SMRN

represents the number of sequences that are strictly aligned with

the microorganism at species level.

During the interpretation process, positive mNGS/tNGS results

were defined as follows:

1) Bacteria, fungi, parasites, mycoplasmas, and chlamydiae:

When the microorganism was not detected in the negative

control (‘No template’ control, NTC) and genome coverage of

detected sequences belonged to this microorganism ranked top10

among the microbes in the same genus or when its ratio of

SMRNsample to SMRNNTC was > 10 if the SMRNNTC≠0. Besides,

the SMRNsample of bacteria, fungi, mycoplasmas, and chlamydiae

should be ≥ 3, while the SMRNsample of parasites should be ≥ 100.

SMRNsample of Mycobacterium tuberculosis should be ≥ 1.

2) Viruses: When the virus was not detected in NTC or when

SMRNsample/SMRNNTC was > 5 if the SMRNNTC≠0. Besides,

SMRNsample of viruses should be ≥ 1.
FIGURE 1

Flow diagram. We retrospectively assessed the eligibility of patients.
According to the inclusion and exclusion criteria, we finally enrolled
546 patients with detection results of mNGS/tNGS and culture and
complete clinical information, including 485 patients with mNGS
results and 61 patients with tNGS results. We also divided the
enrolled patients into immunocompetent and immunocompromised
groups. There were 10 patients with indefinite final diagnoses.
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Subsequently, positive mNGS/tNGS results were further

defined according to whether the detected microbes by mNGS/

tNGS were the most commonly reported pathogens or the

infections caused by the microbes were in accordance with

clinical features of patients.

For diagnostic assessment, 2–3 clinical adjudicators

independently made the final comprehensive clinical diagnoses

and defined the causative pathogens, according to clinical

characteristics, laboratory examinations, response of the patients

to treatment, mNGS/tNGS results, and clinical experiences. Based

on final comprehensive clinical diagnoses, we divided the enrolled

patients into infectious diagnosis group, non-infectious diagnosis

group, and indefinite clinical diagnosis group, which were used as

reference standard to evaluate the performance of mNGS/tNGS.

The definition of infectious diagnoses was based on 1) At least

one of culture result, clinical characteristics, or clinical experiences

suggested pulmonary infections, or 2) For the patients without any

laboratory examinations or with negative laboratory examinations,

pneumonia was relieved after treatment according to the mNGS/

tNGS results. The definition of non-infectious diagnoses was based

on 1) No pathogens were detected by both culture and mNGS/

tNGS, and 2) The inflammation was relieved after the use of

glucocorticoid or immunosuppressant. Indefinite clinical

diagnosis group included patients whose clinical characteristics or

laboratory examinations were not adequate for diagnoses and

patients lost during follow-up duration.

Subsequently, causative pathogens can be defined. The non-

infectious diagnosis group was used to evaluate the specificity of

mNGS, tNGS and culture. In addition, we can accurately divide the

detection results into true-positive, false-negative, false-positive,

and true-negative results. Guided by mNGS/tNGS results, we also

adjusted the therapeutic regimens, which was approved by the

Ethical Review Committee.
Statistical analysis

Continuous variables were expressed as mean ± standard

deviation (SD) and categorical variables were presented as numbers

(percentage). We tested for differences in continuous variables using t

test and categorical variables with chi-square test as appropriate. The

2 × 2 contingency tables were established to determine sensitivity,

specificity, and total coincidence rate (TCR), and the results are

presented with 95% confidence intervals (CIs). Data analyses were

performed using SPSS 22.0 software and a two-tailed value of P of <

0.05 was considered to represent a significant difference.
Data availability

Sequencing data were deposited to the National Genomics Data

Center under accession numbers CRA016476 and CRA017510. The

authors declare that the main data supporting the findings are

available within this article. The other data generated and analyzed

for this study are available from the corresponding author upon

reasonable request.
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Results

Baseline characteristics of enrolled patients

A total of 546 patients [325 males (59.5%) and 221 females

(40.5%)] with suspected community-acquired pulmonary infection

were included in this study (Table 1). Most of the patients were over

40 years old (72.0%), while the patients aged from 40 to 70 years old

accounted for 46.7% of the enrolled patients. Among them, 134

(24.5%) patients had underlying diseases, including diabetes (n =42,

7.7%), lung cancer (n =22, 4.0%), previous history of tuberculosis

(n =18, 3.3%), bronchiectasis (n =16, 2.9%), chronic obstructive

pulmonary disease (n =14, 2.6%), extrapulmonary malignancies

(n =11, 2.0%), bronchial asthma (n =9, 1.6%), and connective tissue

disease (n =2, 0.4%).

Additionally, 284 BALF and 201 sputum samples for mNGS test

were respectively collected from 485 patients, including 411

immunocompetent patients and 74 immunocompromised patients.

The tNGS test was performed on BALF samples from the other 61

patients, including 50 immunocompetent patients and 11

immunocompromised patients (Figure 1). The immunodeficiency
TABLE 1 Baseline characteristics of 546 patients.

Number of cases Percentage (%)

Sex

Male 325 59.5

Female 221 40.5

Age (years)

≤ 40 153 28.0

>40, ≤70 255 46.7

> 70 138 25.3

Underlying illness

Bronchiectasis 16 2.9

Chronic obstructive
pulmonary disease

14 2.6

Previous history
of tuberculosis

18 3.3

Bronchial asthma 9 1.6

Lung cancer 22 4.0

Diabetes 42 7.7

Connective
tissue disease

2 0.4

Extrapulmonary
malignancies

11 2.0

Sample type

BALF 345 (284 for mNGS, 61
for tNGS)

63.2

Sputum 201 (all for mNGS) 36.8
BALF, bronchoalveolar lavage fluid.
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wasmainly caused by the above underlying diseases, including diabetes,

lung cancer, extrapulmonarymalignancies, connective tissue disease, or

the other diseases with long-term immunosuppressive treatment.
Comparison between mNGS and culture

mNGS and culture were simultaneously performed on BALF

and sputum samples and the diagnostic value of mNGS and culture

using different kinds of samples was summarized (Figure 2). For

BALF and sputum samples, the positive rate of mNGS can reach up

to 88.0%, which was much higher than that of culture (50.2%)

(Figure 2IA). For BALF samples, the positive rate of mNGS (87.3%)

was much higher than that of culture (44.8%) (Figure 2IIA). For

sputum samples, a similar trend (89.1% vs 58.3%) was

found (Figure 2IIIA).
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For BALF and sputum samples, sensitivity [50.8% (95% CI

44.7–56.9%)] of mNGS was much higher than that of culture

[22.5% (95% CI 17.3–27.8%)], taking final comprehensive clinical

diagnoses as reference standard (Figure 2IB). The specificity of

culture can reach up to 56.1%, while the specificity of mNGS was

only 18.0% (95% CI 13.0–23.1%). Besides, there was no significant

difference in TCR between mNGS [35.6% (95% CI 31.3–39.9%)]

and culture [38.2% (95% CI 33.8–42.7%)]. Similar trends were

found in the comparison between BALF mNGS and BALF culture

(Figure 2IIB) or sputum mNGS and sputum culture (Figure 2IIIB).

In addition, the sensitivity [53.7% (95% CI 46.0–61.4%)] and TCR

[40.0% (95% CI 34.3–45.7%)] of BALF mNGS were higher than

those of sputum mNGS [45.7% (95% CI 35.7–55.8%) and 29.3%

(95% CI 23.0–35.6%)]. The above results indicate that compared

with sputum sample, BALF sample was preferred sample for mNGS

in detecting pathogens of pulmonary infections.
BA

BA

BA

FIGURE 2

Performance of mNGS and culture. I, Positive rate (A), sensitivity, specificity, and TCR (B) of mNGS and culture using BALF and sputum samples. II,
Positive rate (A), sensitivity, specificity, and TCR (B) of mNGS and culture using BALF samples. III, Positive rate (A), sensitivity, specificity, and TCR
(B) of mNGS and culture using sputum samples. The ‘TCR’ is total coincidence rate, and ‘CI’ represents confidence interval.
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mNGS in immunocompetent and
immunocompromised patients with
pulmonary infections

We divided the enrolled patients on whommNGS was performed

into immunocompetent (n = 411) and immunocompromised (n = 74)

groups, and the diagnostic positive rates of mNGS and conventional

culture in the two groups were calculated (Figure 3). It was found that

the performance of mNGS was significantly higher than that of culture

in both immunocompetent and immunocompromised groups.

However, there was no significant difference in the positive rate of

mNGS between immunocompromised (90.5%) (Figure 3IA) and

immunocompetent (87.6%) (Figure 3IIA) groups (P>0.05). A

similar trend was found in the positive rate of culture (47.1% and

50.8%) (P>0.05).

Among the infected patients in immunocompromised group,

single infection accounted for 62.1% (23/37). For single infection,

the most common pathogens were bacteria (35.1%, 13/37), followed by

fungi (16.2%, 6/37) and viruses (10.8%, 4/37) (Figure 3IB). In addition
Frontiers in Cellular and Infection Microbiology 06113
to single infection, our results show that the number of patients with

mixed infection accounted for 37.8% (14/37) of immunocompromised

patients, including bacterial-fungal co-infection (n = 2), bacterial-viral

co-infection (n = 4), fungal-viral co-infection (n = 4), and bacterial-

fungal-viral co-infection (n = 2) (Figure 3IB).

The pathogen profiles of immunocompromised patients were

summarized (Figure 3IC). We found that Pseudomonas aeruginosa

(n = 6), Klebsiella pneumoniae (n = 4), Acinetobacter baumannii

(n = 4), and Staphylococcus aureus (n = 4) were the most common

bacterial pathogens in immunocompromised patients with

pulmonary infection. The most common fungal pathogens were

Pneumocystis jirovecii (n = 8) and Candida parapsilosis (n = 3).

Besides, viral infection was mainly caused by Human

betaherpesvirus 5 (CMV) (n = 11), Human gammaherpesvirus 4

(EBV) (n = 3), and human parvovirus B19 (n = 2).

For the infected patients in immunocompetent group, single

infection accounted for 65.1% (142/218) (Figure 3IIB). For

single infection, the most common pathogens were bacteria (45.4%,

99/218), followed by fungi (9.2%, 20/218), and viruses (6%, 13/218)
B

C

A

B

C

A

FIGURE 3

Pathogen detection and characteristics of pulmonary infection. (IA), Number of patients and positive rate of mNGS and culture in
immunocompromised patients. (IIA), Number of patients and positive rate of mNGS and culture in immunocompetent patients. (IB), Different kinds
of infections (n = 37) in immunocompromised patients. (IIB), Different kinds of infections (n = 218) in immunocompetent patients. (IC), Pathogen
profiles in immunocompromised patients. (IIC), Pathogen profiles in immunocompetent patients.
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(Figure 3IIB). In addition to single infection, our results show that

mixed infection occurred in 34.9% (76/218) of immunocompetent

patients, such as bacterial-fungal co-infection (n = 29), bacterial-

fungal-viral co-infection (n = 18), bacterial-viral co-infection (n = 15),

and fungal-viral co-infection (n = 12) (Figure 3IIB). It is worth noting

that more mixed infections are found in immunocompromised

patients than in immunocompetent patients.

The pathogen profiles of were also summarized (Figure 3IIC).

We found that the most common bacterial pathogens were K.

pneumoniae (n = 34), A. baumannii (n = 29), P. aeruginosa (n = 20),

and Enterococcus faecium (n = 12). Fungal infection in

immunocompetent patients with pulmonary infection was mainly

caused by Candida albicans (n = 31), P. jirovecii (n = 7), and

Candida glabrata (n = 7). The most common viral pathogens were

CMV (n = 14), EBV (n = 12), Human alphaherpesvirus 1 (n = 7). At

the same time, we also detected Mycoplasma pneumoniae,

Chlamydia psittaci, Chlamydia trachomatis, and Chlamydia

pneumoniae from 11, 3, 2, and 1 patients, respectively.
Adjustment of antibiotics and prognosis

mNGS plays an important role in providing reference for clinical

therapy. The effects of mNGS on adjustment of antibiotics in both

immunocompromised and immunocompetent patients were
Frontiers in Cellular and Infection Microbiology 07114
summarized (Figure 4). mNGS exhibited positive impact on most

of patients, including 41.1% of immunocompetent patients (n = 167)

and 31.1% of immunocompromised patients (n = 23) receiving de-

escalation treatment and 31.8% of immunocompetent patients

(n = 129) and 41.9% of immunocompromised patients (n = 31)

receiving escalation treatment (Figures 4IA, IIA). In addition, the

empirical treatment on the 27.1% of immunocompetent patients

(n = 110) and 27% of immunocompromised patients (n = 20) was

not changed.

Although prognosis is influenced by a variety of complex

factors, we have summarized the outcomes among patients

receiving escalation, de-escalation, and maintain treatments

(Figure 4). Escalation treatment did not result in improved

prognosis in all of patients. Only 68.2% of immunocompetent

patients and 45.2% of immunocompromised patients receiving

escalation treatment had improved outcome, while deaths

accounted for 13.2% and 22.6% of cases, respectively (Figures 4IB,

IIB). In addition, de-escalation treatment had no impact on most of

patients, including 57.5% of immunocompetent patients and 73.9%

of immunocompromised patients, and no patients died

(Figures 4IC, IIC). The highest proportion of patients showing

improved prognosis was observed in immunocompetent

individuals receiving maintain treatment, while 10.0% of

immunocompromised patients died (Figures 4ID, IID).
B C D

A

B C D

A

FIGURE 4

Adjustment of antibiotics and prognosis. (IA, IIA), Impact of mNGS on adjustments of antibiotics in immunocompetent and immunocompromised
patients, respectively. (IB, IC, ID), Outcomes among immunocompetent patients receiving escalation, de-escalation, and maintain treatments,
respectively. (IIB, IIC, IID), Outcomes among immunocompromised patients receiving escalation, de-escalation, and maintain
treatments, respectively.
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Application of commercial tNGS in clinics

Given high cost of mNGS and its positive impact on patients, we

further explored the role of commercial tNGS in diagnosing

pulmonary infections in clinics. It was found that the coincidence

rates of tNGS against final comprehensive clinical diagnoses in

immunocompetent and immunocompromised patients can reach

up to 79.2% (38/48) (Figure 5A) and 90.9% (10/11) (Figure 5B),

respectively, which were much higher than that of BALF mNGS

(Figure 2IIB). Further analysis of noncoincidence between tNGS

and final comprehensive clinical diagnoses (Figure 5C) showed that

some causative pathogens were partially detected or not detected by

tNGS. Although commercial tNGS can provided much more

accurate clinical reference for clinics, further improvement, such

as optimizing the primer pool or designing a regional-specific tNGS,

can be further implemented to enhance the suitability of tNGS for

regional pulmonary infections, based on our findings of this study.
Discussion

This is a retrospective study on evaluating the diagnostic

performance of mNGS and tNGS in detecting pulmonary
Frontiers in Cellular and Infection Microbiology 08115
infections in immunocompetent and immunocompromised

patients. The results showed that the overall positive rate of

mNGS in detecting pathogens of pulmonary infections was

significantly higher than that of culture (P<0.05) in both

immunocompetent and immunocompromised patients. This

result is consistent with previous study that the proportion of

clinically relevant pathogens found by mNGS was significantly

higher than that found by conventional methods (Joensen et al.,

2017). Compared with the current conventional microbial methods,

mNGS has more advantages in microbial detection (Joensen et al.,

2017). The above findings, together with our results, confirm that

mNGS can improve the detection rate of pathogens, which is critical

to the accurate and rapid diagnosis of pulmonary infection and to

guiding the treatment and prevention of patients.

In addition, this study compared the positive detection rates of

mNGS and culture not only between BALF and sputum samples but

also between immunocompetent and immunocompromised

patients. We found that mNGS detection was superior to

conventional culture in detecting bacteria, fungi, mycoplasma,

and viruses, improving the clinical guidance on the use of

antibiotics. This is consistent with the research of Langelier et al.

that the detection rate of pathogens in HSCT patients with acute

respiratory diseases detected by BALF mNGS was higher than that
B

C

A

FIGURE 5

Performance of tNGS. (A), Coincidence rate of tNGS against final comprehensive clinical diagnoses in immunocompetent patients. (B), Coincidence
rate of tNGS against final comprehensive clinical diagnoses in immunocompromised patients. (C), Noncoincidence reason for tNGS results.
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detected by conventional methods (Langelier et al., 2018). In

addition, BALF and sputum mNGS had higher sensitivity (53.7%

vs. 18.5% and 45.7% vs. 29.9%, p<0.001), but lower specificity

(21.2% vs. 59.5% and 14.4% vs. 52.0%, p<0.001) than culture,

which was consistent with the result of Wang et al. that

compared with conventional tests, mNGS has a higher sensitivity

in detecting pathogens of lung infection (Wang et al., 2019). Huang

et al. also proposed that conventional pathogen detection methods

have limitation in accurately and comprehensively detecting

microorganisms (Huang et al., 2020).

Increasing evidences suggest that mNGS is an important means

for clinical diagnosis of infectious diseases (He et al., 2022; Yu et al.,

2022; Qian et al., 2023; Zhang et al., 2023). The comparison between

the immunocompetent and immunocompromised groups showed

that although the positive rates of mNGS detection were higher than

those of the conventional detection, there was no significant

difference in the positive rates between the two groups. Besides,

compared with patients with normal immune function, more mixed

infections were found in patients with immunodeficiency. In

conclusion, mNGS is superior to conventional pathogen detection

in etiological diagnosis of pulmonary infection, especially for the

immunocompromised patients.

As far as we know, mNGS is often used in clinical practice for

etiological diagnosis of pulmonary infection and reasonable use of

antibiotics. Li et al. showed that mNGS has the advantage in

diagnosing mixed pulmonary infection of immunocompromised

patients, which is crucial for the accurate diagnosis (Li et al., 2020).

In our study, mNGS exhibited positive impact on most of patients,

including 73.0% of immunocompromised patients and 72.9% of

immunocompetent patients. The abuse and unreasonable use of

antibiotics will make more opportunistic lung infections and

become a thorny clinical problem for immunocompromised

patients (Bouglé et al., 2022; Griffith and Daley, 2022; Smith

et al., 2022). Overuse of antibiotics in immunocompromised

patients will lead to drug resistance, while reasonable use of

antibiotics can reduce the waste of medical resources (Ramirez

et al., 2020; Martin-Loeches et al., 2022). mNGS can help clinicians

evaluate empiric antibacterial treatment more comprehensively and

effectively adjust therapeutic regimens of the immunocompromised

patients with pulmonary infections.

Theoretically speaking, tNGS integrating the high sensitivity of

PCR and the high throughput of mNGS can successfully enrich

pathogens with predesigned primers in the panel (Li et al., 2021;

Huang et al., 2023). However, some most common pathogens were

detected in some cases but not detected or partially detected in other

cases using the same commercial tNGS pipeline in our study.

Actually, multiplex PCR scaling to large panels for broad range of

most common pathogens causes the nonlinear increase of primer

dimer species that reduces tNGS mapping rates (Xie et al., 2022)

and subsequently decreases its performance. Additionally, due to

the epidemiology of pathogens characterized by geographical

specificity (Ramirez et al., 2020), rarity (Zhan et al., 2021), and

novelty (El Zein et al., 2020; Fishman, 2023), commercial tNGS

cannot fully meet the requirements of regional pathogen detection.
Frontiers in Cellular and Infection Microbiology 09116
Accordingly, based on our pathogen profiles summarized on a large

scale, designing and developing of regional tNGS can be conducted

according to the published studies (Xie et al., 2022; Xia et al., 2023).
Limitation

At the same time, it is worth mentioning that this study also has

some limitations. First of all, only sputum and BALF samples were

used to evaluate the performance of mNGS or tNGS, and future study

should include other samples, such as blood sample. Comparison of

mNGS using various body fluid samples to analyze the lung infection

may provide more valuable information. Secondly, since there were

few negative cases with non-infectious diseases, there might be slight

bias in calculating specificity. Thirdly, mNGS of both DNA and RNA

should be simultaneously performed to detect comprehensive

causative pathogens.
Conclusion

Our research unravels that mNGS has the advantages of being

faster and more sensitive than conventional pathogen culture

method in patients with pulmonary infection. In addition, mNGS

can identify more mixed infections in both immunocompetent and

immunocompromised patients. Additionally, BALF tNGS exhibited

better performance than BALF mNGS. Both mNGS and tNGS can

identify the pathogen of pulmonary infection as early as possible,

help clinicians adjust the treatment of antibiotics in time, and

greatly improve the diagnosis of suspected pulmonary infection.

Given high cost of mNGS and high sensitivity of tNGS, future

development of pathogen molecular detection may focus on

designing and developing of regional tNGS.
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Evaluation of phage-based
decontamination in respiratory
intensive care unit environments
using ddPCR and 16S rRNA
targeted sequencing techniques
Yinghan Shi1†, Weihua Zhang1†, Lina Li2†, Wencai Wu3,
Mengzhe Li4, Kun Xiao1, Kaifei Wang1, Zhaojun Sheng1, Fei Xie1,
Xiuli Wang1, Xin Shi1, Yigang Tong4* and Lixin Xie1*

1College of Pulmonary & Critical Care Medicine, Chinese PLA General Hospital, Beijing, China, 2The
First Medical Centre, Chinese PLA General Hospital, Beijing, China, 3Key Laboratory of Biomedical
Information Engineering of Ministry of Education, Biomedical Informatics & Genomics Center, School
of Life Science and Technology, Xi’an Jiaotong University, Xi’an, Shaanxi, China, 4College of Life
Science and Technology, Beijing University of Chemical Technology, Beijing, China
Background: Klebsiella pneumoniae is a major cause of hospital-acquired

infections (HAIs), primarily spread through environmental contamination in

hospitals. The effectiveness of current chemical disinfectants is waning due to

emerging resistance, which poses environmental hazards and fosters new

resistance in pathogens. Developing environmentally friendly and effective

disinfectants against multidrug-resistant organisms is increasingly important.

Methods: This study developed a bacteriophage cocktail targeting two common

carbapenem-resistant Klebsiella pneumoniae (CRKP) strains, ST11 KL47 and ST11

KL64. The cocktail was used as an adjunctive disinfectant in a hospital’s respiratory

intensive care unit (RICU) via ultrasonic nebulization. Digital PCRwas used to quantify

CRKP levels post-intervention. Themicrobial community composition was analyzed

via 16S rRNA sequencing to assess the intervention’s impact on overall diversity.

Results: The phage cocktail significantly reduced CRKP levels within the first 24

hours post-treatment. While a slight increase in pathogen levels was observed after

24 hours, they remained significantly lower than those treated with conventional

disinfectants. 16S rRNA sequencing showed a decrease in the target pathogens’

relative abundance, while overall species diversity remained stable, confirming that

phages selectively target CRKP without disrupting ecological balance.

Discussion: The findings highlight the efficacy and safety of phage-based

biocleaners as a sustainable alternative to conventional disinfectants. Phages

selectively reduce multidrug-resistant pathogens while preserving microbial

diversity, making them a promising tool for infection control.
KEYWORDS

bacteriophages, hospital-acquired infections, drug-resistant bacterial, targeted
metagenomics in pathogen, 16S rRNA
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Introduction

K. pneumoniae is a significant cause of Hospital-acquired

infections (HAIs), which are predominantly transmitted through

contamination of the hospital environment or medical equipment

(Odoyo et al., 2023). The risk factors for these infections include

environmental contamination, reuse or improper disinfection of

medical devices, inadequate hand hygiene practices by healthcare

workers, and poor ventilation systems (Peters et al., 2022). Research

indicates that while current disinfection measures play a crucial role

in controlling the spread of these pathogens, their effectiveness is

diminishing due to some pathogens developing resistance to existing

disinfectants. Furthermore, frequent use of chemical disinfectants can

cause equipment corrosion, harm the environment and health of

personnel, and may encourage the development of new resistances in

pathogens (Boyce, 2016; Kampf, 2018). Given these challenges, the

development of new disinfectants, especially those that are both

environmentally friendly and highly effective against multidrug-

resistant organisms, has become increasingly urgent.

Bacteriophages are viruses that specifically target bacteria, acting

as natural bacterial predators, and offer a unique mechanism of

action. Bacteriophage therapy is experiencing a renaissance in

response to the escalating global antimicrobial resistance crisis

(Salmond and Fineran, 2015; Gordillo Altamirano and Barr, 2019).

The historical significance of bacteriophages in combating bacterial

infections, dating back almost a century, has resurfaced as a

promising solution to address antibiotic-resistant pathogens. With

applications ranging from combating antibiotic resistance to food

safety and environmental health (Moye et al., 2018; Tie et al., 2018;

Nick et al., 2022).

Studies have shown the effectiveness of using atomized

bacteriophages to reduce bacterial loads on hard surfaces. Studies

by Hussain et al. have demonstrated the efficacy of atomized

bacteriophages in reducing Acinetobacter baumannii levels on

hard surfaces (Ho et al., 2016). Furthermore, the work by Maria

D’Accolti et al. explored the combined use of phages and a

probiotic-based sanitation system to efficiently remove hospital-

acquired infection pathogens from various hard surfaces,

showcasing a rapid reduction of argeted pathogens. These studies

collectively support the use of atomized bacteriophages as a

promising strategy for decontaminating hard surfaces and

reducing bacterial levels effectively (D'Accolti et al., 2018).

While the efficacy of bacteriophages as biological disinfectants

has been established, their impact on CRKP in clinical settings has

yet to be thoroughly investigated. Additionally, further research is

needed to explore the impact of bacteriophage intervention on

environmental microbial communities to ensure the safety and

efficacy of this approach in real-world applications. In this study, we

developed a phage cocktail targeting two prevalent K. pneumoniae

strains, ST11 KL47 and ST11 KL64, found in clinical settings. We

utilized these bacteriophages as an adjunctive disinfectant to

augment environmental cleaning practices. The efficacy of the

phage cocktail aerosol in clearing CRKP from the environment

was assessed. The primary objective was to evaluate the impact of

the bacteriophage treatment on the clearance of environmentally

persistent drug-resistant bacteria and to analyze its effects on the
Frontiers in Cellular and Infection Microbiology 02120
overall microbial community structure. This approach aimed to

establish a scientifically sound basis for the broader application of

phage therapy in infection control practices, particularly against

antibiotic-resistant pathogens.
Materials and methods

Setting and environmental sampling

The study was conducted in the respiratory intensive care unit

of a hospital in Beijing, China. In addition, this study was approved

by the institutional review board of the PLA Hospital

(309202305011312). To assess the baseline microbial community

composition and the molecular characteristics of K.pneumoniae on

environmental surfaces in the Respiratory Intensive Care Unit

(RICU) prior to any phage or chemical disinfectant intervention,

bedside environmental samples were collected from patients

diagnosed with CRKP infection(n=9). For K.pneumoniae

infection diagnosis, Metagenomic next-generation sequencing

(mNGS) pipeline was performed on six out of these patients, in

brief, mNGS and hybridization capture-based targeted mNGS were

used to detectpathogens. Approximately 1 mL of sample was

centrifuged at 12,000 g for 5 minutes to separate pathogens and

human cells. The precipitate was treated with Benzonase and Tween

20, followed by DNA extraction using the QIAamp UCP Pathogen

Mini Kit. DNA concentrations were measured with a Qubit 4.0.

Libraries prepared from the DNA were sequenced on the NextSeq

550 platform (Illumina). For targeted NGS, libraries were enriched

with microbial probes and sequenced data filtered to remove

unsuitable reads. Species-level microbial identification was

performed using an NCBI database. While the remaining three

were identified via microbiological culture of respiratory samples.

This initial sampling was conducted before the application of

chlorinated disinfectants or bacteriophage-based sanitation

methods. Surface swabs were taken from areas frequently

contacted by staff and patients, including floors, bed linens, bed

frames and bedside tables, with a total of 36 environmental hard

surface samples, each covering an area of 100 square centimeters.

These swabs were preserved in phosphate-buffered saline (PBS) and

transported to the laboratory in a chilled condition and processed

within 2 hours of collection for subsequent DNA extraction and

microbial culture.
CRKP isolates and identification

Each swab will be streaked onto MacConkey agar plates. K.

pneumoniae was identified by standard methods and confirmed

using the “BD Phoenix Automated Microbiology System”.

Antimicrobial drug susceptibility testing was performed using the

BD system and the minimal inhibitory concentration (MIC) of

imipenem and meropenemresults were interpreted using the

Clinical and Laboratory Standards Institute 2016. The resistant

breakpoint of CRKP to imipenem and meropenem was defined as a

MIC > 4 mg/mL.
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Source and selection of
active bacteriophage

In this study, bacteriophages were isolated from sewage using

the double-layer agar plate method. Briefly, untreated wastewater

samples were centrifuged and then filtered through a 0.22µm filter

(Millipore, USA) to remove bacteria and other particles. A volume

of 500 µL of the filtrate was co-cultured with 500 µL of K.

pneumoniae (OD600 = 0.8) in 5 mL of LB medium, and

incubated overnight at 37°C with shaking. The mixed culture was

then centrifuged at 12,000 x g for 2 minutes and the supernatant

containing the phages was collected by filtration through a 0.22µm

filter. Then, CRKP isolated from the ward environment samples was

added to soft LB agar (0.5%, haibo, qingdao) and then poured onto

a regular LB agarplate. Subsequently, 2 µl aliquots of different phage

solutions (approximately 108 plaques forming units (PFUs)) were

spotted on the bacterialplate. Finally, the plates were incubated at 37

°C for 24 h. Generation of a clearance zone surrounding the phage

inoculation spots indicates that the CRKP host was susceptible to

the inoculated phage.
Genomic identification of K. pneumoniae

The K. pneumoniae strains isolated from environmental samples

were cultured in LB liquid medium to the logarithmic growth stage.

The genomic DNA of K. pneumoniae isolates was extracted by

Bacterial Genomic DNA Extraction kit (Beijing Solarbio Science &

Technology Co., Ltd.) and whole genome sequencing of 16 K.

pneumoniae isolates obtained from environmental samples was

performed using Illumina HiSeq-150. The raw sequencing reads of

K. pneumoniae was assembled using SPAdes v3.13.0. The MLST,

resistance, and virulence of K. pneumoniae was predicted using the

integrated tool Pathogenwatch(https://pathogen.watch/).
Environmental decontamination by phage-
containing aerosols

In this study, we evaluated the efficacy of bacteriophage disinfectants

compared to chemical disinfectants for decontaminating environmental

surfaces contaminated with K. pneumoniae, in a hospital setting. Two

wards, housing patients infected with K. pneumoniae, were elected for

environmental cleaning.

Initial environmental sampling (T1) was performed prior to the

application of any disinfectant to establish a baseline pathogen load.

Then use a chemical disinfectant, and a second sampling (T2) was

taken six hours later to evaluate the immediate efficacy of the

chemical agents. Subsequently, apart from chemical disinfectants, a

bacteriophage-based disinfectant was additionally used. The phages

solution was aerosolized using an ultrasonic nebulizer, with the phage

concentration in the ultrasonic humidifier set at 108 PFU (plaque-

forming units) per milliliter, and approximately 500 mL utilized per

room. Further samples were collected at 24 (T3), 48 (T4), and 72 (T5)

hours post-application of the bacteriophage disinfectant, enabling the

assessment of its long-term disinfection performance.
Frontiers in Cellular and Infection Microbiology 03121
The hospital daily decontamination schedule was not

changed during the bacteriophage decontamination process. For

environmental decontamination, the phage stock solution was

diluted in normal saline, and the phage aerosols were then

generated with an ultrasonic humidifier (Rimei Electronic

Technology Co. LTD) for 20 min, to ensure homogenization

distribution of the phage aerosols throughout the ward.Briefly, we

attached a disposable sterile sampling bag to the outlet of the

ultrasonic nebulizer to collect the aerosolized phage cocktail.

After initiating the machine and allowing the nebulization process

to complete, we used a pipette to aspirate the condensed phage

cocktail droplets from the sterile sampling bag. The collected

droplets were then mixed thoroughly, serially diluted, and the

phage titer was determined using the double-layer agar method.
DNA extraction, PCR amplification

The genomic DNA was extracted by SDS method, and the

DNA concentration and purity were detected by agarose gel

electrophoresis. According to the concentration results, the DNA

was diluted to l ng/mL with sterile water. Specific primers were used

for PCR amplification using diluted genomic DNA as a template.

The amplification process consisted of predenaturation at 98°C for

1 min, 30 cycles (denaturation at 98°C for 10 s, annealing at 50°C

for 30 s, extension at 72°C for 30 s), and finally extension at 72°C for

5 min. Then the mixed PCR products were purified. Samples were

divided into room, position, time, and sample types.
Droplet digital PCR analysis and
amplicon sequencing

The ddPCR assays were conducted to quantify K. pneumoniae

DNA in the samples, using specific primers and probes designed for

K. pneumoniae. The ddPCR assay was performed in a reaction

volume of 20mL using a commercial ddPCR kit (Xinyi, Beijing,

China). Twenty microliters of PCR mixture,50mL Droplet

generation oil and 5mL sealant were mixed, and droplet

generation was performed using the test instrument MicroDrop

-100A. The droplet emulsion was thermally cycled in the following

conditions: predenaturing at 95°C for 10 min, 45 cycles of PCR at

95°C for 30 s, and at 60°C for 1 min, and the test instrument was

cooled at 12°C for 5 min, and then, the reaction was finished. The

ddPCR system partitioned the DNA samples into approximately

20,000 nanoliter-sized droplets, with PCR amplification occurring

in each droplet independently. The PCR reaction plate was placed

in the MicroDrop-100B biochip reader for detection. Analyze data

results using QuantDrop data analysis software.

To assess the broader impact on the microbial community, 16S

rRNA gene sequencing was performed on the same samples. The

V3-V4 region of the 16S rRNA gene was amplified using universal

primers. The TruSeq DNA PCR-Free Sample preparation Kit was

used to construct the library from the purified amplified fragments.

After qualified, the library was sequenced using Illumina NovaSeq

sequencing platform.
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16S rRNA reads sequencing
data processing

The original data obtained by sequencing was spliced and filtered

to remove interference data and obtain effective data that can be used

for subsequent analysis. Then, the valid data were grouped into

Operational Taxonomic Units (OTUs) with 97% consistency, and

the OTUs sequence was compared with the SSUrRNA database for

annotation at kingdom, phylum, class, order, family, and genus levels.

The species composition of each sample is counted. QIIME version 2

was used to estimate alpha and beta diversity (Bolyen et al., 2019). OTU

abundances were used to calculate the alpha diversity metrics,

including OTU richness (unique OTUs), ChaoI richness estimation,

and Shannon’s diversity indices. For overall comparison of significant

differences among bacterial communities (i.e., beta diversity), principal

coordinates analysis (PCoA) was performed.
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Results

CRKP isolates and their
phage susceptibility

K. pneumoniae was cultured in 16 out of 36 environmental

samples taken before the disinfection procedure (Table 1). The

study findings indicated a universal presence of K. pneumoniae on

the floors near all patient bed units. Pillowcases also showed a

significant presence of the pathogen, with five out of nine (n=5)

testing positive. In contrast, bed rails and bedside tables exhibited

lower detection rates. These isolates were identified as CRKP using

the BD Phoenix Automated Microbiology System. The whole

genome sequencing results indicate that the K. pneumoniae

isolates belong to the ST11 KL47 (n=6) and ST11 KL64 (n=10)

sequence types (Figure 1).
TABLE 1 Microbial culture results for K. pneumoniae in samples collected from various sites adjacent to bedside units in hospital wards housing nine
infected patients.

Unit1 Unit2 Unit3 Unit4 Unit5 Unit6 Unit7 Unit8 Unit9

P1 + + + + + + + + +

P2 − + − − − − − − −

P3 + − − − − − − − −

P4 + + + + − − + − −
The table is structured with the horizontal axis representing the nine bedside units, and the vertical axis indicating different locations within each room: P1 for the floor, P2 for the bedside table,
P3 for the bed rail, and P4 for the bedsheet. ‘-’ indicates no colonies were cultured, while ‘+’ indicates presence of colonies.
FIGURE 1

Genotypic characterisation and analysis of 16 K.pneumoniae isolates. This figure displays the distribution of prevalent sequence types ST11 KL64 and
ST11 KL47, and account of virulence factors and antibiotic resistance genes. Virulence genes include ybt, iuc, rmpA and rmpA2, which are linked to
the mucoid phenotype. Resistance genes span multiple antibiotic classes: Aminoglycosides (aadA2, armA), Penicillins(TEM-1D, SHV-11, SHV-15, SHV-
28), Carbapenems(KPC-2, KPC-12), Cephalosporins (CTX-M-65, CTX-M-3, CTX-M-24, CTX-M-27), and Fluoroquinolone(GyrA and ParC).
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From each of these 16 culture dishes, one bacterial strain was

selected for phage typing. The isolated strains were susceptible to K.

pneumoniae type ST11 KL47 or ST11 KL64 as host infection

(Table 2).The phages with the best lytic performance were

composed into a phage cocktail, consisting of one phage against

K. pneumoniae type KL47 and two phages against K. pneumoniae

type KL64 (Supplementary Figure 1).

The phage stock solution with a titer of 108PFU/mL was

introduced into the ultrasonic atomizer. After undergoing

ultrasonic atomization, the titer of the recovered phage dropped

to 107PFU/mL. This one-log decrease in titer suggests that the

phage was adversely affected by the physical processes, such as heat

generation or vibrations, associated with the ultrasonic atomization

(Supplementary Figure 2).
K. pneumoniae quantification

Although only 16 samples were culturably positive, we detected

K. pneumoniae at different molecular levels in all 36 samples by

ddpcr.The quantitative results of K. pneumoniae in each sample are

shown in the figure (Figure 2).The findings revealed that bed linens

exhibited the highest total copy numbers of the pathogen (3.03×104

copies/uL), indicating significant reservoirs of the organism in these

locations, the floors also demonstrated a considerable presence

(1.69×104 copies/uL), while lower copy numbers were observed

on bed frames (1.33×104 copies/uL) and bedside tables (1.34×104

copies/uL) (Supplementary Table 1).These findings highlight that

floors and bed linen are frequent areas of contact between health

care workers and patients in the healthcare environment, and these

areas can be an important route for pathogen transmission,

especially bed linens, which are in direct contact with the face

and respiratory tract of patients, and can easily become a source of

cross-infection.
16S rRNA sequencing analysis: microbial
community composition and diversity

Microbial community composition and diversity analysis in

environmental samples from the RICU prior to disinfection were

conducted using 16S rRNA sequencing. The a-diversity analysis

across different bedside units shows similar microbial community

compositions (P > 0.05), reflecting the stability of microbial

communities within the ward environment (Figure 3A). In the

hard surface environment samples from unsterilized bedsheets, we

counted the top 15 species. The results show that, in addition to

Klebsiella, common nosocomial pathogens such as Acinetobacter

(17%) and Elizabethkingia (8%) were observed to hold dominant

positions across all facilities surveyed. In contrast, Staphylococcus

accounted for a comparatively smaller proportion of the microbial

community (2.6%). Furthermore, the presence of Akkermansia

(5.5%)—a genus associated with environmental symbiosis or

opportunistic infections—as well as Corynebacterium (2.5%) and

Bacteroides (2.9%), indicates that although Klebsiella is widespread,

it does not dominate the microbial ecosystem (Figure 3B).
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Effect of bacteriophage aerosol on
environmental microorganisms

In this investigation, ddPCR was employed to quantitatively

analyse the genomic copies of K. pneumoniae at five distinct time

intervals, to compare the immediate and sustained impacts of

chemical and bacteriophage disinfectants (Figure 4). There were

no significant differences in the absolute abundance of K.

pneumoniae before and 6 h after chemical disinfection, which

were respectively 8.97×103 and 9.13×103 copies/mL in Unit 1, and

1.31×104 and 1.48×104 mL in Unit 2.In contrast, a significant

reduction in K. pneumoniae load was observed in samples treated

with additional bacteriophage disinfectant for 24 hours compared

to those treated with chemical disinfectants, and the absolute

abundance of K. pneumoniae decreased to 3.49×103 and 4.02×103

copies/mL in Unit 1 and 2, respectively.Further assessments at 48
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and 72 hours post-bacteriophage application showed that the

majority of samples maintained low pathogen levels, with only

slight increases.The absolute abundance of K. pneumoniae in unit 1

and Unit 2 was 6.07×103 and 1.12×104 copies/mL after 48 hours of

application of phage cocktail, and after 72 hours in unit 1 and Unit 2

was 5.55×103 and 6.7×103 copies/mL. Notably, a sharp increase in

pathogen copy numbers was observed 48 hours post-bacteriophage

application on the floor near the second bed unit, potentially linked

to high-risk procedures such as suctioning, which had been

conducted in the vicinity.

To assess the impact of phage treatment on the broader

microbial community, 16S rRNA sequencing was performed on

the same environmental sample. Our analysis of a and b diversity

indices pre- and post-bacteriophage intervention on hard surface

samples in a healthcare setting revealed a remarkable stability in

microbial community structure (Figures 5A, B). This observation
FIGURE 2

Copies of K.pneumoniae pathogens in bedside environmental samples from 9 patients without disinfection. Unit represents different bedside
elements: P1 for the floor, P2 for the bedside table, P3 for the bed rail, and P4 for the bedsheet.
FIGURE 3

Species diversity and species composition of environmental hard surface samples without disinfection. (A) Analysis of alpha diversity of samples on hard
surfaces near the bedside of K.pneumoniae infected patients without prior disinfection. (B) Composition of microbial genera on hard surfaces adjacent to the
bedsides of patients infected with K. pneumoniae without prior disinfection. Common hospital pathogens include Klebsiella, Acinetobacter, Staphylococcus,
and Elizabethkingia. Environmental symbiotic bacteria or opportunistic bacteria include Akkermansia, Corynebacterium, and Bacteroides.
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underscores the host-specific action of bacteriophages, which

selectively target specific pathogens without disturbing the overall

microbial equilibrium (P >0.05).

Initially, Klebsiella constituted 6.5% and 7.3% of the microbial

community. Post-application of chemical disinfectants, the relative

abundance of Klebsiella increased marginally to 6.8% in one sample,

but alarmingly to 73% in another, suggesting potential disparities in

disinfectant application or microbial resistance. Conversely,

bacteriophage cocktail treatments demonstrated substantial

efficacy. After 24 hours, the prevalence of Klebsiella turn into 16%

and 15%. This reduction persisted at 48 hours with further declines

to 1.2% and 12%, albeit a slight resurgence was observed at 72 hours

(3.3% and 14%), possibly due to phage titre decrease or bacterial

adaptation. These findings underscore the potential of phage-based

disinfectants in significantly reducing Klebsiella load, highlighting

their advantages over traditional chemical disinfectants, especially

given the variable efficacy and potential for resistance development

observed with the latter (Figures 5C).
Discussion

Hospital environmental contamination is a key factor in

healthcare-associated infections (HAIs) (Cruz-López et al., 2023;

Freier et al., 2023). Traditionally, pathogen detection in

environmental samples relies on microbial culture and colony

counting (Song et al., 2018). This method is limited in rapidly

and accurately identifying specific pathogens. In our study, using

both microbial culture and ddPCR to detect K. pneumoniae on

untreated ward surfaces, we found only 16 positive samples via
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culture, whereas ddPCR detected K. pneumoniae DNA in all

samples. This highlights ddPCR’s sensitivity in detecting low-

abundance or non-viable bacteria.

Regular monitoring of K. pneumoniae in hospital environments

is crucial for preventing HAIs. In China, the ST11 CRKP clone, which

has undergone virulence evolution, is prevalent in clinical settings

(Wang et al., 2024). Our study detected the ST11KL64 and ST11KL47

strains of CRKP on hard surfaces in a respiratory intensive care unit,

indicating their potential role in transmitting HAIs due to their

survival capabilities. As antibiotic resistance worsens, traditional

chemical disinfectants face increasing challenges in controlling

HAIs. These chemicals can disrupt microbial communities, harm

beneficial microbes, and promote resistant microbial populations

(Nordholt et al., 2021; Romero-Fierro et al., 2021). Recently, phage

therapy, a targeted biological control strategy, has gained renewed

interest for treating infections caused by resistant bacteria.The use of

bacteriophages as biological disinfectants in hospital environments

has shown promising feasibility, and the safety of using

bacteriophages as biological disinfectants in hospital environments

is well-documented and supported by multiple aspects (Cisek et al.,

2017). Firstly, bacteriophages are naturally occurring entities found

widely in the environment and within the human body, where they

coexist without causing significant adverse effects (Lin et al., 2017).

Their high specificity means they target only particular bacterial

strains, thus sparing human cells and beneficial microbiota from

harm. This minimizes collateral damage to the host’s microbiome,

which is an important consideration in maintaining overall health.

Moreover, bacteriophages biodegrade after completing their lifecycle,

leaving no long-term residues in the environment. This characteristic

reduces the ecological impact of their use in disinfection processes.
FIGURE 4

Employed ddPCR to quantitatively assess the genomic copy numbers of K. pneumoniae in two rooms disinfected with phage cocktails at five distinct
time intervals. The sampling points included P1 for the floor, P2 for the bedside table, P3 for the bed rail, and P4 for the bedsheet. The time intervals
were as follows: (T1) Before using any disinfectant; (T2) 6 hours after disinfection with chemical disinfectants; (T3) 24 hours after disinfection with
phage cocktails; (T4) 48 hours after disinfection with phage cocktails; (T5) 72 hours after disinfection with phage cocktails.
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This study investigates the potential of using phage cocktails to

clean clinical environments and analyzes changes in environmental

microbial communities before and after intervention via 16S rRNA

amplicon sequencing. Compared to traditional chemical

disinfectants, phages, as biological agents, offer distinct advantages
Frontiers in Cellular and Infection Microbiology 08126
in the cleaning process: they specifically target and eliminate bacteria,

reducing harm to beneficial microbes and thus maintaining microbial

balance. They can also keep target pathogens at low levels over

extended periods. Additionally, employing phages reduces reliance

on antibiotics and decreases the risk of developing antibiotic
FIGURE 5

Species diversity and species composition of environmental hard surface samples under different treatments of Unit-1 and Unit-2: (A) Analysis of
species a diversity in environmental hard surface samples before and after phage cocktail intervention. (B) Analysis of species b diversity in
environmental hard surface samples before and after phage cocktail intervention. (C) Temporal changes in the composition of microbial genera on
hard surfaces within two hospital rooms treated with phage cocktail disinfectants. T1: Before using any disinfectant, T2: 6 hours after disinfection
with chemical disinfectants, T3: 24 hours after disinfection with phage cocktails, T4: 48 hours after disinfection with phage cocktails, T5: 72 hours
after disinfection with phage cocktails.
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resistance. These characteristics make phage cleaning methods

especially important and promising in modern medical settings.

This study has certain limitations. Firstly, the short duration of

the study may not fully capture the long-term efficacy and potential

rebound of pathogens. While we employed the latest ddPCR

technology to enhance the sensitivity of pathogen detection,

logistical and resource constraints prevented us from implementing

extended monitoring in this study. This limitation may have led to an

incomplete observation of pathogen dynamics over a longer period.

Additionally, although we demonstrated the short-term efficacy of

bacteriophages, the number of pathogens began to rebound within 24

hours post-treatment. This suggests that the high specificity of

bacteriophages may only target specific host bacteria. Over time,

some bacteria may develop resistance to the phages through

mutations in phage receptor sites. These resistant strains can

survive the initial phage attack and begin to repopulate, causing a

rebound in bacterial numbers. Future research needs to explore how

to optimize the composition of phage cocktails to cover a broader

range of pathogen species and improve their persistence in complex

hospital settings.

Finally, while bacteriophages show potential as environmental

disinfectants, a number of factors need to be considered before

practical application, including bacteriophage preparation, stability,

cost-effectiveness, and regulatory issues. Future studies should aim

to address these practical issues while evaluating the universality

and efficiency of phages in different types of hospital Settings. By

optimizing phage preparations and applications, a new hospital

disinfection strategy that is both environmentally friendly and

efficient is expected to be realized.
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Background: When individuals infected with human immunodeficiency virus

(HIV) experience pulmonary infections, they often exhibit severe symptoms and

face a grim prognosis. Consequently, early, rapid, and accurate pathogen

diagnosis is vital for informing effective treatment strategies. This study aimed

to use metagenomic next-generation sequencing (mNGS) and targeted mNGS

(tNGS) to elucidate the characteristics of pulmonary infections in HIV and non-

HIV individuals.

Methods: This study enrolled 90 patients with pulmonary infection at the

Department of Infectious Diseases of The First Hospital of Jilin University from

June 2022 to May 2023, and they were divided into HIV (n=46) and non-HIV

(n=44) infection groups. Their bronchoalveolar lavage fluid (BALF) was collected

for mNGS analysis to evaluate the differences in pulmonary infection pathogens,

and tNGS detection was performed on BALF samples from 15 HIV-

infected patients.

Results: A total of 37 pathogens were identified in this study, including 21 bacteria,

5 fungi, 5 viruses, 5 mycobacteria, and 1 mycoplasma. The sensitivity of mNGS was

78.9% (71/90), which is significantly higher than that of conventional methods

(CTM) (39/90, P=1.5E-8). The combination of mNGS with CTM can greatly

enhance the sensitivity of pathogen detection. The prevalence of Pneumocystis

jirovecii (82.6% vs. 9.1%), cytomegalovirus (CMV) (58.7% vs. 0%), and Epstein-Barr

virus (EBV) (17.4% vs. 2.3%) was significantly higher in the HIV infection group than

in the non-HIV infection group (P<0.05). Although no statistically significant

difference was observed, the detection rate of Mycobacteria was higher in HIV-

infected patients (17.4%) than in the non-HIV group (6.8%). Furthermore, the tNGS

results of BALF from 15 HIV-infected patients were not entirely consistent with the

mNGS results., and the concordance rate of tNGS for the detection of main

pathogens reached 86.7% (13/15).
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Conclusion: Next-generation sequencing (NGS) can accurately detect

pathogens in the BALF of patients with pulmonary infection. The sensitivity of

tNGS is comparable to that of mNGS. Therefore, this technique should be

promoted in the clinic for better patient outcomes.
KEYWORDS

bronchoalveolar lavage fluid, metagenomic next-generation sequencing (mNGS),
targeted metagenomic next-generation sequencing (tNGS), HIV infection, pathogens
Introduction

Pulmonary infection is one of the most common causes of

fatality among humans due to its rapid onset, quick progression,

and multiple comorbidity (Kalil et al., 2016). The World Health

Organization estimates that more than 20 million people die of

pneumonia annually (McAllister et al., 2019). It is caused by many

pathogens, including bacteria, viruses, and fungi, and is more likely

to occur in immunocompromised patients, especially human

immunodeficiency virus (HIV)-infected individuals (Cribbs et al.,

2020). Such cases may present severe manifestation and worse

outcomes, thus requiring early, rapid, and accurate detection of

pathogens to guide an effective treatment strategy and improve the

prognosis. However, conventional methods (CTM), such as culture,

sputum smear, and molecular assays, have low diagnostic efficiency

of only 30-40% (Afsar et al., 2018; Phetsuksiri et al., 2020). So,

clinicians frequently prescribe empirical anti-infective treatment

based on clinical manifestations and imaging data. Nevertheless,

there are significant differences in the types and numbers of

pathogens between HIV-infected and non-HIV-infected people

(Tan et al., 2023).

Metagenomic next-generation sequencing (mNGS) has recently

been applied for diagnosing gene mutations as well as many

infectious diseases like pulmonary infection (Pourahmadiyan

et al., 2022; Kullar et al., 2023). This technique has a significantly

higher detection speed over CTM and can perform high-

throughput sequencing analysis of DNA or RNA using specimens

(Schlaberg et al., 2017). By comparing the sequence data with the

reference genome or a particular database, clinicians can identify

the variation and quantity of various microorganisms as well as

drug-resistance genes (Ávila-Rıós et al., 2020). Many studies have

reported the high sensitivity of mNGS for detecting pathogens

(Ávila-Rıós et al., 2020; Zhang et al., 2022; Kullar et al., 2023; Wu

et al., 2023). Nevertheless, the obtained specimens can affect the

accuracy of mNGS. Sputum and throat swabs are not ideal

specimens for detection tests because they are more likely to be

contaminated, and they carry fewer germs than bronchoalveolar

lavage fluid (BALF) (Wu et al., 2023). Despite BALF being more

difficult to obtain than sputum and throat swabs from patients with
02130
pulmonary infection, it is a more reliable and acceptable sample for

mNGS analysis (Zhang et al., 2022). In clinical applications of

mNGS, following the initial mNGS detection, the targeted

metagenomic next-generation sequencing (tNGS) method has

gradually emerged. mNGS is relatively expensive and may be

affected by human genomic interference. tNGS, on the other

hand, combines multiplex PCR amplification with high-

throughput sequencing, focusing on detecting known pathogenic

microorganisms and drug resistance genes in the samples. tNGS

reduces detection costs and increases the sensitivity of pathogen

detection, which can simultaneously detect DNA and RNA, shorten

detection time, and is characterized by high cost-effectiveness

and customizability.

Currently, there are few researches on the characteristics of

pathogens among HIV-infected patients complicated with

pneumonia. This study retrospectively enrolled HIV-infected and

non-HIV-infected patients, evaluated the diagnostic value of mNGS

and tNGS in the diagnosis of pulmonary infections, and

summarized the pathogen profiles in such cases. Additionally, the

performance of CTM and mNGS in diagnosing pulmonary

infections was also summarized.
Methods

Study subjects

This study recruited 90 patients diagnosed with lower respiratory

tract infection at the Department of Infectious Diseases of The First

Hospital of Jilin University from June 2022 toMay 2023. There were 46

patients who tested positive for HIV infection and 44 patients who

tested negative for HIV infection. All patients underwent HIV antigen-

antibody testing. For patients with positive HIV screening antibodies, a

confirmatory Western blot (WB) assay was performed for

confirmation. The detailed demographic information, clinical data,

and sequencing results of the patients were obtained from the

electronic medical records. The research protocol was approved by

the ethics committee of our hospital (No. 2021-022-01). Each

individual provided written informed consent.
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BALF extraction and mNGS analysis

Before extracting the BALF, the routine preoperative

preparation was performed, with 2% lidocaine (15-20 mL) being

used for nebulization anesthesia. The BF-260 electronic

bronchoscope (Olympus, Japan) was applied to extract the BALF

with 100-150 mL of sterile physiological saline at 37°C. Then the

specimen was placed in a bottle coated with silicone.

And then, 1 mL of BALF sample was centrifuged at 12,000 rpm for

5 min to collect the pathogens and human cells. Next, 50 mL of

precipitate underwent depletion of host nucleic acids using 1 U of

benzonase and 0.5% Tween 20 at 37°C for 5 min. Subsequently, total

nucleic acids were extracted using a QIAamp UCP pathogen minikit

(Qiagen, Germany). To generate the library, 30 mL of the nucleic acid

eluate was used for DNA fragmentation, end repair, adapter ligation,

and polymerase chain reaction (PCR) amplification using a Nextera

DNA Flex kit (Illumina, San Diego, CA, USA). A Qubit dsDNA HS

assay kit was used to measure the library concentration. An Agilent

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) was

applied to assess the library quality with a high-sensitivity DNA kit.

Besides, peripheral blood mononuclear cell samples from healthy

donors were prepared using the same protocol, and sterile deionized

water was extracted alongside the specimens to serve as a non-template

control (NTC) (Deng et al., 2022; Tao et al., 2022). The pooled libraries

were sequenced on a Nextseq 550 sequencing system (Illumina, San

Diego, CA, USA) with a single-end sequencing kit.
tNGS pipeline

Based on multiplex PCR and mNGS, in-house tNGS panel was

designed to detect 273 pathogens causing infections in different

systems according to the public pathogen databases and the

published studies. The 273 pathogens included 113 bacteria, 47

fungi, 101 viruses, and 12 parasites. After DNA extraction, multiplex

PCR with the designed primers was used to construct libraries.

Library concentrations were quantified using Qubit 4.0. Illumina

NextSeq platform was used for high-throughput sequencing.
Bioinformatics analysis

Trimmomatic software was used to remove the low-quality

reads, adapter contamination, duplicate reads, as well as reads

shorter than 35 bp. Low-complexity reads were also removed.

Human sequence data were identified and excluded by mapping

to a human reference genome (hg38) with the Burrows–Wheeler

Aligner (BWA) software. The remaining sequencing information

was aligned with the most recent databases for bacteria, viruses,

fungi, and protozoa provided by the National Center for

Biotechnology Information. Reads that met the criteria for being

considered unique were those with alignment lengths greater than
Frontiers in Cellular and Infection Microbiology 03131
80%, sequence identities over 90%, and suboptimal to optimal

alignment score ratios less than 0.8.
Criteria for a positive mNGS/tNGS result

The specifically mapped read number (SMRN) of each microbial

taxonomy was normalized to the SMRN per 20 million total

sequencing reads to give the standardized SMRN (SDSMRN). The

criteria for reporting the positive mNGS/tNGS results were as follows

(Qin et al., 2021): (1) SDSMRN≥3 for bacteria (mycobacteria

excluded); (2) SDSMRN≥3 for fungi/DNA viruses; (3) SDSMRN≥1

for RNA viruses; (4) SDSMRN≥100 for parasites; (5) SDSMRN≥3 for

Mycoplasma/Chlamydia spp.; (6) SDSMRN≥1 (or SDSMRNG≥1 at the

genus level) forMycobacterium tuberculosis complex; (7) SDSMRN ≥3

for Nocardia spp. as a positive result.
Statistical analysis

SPSS version 22.0 software (IBM Corp., Armonk, NY, USA) was

utilized for data analysis. The independent t-test was performed to

compare the differences in counting data between the two groups.

The chi-squared test was used to evaluate the categorical variables.

A P-value below 0.05 was regarded as a significant difference.
Data availability

Sequencing data were deposited to the National Genomics Data

Center under accession number CRA016496. The authors declare

that the main data supporting the findings are available within this

article. The other data generated and analyzed for this study are

available from the corresponding author upon reasonable request.
Results

Clinical characteristics

In this study of 90 patients, 46 were identified as HIV-positive.

Within this HIV-infected cohort, a significantly higher proportion were

male compared to females, marking a clear contrast with the non-HIV

group. Furthermore, the ages of patients in the HIV group were

significantly lower than those in the non-HIV group. Across all these

patients with pulmonary infections, the predominant symptoms were

fever, cough, and expectoration, with no significant differences between

the two groups. Patients infected with HIV have significantly lower

counts of CD4 and the CD4/CD8 ratio compared to patients without

HIV. In addition, the occurrence of underlying diseases was

significantly greater in the non-HIV group compared to the HIV-

infected group, with hypertension being the most common among

these conditions (Table 1).
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Pathogen profiles of HIV group and non-
HIV group

Two physicians independently determined the causative pathogens

for each patient based on the results of mNGS and CTM, as well as the

patient’s treatment strategies, and prognosis. In cases of disagreement, a

third physician provided the final determination. According to the final

clinical diagnosis results, a total of 37 pathogens were observed in this

study, including 21 bacteria, 5 fungi, 5 viruses, 5 mycobacteria, and 1

mycoplasma. We found a notably higher incidence of fungal and viral

infections among HIV-infected patients compared to those without

HIV infection (Table 2).

The pathogen spectrum in patients from both the HIV and non-

HIV groups was shown in Figure 1. The results indicated that the

primary reason for the significantly higher rate of fungal and viral

infections in HIV patients was attributed to Pneumocystis jirovecii,

cytomegalovirus (CMV), and Epstein-Barr virus (EBV). The

prevalence of P. jirovecii in HIV patients was as high as 82.6%

(38/46), which was much higher than in the non-HIV group. For

the rarely pathogenic agents CMV and EBV, their potential for

opportunistic infection should not be underestimated due to the

unique characteristics of HIV patients. The occurrence rates of

other pathogens do not differ between the two groups, but it is

noteworthy that the frequency of Mycobacteria in HIV patients is

also higher than that in non-HIV patients, although the difference is

not statistically significant.
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Comparison of mNGS with CTM

We further compared the mNGS detection results with CTM

(Figure 2A). The sensitivity of mNGS reached 78.9% (71/90), which

is markedly superior to that of CTM (39/90, P=1.5E-8). The

superiority of mNGS over CTM was demonstrated in both the

HIV and non-HIV groups (Figure 2B). The negative results of

mNGS included 10 patients with no microorganisms detected, and

9 cases where the detected pathogen was excluded as the causative

agents. All of these 19 patients were not infected with HIV, and

their CTM also showed negative results.

The microorganisms identified by mNGS and CTM was

depicted in Figure 3. In HIV patients, CTM missed many cases of

P. jirovecii (n=16) and CMV (n=13), which were all detected by
TABLE 1 Basic characteristics.

Total
(n=90)

HIV
(n=46)

Non-HIV
(n=44)

P-value

Sex

Male 67(74.4%) 44(95.7) 23(52.3%) 1.6E-6

Female 23(25.6%) 2(4.3%) 21(47.7%)

Age (Median[IQR]) 52(40-63.5) 43.5(33.25-53) 59(51.75-69) 9.3E-7

Clinical characteristics

Fever 82(91.1%) 41(89.1%) 41(93.2%) 0.7

Cough 69(76.7%) 35(76.1%) 34(77.3%) 1

Expectoration 53(58.9%) 23(50%) 30(68.2%) 0.1

Diarrhea 16(17.8%) 11(23.9%) 5(11.4%) 0.2

Immunity index

CD4 [Median(IQR)] 128.5 (13.725-484.75) 13.75 (6.1-35.25) 511.5 (315-759.5) 3.3E-12

CD4/CD8 [Median(IQR)] 0.225 (0.0525-1.93) 0.055 (0.02-0.1) 2.02 (0.84-3.205) 2.2E-13

Comorbidities

Hypertension 16(17.8%) 2(4.3%) 14(31.8%) 7.2E-4

Coronary heart disease 2(2.2%) 0 2(4.5%) 0.2

Diabetes 7(7.7%) 0 7(15.9%) 5.1E-3

Tumor 7(7.7%) 0 7(15.9%) 5.1E-3

Interstitial lung disease 1(1.1%) 0 1(2.3%) 0.5
TABLE 2 Pathogen types in the BALF from the HIV and non-HIV
infection groups.

Pathogen
type

HIV
infection
group

Non-HIV
infection
group

P

Fungi 91.3% (42/46) 20.5% (9/44) 3.7E-
12

Viruses 67.4% (31/46) 6.8% (3/44) 1.1E-9

Bacteria 34.8% (16/46) 47.7% (21/44) 0.3
frontie
BALF, bronchoalveolar lavage fluid.
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mNGS. Similarly, in non-HIV patients, mNGS detected bacterial

and fungal infections that CTM failed to identify. mNGS only

missed 3 pathogenic agents detected by CTM, including one case of

Klebsiella pneumoniae, one case of Acinetobacter baumannii, and

one case of SARS-CoV-2. In this study, two patients died due to

multi-organ failure, including one HIV-positive individual and one

non-HIV-positive individual. The vast majority of the remaining

patients attained improved prognoses through treatment strategies

informed by pathogen detection results (Figure 2C). Thus, it can be

seen that mNGS detection can greatly reduce the rate of missed

diagnoses due to the insufficient sensitivity of CTM.
The performance of tNGS

BALF samples from 15 HIV patients underwent concurrent

tNGS detection to assess its performance. Among them, tNGS

identified the primary causative pathogens in 13 patients,

achieving a consistency rate of 86.7% (13/15) compared to

mNGS. tNGS identified some additional pathogens, mainly

viruses, compared to mNGS (Figure 4A). However, the

pathogenicity of most of these viruses was not considered.

Additionally, tNGS successfully identified all causative pathogens

in 3 cases. In other cases, CMV was the main pathogen that tNGS
Frontiers in Cellular and Infection Microbiology 05133
did not detect. (Figure 4B). Hence, the diagnostic potential of tNGS

for pulmonary infections in HIV patients is promising.
Discussion

It is crucial to identify pathogens and perform accurate

treatment regimens on patients with pulmonary infection. The

conventional detection methods include sputum smear, culture,

and other molecular tests, but they have low diagnostic rates, which

may delay the timing of treatment (Caetano Mota et al., 2012). In

this study, we performed mNGS analysis on the BALF from HIV-

infected and non-HIV-infected patients with pulmonary infection

and found significant differences in the pathogen profiles between

the two study groups. tNGS detection was simultaneously

performed on BALF from 15 HIV-infected patients to observe the

clinical utility of tNGS in HIV-infected patients.

In this study, patients in the non-HIV group were found to have

a higher prevalence of bacterial infections, while HIV patients were

more commonly infected with fungi and viruses. Particularly

notable was the significantly higher proportion of P. jirovecii,

CMV, EBV, and tuberculosis in HIV-infected patients compared

to those without HIV infection. This indicated that they had multi-

pathogenic pneumonia and were at a higher risk of developing
FIGURE 1

Pathogen profiles of patients with and without HIV infection. CMV, cytomegalovirus; EBV, Epstein-Barr virus; HSV, herpes simplex virus; HHV, human
herpes virus; HIV, human immunodeficiency virus.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1438982
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Sun et al. 10.3389/fcimb.2024.1438982
opportunistic infections. Opportunistic infections frequently occur

in individuals with acquired immune deficiency (Shi et al., 2022),

and the current study showed that the HIV-positive patients were

infected with more than one type of pathogens, such as P. jirovecii,

M. tuberculosis, and nontuberculous mycobacteria, as well as

viruses, suggesting that they were susceptible to developing a

mixed infection. Previous research has revealed that HIV-infected

individuals with a lower CD4+ T-cell count and CD4+/CD8+ ratio

are prone to pneumonia (Xie et al., 2023). Therefore, monitoring

CD4+ lymphocytes with mNGS analysis is a favorable detection

method for HIV-infected patients with suspected lung infection.

Moreover, mNGS can identify the underlying pathogenic germs as

well as vulnerable individuals like the HIV-infected population.

This study revealed that the constituent ratio of P. jirovecii

ranked first among the HIV-infected patients and was higher than

that among the non-HIV-infected patients. This finding is

consistent with the previous studies demonstrating that this

pathogen is more likely to occur in immunosuppressed hosts

(Souza Lopes et al., 2016). P. jirovecii can aggravate lung

exudation and increase the mortality of infected patients,

especially those with an impaired immune function (Cheng et al.,

2023). Therefore, early detection of such life-threatening bacteria
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can help clinicians determine the right treatment strategy to prevent

infected patients from developing severe pneumonia.

Different hospitals have distinct detection capabilities and

methods, which can greatly affect the detection rate of pathogens.

In China, smear staining remains the primary detection method for

P. jirovecii (Li et al., 2020). However, there is no unified operation,

quality-control process, or diagnostic standard, which brings great

diagnostic difficulties to clinicians. Over the years, culture has been

used as the gold standard for the diagnosis of M. tuberculosis and

nontuberculous mycobacteria, but the bacterial culture requires

harsh conditions for operators and laboratories (Jain et al., 2017).

In addition, its procedure takes a long time, which cannot be fed

back to clinicians in time. Moreover, the culture method shows low

sensitivity. With the advancement of mNGS, the detection rates of

M. tuberculosis and nontuberculous mycobacteria have been greatly

increased, especially for drug-resistant strains, indicating that a

large proportion of patients can receive effective, timely, and

accurate treatment. Serum markers and immunologic assays also

showed low specificity in the detection of Cryptococcus, various

viruses, and other pathogens (Jarvis et al., 2014). Additionally, non-

HIV-infected people with community-acquired or nosocomial

pneumonia had a very low chance of being detected with true
A B

C

FIGURE 2

The performance of mNGS and CTM in patients with different prognoses. (A) Comparison of mNGS and CTM detection (B) The sensitivity of mNGS
and CTM in HIV and non-HIV group (C) Prognosis of patients in HIV and non-HIV group. CTM, conventional methods.
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A B

FIGURE 3

Potential pathogens identified by mNGS and CTM. (A) HIV group; (B) non HIV group. The pathogens consisted of identical detection (the green) of
mNGS to CTM, extra detection (the red) of mNGS, false positive detection (the blue) of mNGS, extra detection (the yellow) of CTM, false positive
detection (the grey) of CTM. The false positive detection of mNGS represents those microorganisms were detected only by mNGS and diagnosed as
non-causitive pathogens. The false positive detection of CTM represents those microorganisms were detected only by CTM and diagnosed as non-
causitive pathogens. CMV, cytomegalovirus; EBV, Epstein-Barr virus; HSV, herpes simplex virus; HHV, human herpes virus; HIV, human
immunodeficiency virus; ADV, adenovirus; RSV, respiratory syncytial virus.
A B

FIGURE 4

The pathogens identified (A) and not identified (B) by tNGS in 15 HIV-infected patients. The pathogens consisted of identical detection (the green) of
tNGS to mNGS and extra detection (the red) of tNGS. CMV, cytomegalovirus; EBV, Epstein-Barr virus; HSV, herpes simplex virus; HHV, human herpes
virus; HIV, human immunodeficiency virus.
Frontiers in Cellular and Infection Microbiology frontiersin.org07135

https://doi.org/10.3389/fcimb.2024.1438982
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Sun et al. 10.3389/fcimb.2024.1438982
pathogenic pathogens when only CTM were used, and the accuracy

rate of sputum smear and culture methods was less than 50%

(Caetano Mota et al., 2012).

Many studies have shown that mNGS is an irreplaceable

method for identifying pathogens in complex infections.

Compared with CTM, mNGS shows higher sensitivity because it

can simultaneously detect multiple pathogens and mutated genes as

well as requires a small amount of sample, which can help achieve a

precise anti-infection treatment (Morganti et al., 2019;

Pourahmadiyan et al., 2022). Although the adoption rate of

mNGS remains low in resource-poor areas of the world, it is

expected to be extensively used for the detection of complex

infectious diseases with the continuous progress of mNGS

technology and the significant decline in its cost.

Compared to the high economic burden of mNGS, tNGS is

more economically feasible for clinical application. tNGS is a

method that combines gene-targeted PCR amplification and high-

throughput sequencing, and its application value for pathogen

detection in clinical settings has been evaluated in several

literature studies (Mertes et al., 2011; Gaston et al., 2022). tNGS

can rapidly identify pathogens within 24-48 hours and complete the

detection of drug-resistant genes and virulence genes (Onda et al.,

2018). However, its applicability to patient populations is relatively

limited. If the patient presents with fever of unknown origin,

unclear etiology, and uncertain infectious pathogens, clinicians

may require a broader range of testing to assist in diagnosis,

especially for some rare and specific infectious pathogens.

However, for some populations, such as HIV-infected individuals,

opportunistic infectious pathogens are predominant. The tNGS

detection range can almost meet the needs of the majority of

patients, and it is more economical, making it more widely

applicable in clinical practice.
Limitation

This study had some limitations. First, it was a small-sample,

single-center research study, which might limit the accuracy of the

study. Further research should be performed with more samples

from distinct areas. Second, there is no unified detection process for

mNGS, and we did it according to the published literature, which

might cause false-positive or false-negative results. So, the data

interpretation was carried out by three experienced laboratory

personnel to lower the result bias as much as possible. Finally,

due to the limited budget, not all HIV patients underwent tNGS

testing, and its performance still requires further research.
Conclusions

I t i s impor t an t t o pe r f o rm mNGS or tNGS in

immunosuppressed patients combined with pulmonary infection

since these methods can quickly and precisely reveal pathogens to

help determine an effective anti-infective regimen. Therefore, both
Frontiers in Cellular and Infection Microbiology 08136
mNGS and tNGS should be promoted in the clinic for better

patient outcomes.
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Metagenomic next-generation sequencing (mNGS) is a transformative approach

in the diagnosis of infectious diseases, utilizing unbiased high-throughput

sequencing to directly detect and characterize microbial genomes from

clinical samples. This review comprehensively outlines the fundamental

principles, sequencing workflow, and platforms utilized in mNGS technology.

The methodological backbone involves shotgun sequencing of total nucleic

acids extracted from diverse sample types, enabling simultaneous detection of

bacteria, viruses, fungi, and parasites without prior knowledge of the infectious

agent. Key advantages of mNGS include its capability to identify rare, novel, or

unculturable pathogens, providing a more comprehensive view of microbial

communities compared to traditional culture-based methods. Despite these

strengths, challenges such as data analysis complexity, high cost, and the need

for optimized sample preparation protocols remain significant hurdles. The

application of mNGS across various systemic infections highlights its clinical

utility. Case studies discussed in this review illustrate its efficacy in diagnosing

respiratory tract infections, bloodstream infections, central nervous system

infections, gastrointestinal infections, and others. By rapidly identifying

pathogens and their genomic characteristics, mNGS facilitates timely and

targeted therapeutic interventions, thereby improving patient outcomes and

infection control measures. Looking ahead, the future of mNGS in infectious

disease diagnostics appears promising. Advances in bioinformatics tools and

sequencing technologies are anticipated to streamline data analysis, enhance

sensitivity and specificity, and reduce turnaround times. Integration with clinical

decision support systems promises to further optimize mNGS utilization in

routine clinical practice. In conclusion, mNGS represents a paradigm shift in

the field of infectious disease diagnostics, offering unparalleled insights into

microbial diversity and pathogenesis. While challenges persist, ongoing

technological advancements hold immense potential to consolidate mNGS as

a pivotal tool in the armamentarium of modern medicine, empowering clinicians

with precise, rapid, and comprehensive pathogen detection capabilities.
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1 Introduction

Infectious diseases, a collective term for diseases caused by

pathogenic microorganisms, remain a major threat to global public

health, and traditional pathogenetic diagnostic methods no longer

meet the needs of clinical diagnosis and treatment (Smiley Evans

et al., 2020). Rapid identification of pathogens from infected body

fluid compartments is essential, as empirical antimicrobial therapy

is often suboptimal, leading to increased morbidity and mortality

(Singal et al., 2014; Glimåker et al., 2015; Lucas et al., 2016; Costales

and Butler-Wu, 2018). In patients with severe infections, early

detection of the causative microorganism is essential for early

clinical interventions to be instituted and appropriate

antimicrobials to be administered (Kumar et al., 2009; Liesenfeld

et al., 2014; Barlam et al., 2016; Messacar et al., 2017). However,

timely and accurate diagnosis remains extremely challenging for

many patients. Many common pathogens are difficult or impossible

to culture in vitro, deep infections often require invasive biopsies of

infected tissues for diagnosis, and the use of broad-spectrum

antibiotics prior to pathogen identification often confounds the

specific diagnosis, leading to more effective and less toxic

antimicrobial therapy (Fenollar and Raoult, 2007; Fishman, 2007;

Tomblyn et al., 2009; Mancini et al., 2010; Paul et al., 2010; Kumar,

2014; Barlam et al., 2016). Previous studies have shown that a

significant proportion of unknown pathogens are present in severe

pneumonia, bacteremia, eye infections and central nervous system

(CNS) infections (Li et al., 2018; Blauwkamp et al., 2019; Wilson

et al., 2019). Metagenomic next-generation sequencing (mNGS) is

useful when conventional microbiological tests fail to identify

infection in suspected cases. It is capable of simultaneously

detecting virtually all known pathogens from clinical samples

(Simner et al., 2018; Chiu and Miller, 2019; Gu et al., 2019).

Compared with traditional pathogenic diagnostic methods

(culture, mass spectrometry, immune-associated antigen-antibody

detection and nucleic acid detection technology, etc.), mNGS is a

non-targeted, broad-spectrum pathogenicity screening technology,

which has been developed rapidly in recent years and has been

widely used in the precise diagnosis of infectious disease pathogenic

microorganisms, especially in the diagnosis of infections caused by

critical, difficult, rare, and new-emerging pathogens. Therefore, this

paper introduces the basic principles and sequencing platform of

mNGS, evaluates its strengths and weaknesses, summarizes its

applications in various organ system infections, and finally looks

forward to the future development.
2 Overview of mNGS

mNGS is a next-generation macro-genome-based sequencing

technology that enables rapid sequencing of nucleic acids in

samples (human and pathogenic microorganisms) and compare

them to human genome sequences and pathogenic microbial

genome sequences to learn the species and proportions of

microorganisms in the sample. It is a technique to obtain nucleic

acid sequences from samples (human and pathogenic
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microorganisms) by rapid sequencing on a second-generation

sequencing platform, and compare them with human genome

sequence libraries and pathogenic microorganism genome

sequence libraries to know the types and proportions of

microorganisms in the samples (Yi et al., 2024). It provided an

ideal approach for genomic analysis of all microorganisms in a

sample, not just those suitable for culture (Wooley et al., 2010).
2.1 Technical principle

The process of high-throughput sequencing of pathogens

consists of two main parts (Gu et al., 2019): the wet lab part

(laboratory testing) and the dry lab part (bioinformatic analysis).

The wet lab part includes sample collection, nucleic acid extraction,

library construction and high-throughput sequencing. The dry

experimental part includes quality control of data, removal of

human sequences, sequence comparison of microbial species

sequences, and analysis of drug resistance or virulence

genes (Figure 1).

mNGS is a NGS assay allowing for comprehensive detection of all

genes in all organisms in a given sample (Liu et al., 2024). It can be

used for bacterial, fungal, parasitic, and various viral infections and is

primarily a sequencing comparison process for nucleic acids extracted

from infected samples. Because of the different processes for targeting

deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) in nucleic

acids, an assessment should be made as to which method of testing to

use before finalizing the test. DNA testing is recommended when

infection by pathogens whose nucleic acids are DNA, such as bacteria,

fungi, DNA viruses, parasites, etc., is suspected; RNA testing is

recommended if RNA viral infection is suspected; and co-testing of

DNA and RNA is recommended if it is not possible to determine

which type of viral infection is involved. In addition, the diagnosis of

infectious diseases requires that specific samples must first be collected

from the site of primary infection before the samples can be

preprocessed (Gu et al., 2019). For example, bronchoalveolar lavage

fluid (BALF) and sputum are typically recommended for lung

infections, while cerebrospinal fluid (CSF) is recommended for CNS

infections. While library construction, sequencing, and bioinformatics

analysis are the same for different samples, pretreatment and nucleic

acid extraction vary depending on the sample source.
2.2 Sequencing platforms

The most commonly used mNGS sequencing platform is the

Illumina platform, which is based on the core principle of

sequencing by synthesis (SBS), which consists of four main steps:

DNA library construction, BALF fluid Flowcell adsorption, bridge

polymerase chain reaction (PCR) amplification, and SBS (Bentley

et al., 2008). Illumina’s sequencing principle of adding only one

deoxy-ribonucleoside triphosphate (dNTP) at a time makes it

possible to solve the problem of inaccurate sequencing due to the

polymerization of identical bases (e.g., when the DNA strand

contains repetitive sequences such as AAAAAAA). The
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sequencing principle of adding only one dNTP at a time makes

Illumina a good solution to the problem of inaccurate sequencing

due to the polymerization of the same base (e.g., when the DNA

strand contains repetitive sequences such as AAAAAA, most

sequencing platforms are prone to errors of over-reading or

under-reading one base). Currently, Illumina sequencing has an

error rate as low as 0.1% (e.g., HiSeq series), with base substitutions

being the main source of error.

The Thermo Fisher Ion Torrent next-generation sequencing

(NGS) platform is based on the principle of hydrogen ion

semiconductor sequencing for non-destructive high-throughput

sequencing of nucleic acid fragments. Using natural bases without

any artificial modification during the synthetic extension of the

nucleic acid chain, the ATGC base biosignal of the nucleic acid

fragment to be tested is quickly and accurately converted into digital

information by semiconductor technology. Without the need for

complex, expensive and environmentally demanding optical

detection and scanning imaging systems, and without the use of

artificially modified bases, the Ion Torrent platform is more cost-

effective, smaller, and faster than other sequencing technologies,

completing the sequencing of a single 200 bp sequence in 2 to

2.5 hours.

In 2016, Beijing genomics institute (BGI) announced the

BGISEQ-500 sequencing platform, which has a general NGS

workflow and stepwise sequencing program similar to that of the

Illumina series; however, the two templates are distinctly different
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(Goodwin et al., 2016). The follow-on DNA nanospheres

technology in the BGISEQ-500 platform, which is specifically

used for library preparation, is different from the library

construction protocol used in the Illumina series (Drmanac et al.,

2010). the BGISEQ-500 utilizes both single-end (SE) and paired-

end (PE) modes, comparable to the latest Illumina model, the

HiSeq4000. the BGISEQ-500 has published relatively high

throughput data, and may be suitable for high throughput

transcriptome studies.

Nanopore sequencing permits the inclusion of bacteria and

fungi with marker genes of different sizes in the same sequencing

library by detecting the electrical signals of DNA/RNA as it passes

through nanopore proteins (Han et al., 2024). Although nanopore

metagenome sequencing based on real-time analytical pathways

reduces the detection time to less than 6 hours, it still faces

challenges such as insufficient sensitivity, high sequencing errors,

and elevated detection costs.

In 2021, the Association of Biomolecular Resource Facilities

(ARBF) led an ABRF NGS Phase II study published in Nature

Biotechnology, based on multiple sequencing platforms from

Illumina, Pacific Biosciences, Thermo Fisher Scientific, Oxford

Nanopore Technologies, and Genapsys, The team sequenced the

same human genome family, three individual strains, and a mixture

of ten bacterial metagenomes in multiple laboratories based on

multiple sequencing platforms from Illumina, Pacific Biosciences,

Thermo Fisher Scientific, BGI, Oxford Nanopore Technologies, and
FIGURE 1

mNGS workflow in clinical application. CNS, Central nervous system.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1458316
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Zhao et al. 10.3389/fcimb.2024.1458316
Genapsys. The data from each platform were compared in a

comprehensive and systematic way to analyze the performance

differences and sequencing quality of each sequencing platform.

The data show that among the short-read-long sequencing

platforms, Illumina’s HiSeq 4000 and HiSeq X10 platforms

provide the most consistent and highest genome coverage, while

BGI’s BGISEQ-500 and MGISEQ-2000 platforms provide the

lowest sequencing error rate. Among the long read-length

sequencing platforms, the PacBio CCS has the highest reference-

based mapping rate and the lowest non-mapping rate. Both the

PacBio CCS and Oxford Nanopore’s PromethION, MinION

platforms show the best sequence localization performance in

both repeat sequence-rich regions and across homopolymer

assays. The NovaSeq 6000 uses the 2×250 bp read chemistry is

the most powerful instrument for capturing known insertion and

deletion (INDEL) events.
3 Advantages and limitations of mNGS
in clinical applications

3.1 Advantages of mNGS in
clinical applications

mNGS is increasingly recognized for its groundbreaking

capabilities in the field of infectious disease diagnostics. One of

the principal advantages is its comprehensive and unbiased

approach; it does not require prior hypotheses about which

pathogens might be present. This allows for the simultaneous

detection and identification of a wide array of pathogens—

including bacteria, viruses, fungi, and parasites——from a single

sample (Rodino and Simner, 2024). Firstly, it can identify nearly

any pathogen present in a sample without needing specific probes

or primers for each one. This is particularly beneficial for detecting

rare pathogens, those presenting atypically, or those for which no

targeted diagnostics exist. Secondly, it is especially useful for

diagnosing infections in immunocompromised patients, where

the range of possible infecting organisms is broader and often

includes lower common pathogens. Thirdly, it can detect genes

responsible for resistance to antimicrobials, providing crucial

information for guiding treatment decisions. Besides, Ithas the

advantage of timeliness compared to culture methods, which

typically take 2 - 3 days to obtain results, and even more than a

week for fussy bacteria, such as mycobacterium tuberculosis (MTB)

(Mu et al., 2021). The average turnaround time for conventional

mNGS is 48 hours (Han et al., 2019; Gu et al., 2021). One study

reported a turnaround time of only 6 hours for the detection of

pathogenic microorganisms using the mNGS technology on a

nanopore platform (Gu et al., 2021; Mu et al., 2021). Finally, It is

also highly effective in situations where patients have already been

treated with antibiotics, which can inhibit pathogen growth in

cultures and lead to negative results despite ongoing infection

(Zhang et al. , 2019). In summary, mNGS can provide

comprehensive and rapid results that can guide clinicians to more

precise and effective treatments.
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3.2 Limitations of mNGS in
clinical applications

First, mNGS is unable to determine whether the sequences it

detects are from live or dead pathogens, so it still does not solve the

perennial problem of identifying colonizing and pathogenic

pathogens. Thus, the detection of DNA only indicates what

organisms are present, not whether they are biologically active,

and even blood specimens is still unable to differentiate pathogenic

bacteria from transient bacteremia and from microbial nucleic acid

fragments contained in leukocytes. Perhaps the detection of RNA

would help in this regard, as the presence of RNA could indicate

that the organism is transcriptionally active (Liu et al., 2024). As a

result, mNGS cannot serve as first line diagnostic assay due to its

low sensitivity (Liu, 2024; Liu et al., 2024).

Second, it is limited to roughly determining the species of

pathogenic microorganism and estimating the approximate

proportion of microorganisms (quantifying pathogen reads as a

percentage of the total number of sequences reads). If the

pathogenic microorganism is a particularly small proportion of

the genus, it is highly unlikely to produce a negative result.

Therefore, a negative result may simply reflect a sample with a

high non-microbial nucleic acid component (denominator) and/or

a low microbial nucleic acid component (molecule), rather than a

lack of pathogens (Liu et al., 2024).

Third, some low levels of intracellular bacteria, e.g., MTB,

Legionella, Brucella, and fungi with thick cell walls will be

detected at lower rates (the latter require special treatment to

disrupt the cell wall and expose the DNA). Therefore, for all

types of pathogens, nucleic acid recoveries may not be equal

under the same DNA extraction technique. Therefore, different

extraction methods should be used to detect specimens of different

target microorganisms.

Fourth, there are no standardized procedures and standards to

avoid contamination of nucleic acids in the steps from specimen

collection to processing and the environment, so that the results of

different laboratories tend to be similar.

Fifth, the relatively short reading sequence (300 bp) of mNGS

makes it difficult to obtain the full-length sequence of drug

resistance genes, and it is not possible to correlate the drug

resistance genes with the corresponding microbial species. The

length of three-generation sequencing can reach 1200bp, which

can potentially cover the full length of drug-resistant genes, and is a

good help for the determination of drug-resistant genes.

Sixth, the positive controls should cover the range of

microorganisms likely to be encountered in blood samples, such

as: enveloped and non-enveloped viruses, RNA and DNA genomes,

Gram-positive and negative bacteria, mycobacteria and parasites.

However, we do not know in advance what pathogens are present in

the specimen to be tested. Negative controls are equally problematic

because the water and sample matrix do not adequately reflect the

background present in normal healthy blood (other) specimens.

Last but not least, interpreting the results generated by the

sequencing lab is one of the biggest headaches in mNGS clinical

practice today. Some institutions have implemented precision
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medicine teams-composed of microbiology, computational biology,

infectious disease, and other clinicians-to discuss results and

provide interpretation of results prior to reporting. This may be

the best option at this time. Furthermore, the expensive pricelimits

its widespread clinical use.
3.3 Comparison between mNGS and
targeted NGS

tNGS is a targeted high-throughput sequencing technology for

specific genes or genomes. tNGS, unlike mNGS, performs high-

throughput sequencing of only specific gene sequences, thereby

increasing detection sensitivity while eliminating interference from

host nucleic acids (Yi et al., 2024). tNGS is primarily designed for

the detection of dozens to hundreds of known pathogenic

microorganisms and their drug-resistant genes in a sample.

Depending on the enrichment strategy, there are two main

technical routes for tNGS enrichment: one is PCR amplicon

enrichment, i.e., enrichment of small viral genomes by PCR

amplification of viral genomes with hundreds to thousands of

base pairs using primers complementary to known nucleotide

sequences before NGS sequencing; Another type of enrichment is

hybridization-targeted probe enrichment, i.e., small RNA/DNA

probes that are usually first designed to be complementary to the

pathogen reference sequence (Pham et al., 2023; Chen et al., 2024;

Yi et al., 2024). Unlike methods based on specific PCR amplicons,

probe-targeted enrichment allows the entire genome to be covered

by overlapping probes that are used in a hybridization reaction to

capture complementary DNA sequences that bind to their

sequences (Chen et al., 2024). Thus, tNGS combines the

advantages of PCR and NGS.

A study conducted in 2003 on the molecular diagnosis of

infective endocarditis by PCR amplification and direct sequencing

of valvular tissue DNA can be considered a prototype of tNGS. Its

results showed significant concordance between tNGS results and

histopathologic evaluation, with concordance rates as high as 93.1%

(27/29) for positive samples and 92.9% (13/14) for negative samples

(Gauduchon et al., 2003). Several subsequent studies have validated

this finding (Marıń et al., 2007; Vondracek et al., 2011; Maneg et al.,

2016). However, relying solely on tNGS for clinical testing is not

advisable because of its occasionally limited predictive power for

negative samples (Maneg et al., 2016). In the challenge posed by the

COVID-19 pandemic, tNGS has been used for infectious disease

surveillance and genotyping (Cheng et al., 2023; Ramos et al., 2023).

In addition, Chao et al. reported the use of tNGS for pathogen

identification in patients with acute lower respiratory tract infections.

The positive rate of tNGS was as high as 95.6% based on the gold

standard sputum culture (Chao et al., 2020). Recent studies have also

reported the use of tNGS in the identification of rare pathogens,

including Legionella pneumophila, Chlamydia psittaci, Whipple’s

bacillus, Aspergillus fumigatus, and Cryptococcus neoformans (Du

and Chen, 2023; Li et al., 2023; Ren et al., 2023; Zhang et al., 2023). To

date, the value of tNGS has been demonstrated for clinical

applications in the areas of bloodstream infections, central nervous

system infections, and tuberculosis (Cabibbe et al., 2020; Deng et al.,
Frontiers in Cellular and Infection Microbiology 05142
2020; Mensah et al., 2020; Jouet et al., 2021; Mesfin et al., 2021; Chen

et al., 2022; Kunasol et al., 2022; Sibandze et al., 2022; Yang et al.,

2022; Jiang et al., 2023). tNGS cannot be run on its own, but is used in

conjunction with conventional assays. This approach may contribute

to an effective and accurate clinical diagnosis. By combining the

ubiquity of conventional testing with the high specificity and

sensitivity of tNGS, clinicians are better able to make a more

accurate diagnosis. This integrated diagnostic strategy may improve

patient prognosis through timely and appropriate therapeutic

interventions. In conclusion, tNGS may have a role in the diagnosis

of infectious diseases. By addressing the limitations of current assays,

tNGS could provide a more refined, accurate and comprehensive

approach to pathogen detection (Chen et al., 2024). In summary,

tNGS may bridge the diagnostic gap between traditional assays

and mNGS.

There are significant differences between mNGS and tNGS

(Table 1). Firstly, tNGS sequences only specific regions or specific

genes, usually for known genes, pathogens, or specific genomic loci,

i.e., this method requires the target sequence to be set before the

experiment begins. In contrast, mNGS sequencing is wide-ranging

and can sequence all DNA/RNA fragments in a sample without

bias. This means it can recognize all genomic information in the
TABLE 1 The comparison between mNGS and tNGS.

mNGS tNGS

Methodology

1 Direct extraction of
DNA/RNA
2 Without predefining
specific pathogens
3 High-throughput
sequencing

1 Targeted enrichment and
ultra-multiplex PCR
2 With predefining specific
pathogens
3 High-throughput
sequencing

Sequencing
Scope

Wide Narrow

Sample Size Small Small

Data Volume Large Small

Analysis
Complexity

Sophisticated Simpler

Sensitivity Normal High

Specificity Normal High

Cost and Time High and long Low and short

Flexibility Flexible Inflexible

Clinical
Application Time

Short Short

Application

Unknown pathogens:
1 Analysis of complex
microbial communities
2 Detection of infectious
diseases
3 Screening for drug
resistance genes

Known pathogens:
1 Genetic mutation
2 Genetic testing for genetic
diseases
3 Cancer genetic testing

Targeting
pathogens

Bacteria, viruses,
mycoplasma, etc.

Bacteria, viruses, fungi,
mycoplasma, etc.
mNGS, Metagenomic next-generation sequencing; tNGS, Targeted metagenomic next-
generation sequencing; DNA, Deoxyribonucleic acid; RNA, Ribonucleic acid; PCR,
Polymerase chain reaction.
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sample, including pathogens, human genome, microbiota, etc.

Therefore, tNGS possesses greater sensitivity and specificity but

poor flexibility. Secondly, tNGS is usually used for the detection of

known targets, such as gene mutation, genetic disease related gene

detection, cancer gene detection, etc. It is very effective for rapid and

precise detection of known pathogens, and is suitable for diagnosing

specific diseases or for personalized medicine. However, mNGS is

suitable for identification of unknown pathogens, analysis of

complex microbial communities, detection of infectious diseases,

and screening of drug resistance genes. Due to its extensive

sequencing capabilities, mNGS can be used clinically to discover

novel pathogens or complex sources of infection. Thirdly, the

results of tNGS are more direct and precise due to clear targeting,

relatively small amount of data, and simple analysis process. Its data

processing is faster and suitable for rapid response in clinical

diagnosis. On the other hand, mNGS is more complicated to

analyze due to the large amount of data generated and the

inclusion of a large amount of irrelevant information (e.g., host
Frontiers in Cellular and Infection Microbiology 06143
genes, environmental strays, etc.), which requires powerful

bioinformatics tools to filter and interpret the data, and the

process of data processing and analysis is time-consuming and

the results may have uncertainties. Finally, tNGS is less costly and

faster to analyze, making it suitable for diagnostics or research with

specific targets. In contrast, mNGS, due to its high coverage, is more

costly and relatively time-consuming, and is suitable for complex,

unresolved infection cases or studies that require extensive

exploration. In summary, tNGS is a targeted, low-cost sequencing

method for rapid and accurate detection of known targets, while

mNGS is a broad, unbiased sequencing method for identification of

unknown pathogens and analysis of complex environments.

In addition to tNGS, there are a variety of microbiological

testing methods available, each with its own advantages and

disadvantages, as shown in Table 2. In conclusion, mNGS is not

currently a replacement for current conventional microbiological

testing methods, but should be viewed as a complement to these

traditional methods.
TABLE 2 Comparison of testing methods for diagnosing infectious diseases.

Diagnostic test Advantages Disadvantages

Serology
1 Low cost
2 Suitable for acute infections

1 False-negatives
2 False-positives

Culture
1 Able to accommodate large sample volumes
2 Low cost
3 Wide range of applications

1 Sensitivity is limited by antibiotics and antifungal drugs
2 Sensitivity limited by picky microorganisms
3 Limited use in viral assays
4 Long time to produce results, especially in antacid and
fungal cultures

Microscopy and staining (eg,
Gram stain, auramine–

rhodamine, calcofluor-white)

1 Rapid
2 Low cost

1 Low sensitivity
2 Low specificity

Matrix-assisted laser
desorption/ionization time of-

flight mass spectrometry

1 High specificity
2 Rapid after culture

1 Requires culture-positive isolate

Direct PCR

1 Simple
2 Rapid
3 Low cost
4 Potential for quantitative PCR

1 Dependent on assumptions
2 Primers are not always effective
3 Limited to a small part of the genome

Multiplex PCR
1 Fast
2 Detect a wide range of microorganisms

1 Low specificity
2 False positives

Targeted universal multiplex
PCR (eg, 16S, ITS) for
Sanger sequencing

1 Ability to distinguish multiple species within a pathogen type
1 Primers are not always effective
2 Limited to a small part of the genome

Targeted universal
multiplex PCR (eg, 16S, ITS)

for NGS

1Ability to distinguish multiple species within a pathogen type
2 Multiplexing capability
3 Potential for quantitation

1 Primers are not always effective
2 Expensive
3 time consuming
4 Often requires more than one amplification
5 Limited to a small part of the genome

Amplicon sequencing

1 Bacteria, fungi
2 Low expenditure
3 Low biomass required, no host contamination
4 Low volume of data generated, easy to analyze
5 Reliable database

1 Not applicable to viruses
2 Low species resolution
3 Functional genes not available
4 Low biomass may lead to false negatives
5 Results of community diversity analyses varied across
variable regions

(Continued)
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4 Application of mNGS in infections in
different organ systems

4.1 Bloodstream Infections

The composition of causative organisms varies from sepsis to

sepsis; in recent years there has been an increase in the number of

cases of gram-negative, anaerobic and fungal sepsis, but gram-

positive organisms remain the most common (Zhou et al., 2016).

There is also a subset of culture-negative sepsis patients for whom

the causative organism remains undetermined. In patients with

severe sepsis, failure to diagnose the pathogen in a timely manner

can lead to receiving inappropriate and mismatched antimicrobials,

which in turn can lead to high mortality rates (Kumar et al., 2009;

Gupta et al., 2016). Traditional diagnostic methodologies for septic

pathogens encompass the cultivation and isolation of

microorganisms, serological detection of pathogen-specific

antibodies, antigen identification, and molecular characterization

through nucleic acid analysis, predominantly via PCR. Whereas

conventional molecular techniques often employ specific primers or

probes targeting a restricted array of pathogens, mNGS enable

comprehensive characterization of all DNA or RNA within a

sample. This approach facilitates a holistic analysis of the entire

microbiome and the human host’s genome or transcriptome in

clinical specimens (Wensel et al., 2022).

Multiple studies and case reports indicate that genomic DNA or

RNA fragments from pathogens involved in infections—whether
Frontiers in Cellular and Infection Microbiology 07144
circulating or non-circulating—can be detected as cell free DNA

(cfDNA) or cell-free RNA (cfRNA) in purified plasma (De Vlaminck

et al., 2015; Long et al., 2016; Gosiewski et al., 2017; Pan et al., 2017).

These findings demonstrate the potential of mNGS for rapid and

accurate identification of the pathogens responsible for sepsis (Abril

et al., 2016; Hong et al., 2018). Moreover, it can provide detailed

information on the abundance of pathogens and their genetic

relationships. This technology, therefore, offers significant

advantages in diagnosing and understanding the dynamics of

infections associated with sepsis (Hong et al., 2018). One study

showed that 76% of patients with positive routine blood cultures

tested positive for cfDNA mNGS, and only 4% of cfDNA mNGS did

not match routine bacterial cultures, and pathogens were accurately

determined by cfDNAmNGS combined with analysis of the patient’s

clinical presentation in 32.8% of patients with routine blood culture-

negative suspected bacteremia (Zhang et al., 2022). This suggests that

mNGS can diagnose pathogen infections more accurately than blood

cultures. Another study showed that the diagnostic sensitivity was

significantly higher than that of blood cultures, providing additional

useful information for the development of patient treatment plans

(Long et al., 2016). In summary, the advantages in the diagnosis and

therapeutic guidance of bloodstream infections are undeniable, as it is

effective in reducing the time required for pathogen identification

regardless of the microbial type and is less affected by antibiotic

administration (Abril et al., 2016). In addition, this method is highly

desired for patients infected with rare fungi, mycobacteria and

parasites (Miao et al., 2018). In addition, mNGS detects viral
TABLE 2 Continued

Diagnostic test Advantages Disadvantages

Targeted NGS

1 Suitable for initial screening of hospitalized patients
2 Unaffected by human genome and background flora
3 High ability to detect engulfed pathogens
4 High ability to detect drug resistance and virulence
5 Ability to add new targets according to clinical needs

1 Short clinical application time
2 Inability to recognize new pathogens
3 Incomplete database

mNGS

1 Identify viruses, fungi, archaea and protozoa
2 Timeliness
3 Without needing specific probes or primers for each one
4 It is especially useful for diagnosing infections in
immunocompromised patients
5 It can detect genes responsible for resistance to antimicrobials
6 It applies when you are already receiving antibiotics

1 High DNA quality requirement
2 Host contamination
3 Not easy to assembly and complex analysis process
4 False positive results
5 Expensive

2bRAD-M

1 High technical reproducibility
2 High species resolution
3 It can be used for low biomass, heavily degraded samples, high
host contamination samples
4 Simultaneous detection of bacteria, fungi and archaea
5 Host snp analysis, human genetic analysis
6 Microbial diversity analysis and host SNP analysis can be
combined for GWAS analysis

1 Expensive
2 It cannot detect small and short genes, such as viruses
3 It can do GWAS analysis, but the number of snp is low
Cannot recognize new pathogens

MobiMicrobe

1 Reliable genomes
2 High quality genome assembly
3 Precise genomic analysis at the strain level to discover new
uncultured strains
4 Mining inter-strain relationships to analyze horizontal gene
transfer
5 Single-cell level of host-phage binding

1 Low genome coverage of Gram-negative bacteria
PCR, Polymerase chain reaction; ITS, Internal transcribed spacer sequencing; NGS, Next-generation sequencing; mNGS, Metagenomic next-generation sequencing; DNA, Deoxyribonucleic acid;
SNP, Single nucleotide polymorphism; GWAS, Genome-wide association study.
frontiersin.org

https://doi.org/10.3389/fcimb.2024.1458316
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Zhao et al. 10.3389/fcimb.2024.1458316
infections or mixed infections and guides physicians in the correct

and targeted use of antibiotics for septic patients (Hu et al., 2018;

Wilson et al., 2018; Xing et al., 2019).
4.2 CNS infections

A variety of pathogenic microorganisms can infect the central

nervous system, often manifesting as meningitis, encephalitis and

abscesses, which may be life-threatening. However, routine

microbiological testing is often insufficient to detect all

neuroinvasive pathogens, especially rare ones. In addition,

obtaining relevant samples for detection of pathogenic pathogens

requires invasive procedures such as lumbar puncture or brain

biopsy, which are limited by the availability and volume of CSF or

brain tissue. As a result, the etiology of CNS infections is often

unspecified, which occurs in up to 50 per cent of encephalitis

(Glaser et al., 2003; Granerod et al., 2010). Numerous studies have

reported the use of mNGS in CSF and brain tissue to detect viruses,

bacteria, fungi, and parasites (Xing et al., 2020). In addition, it has

proven valuable in diagnosing subacute or chronic meningitis

(Wilson et al., 2018). Elevated CSF leukocyte and protein levels,

as well as a decreased percentage of glucose in the CSF may be

associated with an increase in mNGS detection of CNS infection

(Zhang et al., 2020b). A systematic review recommended NGS as a

first-line diagnostic test for chronic and recurrent infections and a

second-line technique for cases of acute encephalitis (Brown et al.,

2018). The detection rate is higher for diagnosing the CNS than

traditional pathogen diagnostic methods (Xing et al., 2020; Zhang

et al., 2020b). In addition, it may help to rule out active infection in

patients with suspected autoimmune encephalitis, providing

favourable information for clinicians’ judgement and reducing

concerns about missed microbial infections (Wilson et al., 2019;

Xing et al., 2020). mNGS results are less affected by the use of

antibiotics prior to the collection of CNS samples, and therefore the

technique has advantages over other methods for CNS in which

antibiotics have been administered (Zhang et al., 2019; Zhang et al.,

2020b). Studies have shown that it has high sensitivity, specificity

and positive predictive value (PPV) for the diagnosis of CSF

tuberculous meningitis (Wang et al., 2019). Indeed, the sensitivity

of mNGS was significantly higher than that of culture alone, and the

combination of mNGS with conventional methods significantly

increased the detection rate. mNGS also has value in identifying

complex and rare pathogens present in culture-negative and

unconfirmed cases. mNGS has been shown to be useful in

detecting the presence of microorganisms such as Listeria

monocytogenes, the species that cause brucellosis, Naegleria

fowleri, the parasites that cause neurocysticercosis, and Vibrio

traumaticus (Mongkolrattanothai et al., 2017; Fan et al., 2018b;

Fan et al., 2018a; Liu et al., 2018; Wang et al., 2018; He et al., 2019).

In CNS toxoplasmosis, it can help in the diagnosis when

Toxoplasma IgG is negative, CSF PCR is negative, imaging is

atypical, or there is a lack of response to anti-Toxoplasma

treatment (Hu et al., 2018). In addition, it can be used to

dynamically monitor disease progression by analysing semi-

quantitative values (Zhang et al., 2020b).
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However, mNGS has some shortcomings in diagnosing CNS.

While it frequently detects DNA viruses, particularly herpesviruses,

its ability to enhance the diagnosis of viral encephalitis and

meningitis has not shown significant improvement. One possible

reason for this limitation is the underrepresentation of RNA

detection methods in current mNGS protocols (Guan et al., 2016;

Tyler, 2018; Xia et al., 2019; Fang et al., 2020). Since RNA-based

mNGS has not been widely implemented, this restricts the detection

of RNA viruses, which are often significant causative agents of these

conditions. The lack of comprehensive viral RNA detection may

thus hinder the overall effectiveness in diagnosing these serious

infections (Xing et al., 2020). Besides, the detection rate of

pathogenic microorganisms by mNGS showed a decreasing trend

with the prolongation of treatment time (Ai et al., 2018).
4.3 Respiratory infections

Upper respiratory tract infections along with lower respiratory

tract infections are one of the common diseases and lead to

significant mortality (Milucky et al., 2020). Upper respiratory

tract infections along with lower respiratory tract infections are

one of the common diseases and lead to significant mortality.

Undoubtedly, identification and characterization of pathogens is

crucial for precise treatment of patients and improved prognosis.

However, in the clinical setting, pathogens are often not rapidly

identified, which leads physicians to use antibiotics only

empirically, which in turn leads to frequent and inappropriate use

of antibiotics, and which limits the sensitivity and reliability of

culture-based surveillance. mNGS can detect and characterize a

wide range of pathogens with relative rapidity and precision, which

can contribute to the timely and accurate treatment of lung

infections, especially for critically ill patients and patients with

mixed infections (Li et al., 2018; van Rijn et al., 2019; Wang et al.,

2019; Xie et al., 2019; Huang et al., 2020). In addition, compared

with traditional sputum culture or BALF culture, mNGS was able to

identify MTB, nontuberculosis mycobacteria (NTM), Nocardia, and

various Actinomycetes (Miao et al., 2018). For the diagnosis of

invasive fungi in the lungs, it is also helpful (Li et al., 2018; Wang

et al., 2019). The sensitivity in the diagnosis of mixed lung infections

and severe unresponsive pneumonia was evident (Li et al., 2018;

Wang et al., 2020). In the analysis of immunocompromised

patients, mNGS was even detected with 100% accuracy (Li et al.,

2020). Interestingly, it has been reported to be more specific than

BALF in transbronchial lung biopsy (TBLB) tissues; however, the

BALF assay has been shown to have higher sensitivity in the

diagnosis of peripheral lung infectious lesions (Liu et al., 2019). A

study showed that for bacteria and fungi, the positive detection rate

of mNGS was significantly higher than that of the culture method

(91.94% vs 51.61%, P < 0.001), especially for polymicrobial

infections (70.97% vs 12.90%, P < 0.001). Compared with the

culture method, the diagnostic sensitivity of mNGS was 100%, the

specificity was 16.67%, and the PPV and negative predictive value

(NPV) were 56.14% and 100%, respectively (Wang et al., 2024). In

addition, it more often detects NTM than MTB, Aspergillus or

Cryptococcus in BALF (Miao et al., 2018). For human
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immunodeficiency virus-infected (HIV-infected) patients with

suspected lung infections, it can quickly and accurately identify

the pathogens that cause lung infections (Hou et al., 2024). Patients

with corona virus disease 2019 (COVID-19) may be at increased

risk of developing fungal infections as well as concurrent bacterial

or viral infections, and mNGS could be a powerful tool for

identifying these infections (Huang et al., 2023). Another study

showed that BALF mNGS is a valuable tool for differentiating

between colonization and infection of Aspergillu (Jiang et al., 2024).
4.4 Digestive system infection

Although the study of the gut microbiome is a very popular and

relevant topic, the use of mNGS technology to diagnose related

infectious diseases such as diarrhea has been rarely reported. A case

report reporting a definitive diagnosis of Enterocytozoon bieneusi

microsporidiosis using mNGS suggests that in patients with

recurrent unexplained diarrhea with wasting associated with

hematological malignancies we should consider the possibility of

infection by atypical pathogens. mNGS can help to rule out

malignancy and diagnose infection (Zhou et al., 2022). A case

report of a definitive diagnosis of Encephalitozoon hellem (E.

hellem) infection by mNGS in a 9-year-old boy following

hematopoietic stem-cell transplantation (HSCT), which led to his

timely treatment with albendazole and eventual recovery from

reduced immunosuppressive therapy (Shang et al., 2024). A case

of Disseminated Talaromyces marneffei infection after renal

transplantation was also diagnosed and effectively treated by

mNGS (Xu et al., 2023). The use of mNGS to assist in the

diagnosis and treatment of severe Cryptosporidium infection was

reported (Liu et al., 2023; Shan et al., 2023). A patient with

diarrhoea was identified as having the causative pathogens MTB

complex and Leptospira spp. by mNGS of CSF, urine, plasma and

sputum clinical samples (Shi et al., 2022). In addition, some cases of

Disseminated histoplasmosis infection, Chlamydia psittaci infection,

Bunyaviridae virus infection and T. marneffei infection diagnosed

by mNGS have been reported (Chen et al., 2020; Wang et al., 2022;

Zhan et al., 2022; Zheng et al., 2023; Wang et al., 2024). Even, one

case reported misdiagnosed tuberculosis being corrected as

Nocardia farcinica infection by mNGS (Pan et al., 2021). These

suggest that mNGS can facilitate diagnosis and timely

therapeutic decisions.
4.5 Urinary tract infection

UTI is one of the most common infections, affecting 150 million

people worldwide each year. The most common cause of UTIs is

pathogens (mainly E. coli) in the feces that rise up the urinary tract

(Flores-Mireles et al., 2015). Urine culture is the gold standard for

the diagnosis of UTI. However, cultures need a long time with low

detection rates and limited diagnostic accuracy (Schmiemann et al.,

2010). Although PCR methods allow for the rapid detection of

pathogens, including non-culturable microorganisms, directly from

clinical samples as compared to urine cultures, PCR methods are
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limited to amplification of predetermined target species and do not

meet the diagnostic needs for microorganisms that cannot be

predetermined in advance (Smith and Osborn, 2009). The ability

of mNGS to detect microorganisms that cause UTIs quickly,

accurately, and without prior predetermination allows for the

identification of rare, complicated urinary tract infections and is

virtually unaffected by prior antibiotic exposure (Miao et al., 2018).

A study showed that based on the gold standard of routine culture,

mNGS had a sensitivity of 81.4%, a specificity of 92.3%, a PPV of

96.6%, a NPV of 64.9%, and an overall accuracy of 84.4%; while

when evaluated based on a composite standard, the sensitivity and

the specificity increased to 89.9% and 100%, respectively, and the

PPV was 100% and accuracy increased to 92.4% (Wang et al., 2023).

Another study shows mNGS-based targeted antibiotic therapy

significantly improves urinalysis and urinary symptoms in

patients (Jia et al., 2023). Besides, the role of it in the pathogen

diagnosis of urinary tract infections in patients after cutaneous

ureterostomy, recurrent urinary tract infections in renal transplant

recipients, and scrub typhus has been reported (Liu et al., 2021;

Duan et al., 2022; Huang et al., 2023). Consequently, mNGS is a

technique that offers significant advantages over culture, especially

in the case of mixed infections and urinary tract infections that are

difficult to diagnose and treat. It helps improve pathogen detection,

guides change in treatment strategies, and is a useful complement to

urine culture (Jia et al., 2023).
4.6 Bone and joint infection

BJI is very serious infection, especially periprosthetic joint

infection (PJI), and may even be life-threatening (Malizos, 2017).

PJI occurs most often after arthroplasty and multiple revision

surgeries. The key to the treatment of PJI is the definitive

diagnosis of the causative pathogen. Microbiological cultures are

still the primary method for diagnosing PJI, however negative

pathogen cultures are a great challenge for clinicians to make

treatment decisions (Parvizi et al., 2014; Ahmed and Haddad,

2019). PCR technology has been used to enhance the accuracy of

pathogen diagnosis, but it is unable to identify pathogens beyond

those that are pre-designed for the disease (Ryu et al., 2014;

Hischebeth et al., 2017; Villa et al., 2017). PCR of 16S ribosomal

RNA genes has the potential to detect the majority of bacteria but it

is not able to identify fungi or multiple microbial infections, nor is it

able to distinguish contaminating bacteria from true infecting

pathogens (Huang et al., 2018). However, mNGS can provide a

comprehensive microbial profile without targeted pre-amplification

(Huang et al., 2020). mNGS was reported to be able to identify

known pathogens in 94.8% of culture-positive PJI cases and new

potential pathogens in 43.9% of culture-negative infections

(Thoendel et al., 2018). In one study, in addition to the collection

of routine microbiological culture samples, some samples were

collected for intraoperative culture to optimize the culture

method based on the preoperative mNGS results. Preoperative

aspiration of synovial fluid detected by mNGS provides more

etiologic information than preoperative cultures, which can guide

the optimization of intraoperative cultures and improve the
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sensitivity of intraoperative cultures (Fang et al., 2021). Another

study evaluated the diagnostic value of mNGS using three types of

specimens, periprosthetic tissue, synovial fluid, and prosthetic

ultrasound-treated fluid, and concluded that it can be used as an

accurate diagnostic tool for the detection of pathogens in patients

with PJI in all 3 specimens, and that due to its excellence in

identifying pathogens, mNGS in artificial ultrasound fluid offers

the greatest value and may partially replace traditional tests such as

bacterial cultures in these patients (He et al., 2021).
4.7 Intra-abdominal infection

Intra-abdominal infection is one of the most common

postoperative complications of abdominal surgery. The incidence

of postoperative intra-abdominal infection (PIAI) is about 3-10%

(Sánchez-Velázquez et al., 2018). Intra-abdominal infections are

one of the most common postoperative complications of abdominal

surgery. The incidence of postoperative PIAI is about 3-10%.

Etiologic evidence remains key to the diagnosis of PIAI to date.

However, the diagnosis of causative microorganisms leaves much to

be desired (Zhu et al., 2023). First, traditional microbial culture

methods are inadequate for isolation of picky microorganisms and

anaerobes; second, certain microorganisms are often masked by

rapidly proliferating microorganisms, making them difficult to

identify; and third, empirical antibiotic treatment prior to sample

collection may compromise the sensitivity of culture methods.

Finally, traditional methods often take several days to produce

results, which may delay appropriate treatment and increase the

risk of antibiotic misuse. It was shown that the median sample-to-

answer turnaround time for mNGS was significantly lower

compared to culture-based methods (<24 h vs. 59.5-111 h). I was

detected in a much wider range of assays than culture-based

methods (Zhu et al., 2023).

For patients with abdominal sepsis, plasma mNGS can provide

early, noninvasive and rapid microbiologic diagnosis. It facilitates

rapid detection of pathogenic bacteria compared to traditional

peritoneal drainage (PD) smear, culture, and blood culture

methods. Paired plasma and PD fluid mNGS improves the

microbiologic diagnosis of acute intra-abdominal infections (IAI)

compared to microbiologic testing (CMT). The combination of

plasma and PD mNGS predicts poor prognosis. It optimizes the use

of empiric antibiotics (Li et al., 2022). Patients with spontaneous

bacterial peritonitis (SBP) usually receive only empiric antibiotic

therapy because pathogens can only be identified in a small number

of patients using conventional culture techniques. Compared with

conventional culture methods, mNGS improves the detection rate

of ascites pathogens (including bacteria, viruses, and fungi), and has

significant advantages in diagnosing rare pathogens and pathogens

that are difficult to culture; moreover, it may be an effective method

to improve the diagnosis of ascites infections in patients with

cirrhosis, to guide early antibiotic therapy, and to reduce

complications associated with abdominal infections, and relevant

cases have been reported (Li et al., 2022; Lei et al., 2023; Shi et al.,

2024). Infectious pancreatic necrosis (IPN)-associated pathogens

can be identified by plasma mNGS, which has more valuable
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diagnostic properties and a shorter turnaround time, and may be

useful for appropriate treatment (Hong et al., 2022; Lin et al., 2022).

mNGS assay improves the detection of pathogenic microorganisms

in PD-associated peritonitis, greatly reduces the time to detection,

and has good concordance with microbiologic cultures (Zhang

et al., 2023). mNGS is advantageous in diagnosing pathogens that

are difficult to culture (Ye et al., 2022). mNGS is recommended for

patients with PD-associated peritonitis who have received prior

antibiotic therapy (Nie et al., 2023).
4.8 Skin and soft tissue infection

The diversity of pathogens in skin and soft tissue infections

(SSTIs) and the tendency of clinicians to choose broad-spectrum

antibiotics increases the prevalence of drug-resistant pathogens, so

pathogen identification is important in the rational use of

antibiotics (Esposito et al., 2018). Traditional culture techniques

are time-consuming and less accurate, and even in many cases the

microbial etiology fails to be clearly diagnosed. mNGS has emerged

as a technology capable of more accurate diagnosis of pathogens. it

has been shown in one study to detect twice as many pathogens

compared to traditional culture (67.7% vs. 32.3%), with a

particularly high detection rate for anaerobic bacteria, viruses,

MTB, and NTM, and was superior in detecting viruses and rare

pathogens, even recognizing multiple pathogens in a single

specimen (Wang et al., 2020). In addition, positive results

significantly contribute to targeted antibiotic therapy and may

improve prognosis in the presence of negative culture results. It

overcomes the limitations of current diagnostic tests (as 16S rRNA

PCR) by allowing universal pathogen detection and new organism

detection without a priori knowledge of a specific organism.

However, in immunocompromised patients, it is less sensitive,

possibly due to lower bacterial load (Parize et al., 2017). In

conclusion, mNGS can reduce the time to pathogenic diagnosis of

SSTI cases and make it possible to give targeted antibiotic therapy in

the early stages of infectious diseases.
4.9 Intraocular infections

Intraocular infections are often caused by bacteria, fungi,

viruses, and parasites, and in some cases can lead to visual

impairment or even loss of vision due to poor diagnosis and

treatment (Durand, 2017; Dave et al., 2019; Li et al., 2020; Zhang

et al., 2020a; Fan et al., 2021). Although intraocular infections have

a lower mortality rate compared to other infections, they are still an

important cause of blindness (Durand, 2017; Ma et al., 2019). There

are a number of cases of intraocular infections that are treated

promptly, but the pathogen responsible for the intraocular infection

is not diagnosed in time and only antibiotics can be used

empirically, eventually leading to worsening of the infection and

necrosis of the eye. Instead, only empirical antibiotics can be used,

which ultimately leads to worsening of the infection and necrosis of

the eyeball, and ultimately the patient’s eyeball is removed (Tsai and

Tseng, 2001; Lu et al., 2016). Therefore, timely and accurate
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diagnosis and treatment have a crucial impact on the prognosis of

intraocular infections. The presence of immune privilege in the eye

and the blood-ocular barrier makes it difficult to detect intraocular

infection pathogens from the blood, so the ideal samples for

diagnosing intraocular infection pathogens are vitreous humor

(VH) and aqueous humor (AH) (Doan et al., 2016; Deshmukh

et al., 2019; Maitray et al., 2019; Li et al., 2020; Fan et al., 2021). The

sensitivity of the culture method is only about 40%, and PCR fails to

identify pathogens that are not set up for the test (Taravati et al.,

2013; Doan et al., 2016; Borroni et al., 2019; Borroni et al., 2022).

One study showed that the sensitivity of the mNGS using VH

samples had a sensitivity of 92.2% and an overall compliance rate of

81.3%, whereas mNGS using AH samples had a sensitivity of 85.4%

and an overall compliance rate of 75.4% (Qian et al., 2024). This

indicates that mNGS demonstrates high sensitivity and high overall

compliance in the diagnosis of intraocular infections.
5 Discussion

mNGS has not been in clinical use for a long time, but with the

rapid development of diagnostic molecular microbiology in recent

years, it has attracted extensive attention from laboratories and

clinics due to its advantages of short time-consumption and wide

detection range. Compared with traditional clinical microbiology

detection methods, it not only effectively improves the detection

rate of pathogenic microorganisms, but also makes up for the

shortcomings of traditional detection methods, especially in the

precise diagnosis and treatment of certain difficult and serious

infectious diseases. So far, although it has been applied in several

systemic infections and achieved remarkable results, it has not been

widely used in clinical practice because of some shortcomings.

Several findings demonstrate the potential benefits of adding it to

routine diagnostic workflows for the detection and discovery of rare

or novel pathogens, identifying key determinants of clinical benefit,

particularly in immunocompromised patients and individuals with

brain biopsies or fecal samples (Regnault et al., 2022; Fourgeaud

et al., 2023; Pérot et al., 2023; Riller et al., 2023; Fourgeaud

et al., 2024).

We think there is a long way to go before mNGS becomes a

routine test in the clinic. First, the detection of DNA can only

indicate which pathogens are present, not whether they are

surviving pathogens. it is also unable to differentiate between

pathogenic organisms and one-time bacteremia, so the inclusion

of the detection of RNA in mNGS is very necessary. Second, false-

negative results are easily produced when the proportion of

pathogenic microorganisms in the genus microbacterium is low,
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so the amounts of precise microorganisms rather than a general

determination of species is also in urgent need of improvement.

Furthermore, the accuracy can be improved by stipulating uniform

procedures and standards to avoid contamination of nucleic acids

during specimen collection, transportation, and standardized

testing. Finally, the future direction of mNGS is to build a

professional team of analysts and interpreters, and to ensure that

such a team is trained to a professional and uniform standard, so as

to ensure the objectivity and reliability of the result.

Although a great deal of work needs to be improved, we believe

that in the next few years, with the development of sequencing

technology, the cost and turnaround time of mNGS will continue to

decrease, the experimental process will be easy to manipulate, and

the whole process will be automated, and it will become an even

more mature method of detecting pathogens and play a historic role

in clinical diagnosis and treatment.
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Deep amplicon sequencing for culture-free prediction of susceptibility or resistance to 13
anti-tuberculous drugs. Eur. Respir. J. 57. doi: 10.1183/13993003.02338-2020

Kumar, A. (2014). An alternate pathophysiologic paradigm of sepsis and septic
shock: implications for optimizing antimicrobial therapy. Virulence. 5, 80–97.
doi: 10.4161/viru.26913

Kumar, A., Ellis, P., Arabi, Y., Roberts, D., Light, B., Parrillo, J. E., et al. (2009).
Initiation of inappropriate antimicrobial therapy results in a fivefold reduction of
survival in human septic shock. Chest. 136, 1237–1248. doi: 10.1378/chest.09-0087

Kunasol, C., Dondorp, A. M., Batty, E. M., Nakhonsri, V., Sinjanakhom, P., Day, N.
P. J., et al. (2022). Comparative analysis of targeted next-generation sequencing for
Plasmodium falciparum drug resistance markers. Sci. Rep. 12, 5563. doi: 10.1038/
s41598-022-09474-5

Lei, Y., Guo, Q., Liu, J., Huang, H., and Han, P. (2023). Staphylococcus cohnii
infection diagnosed by metagenomic next generation sequencing in a patient on
hemodialysis with cirrhotic ascites: a case report. Front. Cell Infect. Microbiol. 13,
1240283. doi: 10.3389/fcimb.2023.1240283

Li, Z., Breitwieser, F. P., Lu, J., Jun, A. S., Asnaghi, L., Salzberg, S. L., et al. (2018).
Identifying corneal infections in formalin-fixed specimens using next generation
sequencing. Invest. Ophthalmol. Vis. Sci. 59, 280–288. doi: 10.1167/iovs.17-21617

Li, Y., Deng, X., Hu, F., Wang, J., Liu, Y., Huang, H., et al. (2018). Metagenomic
analysis identified co-infection with human rhinovirus C and bocavirus 1 in an adult
suffering from severe pneumonia. J. Infect. 76, 311–313. doi: 10.1016/j.jinf.2017.10.012

Li, D., Gai, W., Zhang, J., Cheng, W., Cui, N., and Wang, H. (2022). Metagenomic
next-generation sequencing for the microbiological diagnosis of abdominal sepsis
patients. Front. Microbiol. 13, 816631. doi: 10.3389/fmicb.2022.816631

Li, H., Gao, H., Meng, H., Wang, Q., Li, S., Chen, H., et al. (2018). Detection of
pulmonary infectious pathogens from lung biopsy tissues by metagenomic next-
generation sequencing. Front. Cell Infect. Microbiol. 8, 205. doi: 10.3389/
fcimb.2018.00205

Li, B., He, Q., Rui, Y., Chen, Y., Jalan, R., and Chen, J. (2022). Rapid detection for
infected ascites in cirrhosis using metagenome next-generation sequencing: A case
series. Liver Int. 42, 173–179. doi: 10.1111/liv.15083
Frontiers in Cellular and Infection Microbiology 13150
Li, Y., Sun, B., Tang, X., Liu, Y. L., He, H. Y., Li, X. Y., et al. (2020). Application of
metagenomic next-generation sequencing for bronchoalveolar lavage diagnostics in
critically ill patients. Eur. J. Clin. Microbiol. Infect. Dis. 39, 369–374. doi: 10.1007/
s10096-019-03734-5

Li, S., Tong, J., Li, H., Mao, C., Shen, W., Lei, Y., et al. (2023). L. pneumophila
Infection Diagnosed by tNGS in a Lady with Lymphadenopathy. Infect. Drug Resist. 16,
4435–4442. doi: 10.2147/IDR.S417495

Li, J. J., Yi, S., and Wei, L. (2020). Ocular microbiota and intraocular inflammation.
Front. Immunol. 11, 609765. doi: 10.3389/fimmu.2020.609765

Liesenfeld, O., Lehman, L., Hunfeld, K. P., and Kost, G. (2014). Molecular diagnosis
of sepsis: New aspects and recent developments. Eur. J. Microbiol. Immunol. (Bp). 4, 1–
25. doi: 10.1556/EuJMI.4.2014.1.1

Lin, C., Bonsu, A., Li, J., Ning, C., Chen, L., Zhu, S., et al. (2022). Application of
metagenomic next-generation sequencing for suspected infected pancreatic necrosis.
Pancreatology. 22, 864–870. doi: 10.1016/j.pan.2022.07.006

Liu, B. M. (2024). Epidemiological and clinical overview of the 2024 Oropouche virus
disease outbreaks, an emerging/re-emerging neurotropic arboviral disease and global
public health threat. J. Med. Virol. 96, e29897. doi: 10.1002/jmv.29897

Liu, N., Kan, J., Cao, W., Cao, J., Jiang, E., Zhou, Y., et al. (2019). Metagenomic next-
generation sequencing diagnosis of peripheral pulmonary infectious lesions through
virtual navigation, radial EBUS, ultrathin bronchoscopy, and ROSE. J. Int. Med. Res. 47,
4878–4885. doi: 10.1177/0300060519866953

Liu, M. F., Liu, Y., Xu, D. R., Wan, L. G., and Zhao, R. (2021). mNGS helped diagnose
scrub typhus presenting as a urinary tract infection with high D-dimer levels: a case
report. BMC Infect. Dis. 21, 1219. doi: 10.1186/s12879-021-06889-9

Liu, B. M., Mulkey, S. B., Campos, J. M., and DeBiasi, R. L. (2024). Laboratory
diagnosis of CNS infections in children due to emerging and re-emerging neurotropic
viruses. Pediatr. Res. 95, 543–550. doi: 10.1038/s41390-023-02930-6

Liu, X., Wang, J., Liu, J., Li, X., Guan, Y., Qian, S., et al. (2023). Cryptosporidiosis
diagnosed using metagenomic next-generation sequencing in a healthy child admitted
to pediatric intensive care unit: a case report. Front. Cell Infect. Microbiol. 13, 1269963.
doi: 10.3389/fcimb.2023.1269963

Liu, P., Weng, X., Zhou, J., Xu, X., He, F., Du, Y., et al. (2018). Next generation
sequencing based pathogen analysis in a patient with neurocysticercosis: a case report.
BMC Infect. Dis. 18, 113. doi: 10.1186/s12879-018-3015-y

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, 365–371. doi: 10.1016/j.arcmed.2016.08.004

Lu, X.,Ng, D. S., Zheng, K., Peng, K., Jin, C., Xia,H., et al. (2016). Risk factors for endophthalmitis
requiring evisceration or enucleation. Sci. Rep. 6, 28100. doi: 10.1038/srep28100

Lucas, M. J., Brouwer, M. C., and van de Beek, D. (2016). Neurological sequelae of
bacterial meningitis. J. Infect. 73, 18–27. doi: 10.1016/j.jinf.2016.04.009

Ma, L., Jakobiec, F. A., and Dryja, T. P. (2019). A review of next-generation
sequencing (NGS): applications to the diagnosis of ocular infectious diseases. Semin.
Ophthalmol. 34, 223–231. doi: 10.1080/08820538.2019.1620800

Maitray, A., Rishi, E., Rishi, P., Gopal, L., Bhende, P., Ray, R., et al. (2019).
Endogenous endophthalmitis in children and adolescents: Case series and literature
review. Indian J. Ophthalmol. 67, 795–800. doi: 10.4103/ijo.IJO_710_18

Malizos, K. N. (2017). Global forum: the burden of bone and joint infections: A
growing demand for more resources. J. Bone Joint Surg. Am. 99, e20. doi: 10.2106/
JBJS.16.00240

Mancini, N., Carletti, S., Ghidoli, N., Cichero, P., Burioni, R., and Clementi, M.
(2010). The era of molecular and other non-culture-based methods in diagnosis of
sepsis. Clin. Microbiol. Rev. 23, 235–251. doi: 10.1128/CMR.00043-09

Maneg, D., Sponsel, J., Müller, I., Lohr, B., Penders, J., Madlener, K., et al. (2016).
Advantages and limitations of direct PCR amplification of bacterial 16S-rDNA from
resected heart tissue or swabs followed by direct sequencing for diagnosing infective
endocarditis: A retrospective analysis in the routine clinical setting. BioMed. Res. Int.
2016, 7923874. doi: 10.1155/2016/7923874
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Purpose: Varicella zoster virus-related encephalitis (VZV-RE) is a rare and often

misdiagnosed condition caused by an infection with the VZV. It leads to

meningitis or encephalitis, with patients frequently experiencing poor

prognosis. In this study, we used metagenomic next-generation sequencing

(mNGS) to rapidly and accurately detect and identify the VZV pathogen directly

from cerebrospinal fluid (CSF) samples, aiming to achieve a definitive diagnosis

for encephalitis patients.

Methods: In this retrospective study, we analyzed the clinical characteristics and

laboratory evaluations of 28 patients at the Harrison International Peace Hospital

in Hebei, China, between 2018 and 2024. These patients were diagnosed with

neurological disorders using mNGS techniques applied to CSF.

Results: In this cohort of 28 patients, 11 were females and 17 males, with a

median age of 65 (IQR: 42.3-70). VZV-RE presented with a range of clinical

manifestations, the most common being headaches (81.2%), fever>38°C (42.9%),

and vomiting (42.9%). Less frequent symptoms include personality changes

(10.7%), speech impairments (21.4%), cranial nerve involvement (21.4%), altered

consciousness (17.9%) and convulsions (3.6%). Herpes zoster rash was observed

in 35.7% of the cases. Neurological examination revealed nuchal rigidity in only 5

patients. CSF analysis indicated mild pressure and protein levels increase, with all

patients having negative bacterial cultures. Abnormal electroencephalogram

(EEG) findings were noted in 10.7% (N=3), and encephalorrhagia on Magnetic

Resonance Imaging (MRI) was observed in 3.6%. VZV-RE was confirmed through

mNGS analysis of CSF within three days of admission. All patients received

empiric treatment with acyclovir or valacyclovir, with 21.4% receiving

hormonotherapy, and 7.14% receiving immunoglobulin therapy. At the three-

month follow-up, 10.7% of the patients had persistent neurologic sequelae, and

the mortality rate was 3.6%.
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Conclusions: Performing mNGS on CSF offers a rapidly and precisely diagnostic

method for identifying causative pathogens in patients with VZV central nervous

system (CNS) infections, especially when traditional CNS examination results are

negative. Furthermore, the cases reported highlight the positive therapeutic

effect of ganciclovir in treating VZV infections.
KEYWORDS

varicella zoster virus, encephalitis, metagenomic next-generation sequencing,
cerebrospinal fluid, diagnose
1 Introduction

Varicella zoster virus (VZV), also known as human herpesvirus

type 3, is a highly contagious, neurotropic, double-stranded DNA

virus, with humans as its only natural host (Bhattacharya et al.,

2024). Following the initial infection, which may range from

asymptomatic to causing varicella or chickenpox, VZV remains

dormant in the sensory ganglia of cranial and spinal nerves

(Lewandowski et al., 2024). Reactivation of VZV can lead to

various clinical syndromes, most commonly herpes zoster,

characterized by a dermatomal vesicular rash and neuropathic

pain known as shingles. Additionally, VZV reactivation can

trigger neurological complications such as meningitis, encephalitis,

cerebellitis, and cranial nerve palsies (e.g., Ramsay-Hunt syndrome).

Moreover, it can lead to vasculopathy, myelopathy, and retinal

necrosis, underscoring the virus’s potential to affect multiple

nervous system regions (Kennedy, 2023). Reactivation can occur

in individuals with compromised immunity, such as the elderly or

immunosuppressed, potentially leading to secondary central

nervous system (CNS) infection.

Encephalitis has a high incidence and mortality rate. VZV is one

of the most frequent etiologic agent of encephalitis, with or without

associated herpes zoster rash (Mirouse et al., 2022). However, quick

and accurate pathogen identification is the key for prompt clinical

management (Chen et al., 2020). Cerebrospinal fluid (CSF) viral

nucleic acid detection, including Polymerase Chain Reaction (PCR)

and metagenomic Next-Generation Sequencing (mNGS), is

currently the primary method for the etiological diagnosis of viral

meningoencephalitis (Ramachandran and Wilson, 2020). However,

PCR has limitations in clinical practice, with the process of virus

isolation being labor-intensive, and there is a risk of missing

detections due to the specificity of primers (Han et al., 2023).

Broad-spectrum and unbiased metagenomic next-generation

sequencing (mNGS) is commonly used for the nucleic acid

detection of neurotropic viruses (Piantadosi et al., 2021). Since its

introduction in 2014, mNGS has revolutionized diagnosing CNS

infections, offering key advantages such as non-specific primer use,

rapid detection, and exceptionally high sensitivity, particularly

identifying previously unknown or infrequently encountered

pathogens. Its application in analyzing CSF has marked a
02154
transformative shift in infectious disease diagnostics. The ability

of mNGS to swiftly and accurately identify pathogens has

dramatically improved the accuracy and efficiency of clinical

diagnostics (Chen et al., 2024).

This study presents a summary of the characteristics of VZV-

RE and proposes a mNGS detection method capable of rapidly

and accurately identifying pathogens directly from CSF samples.

This approach has been meticulously designed and optimized to

address the challenges of diagnosing meningoencephalitis of

indeterminate etiology, representing a significant advancement

in clinical virology.
2 Materials and methods

2.1 Study design

This retrospective investigation was conducted at Harrison

International Peace Hospital in Hebei, China, from 2018 to 2024,

involving a total of 28 patients. The study population included

patients who tested positive for VZV in their CSF samples using

mNGS. Exclusion criteria: (1) Patients with concomitant central

nervous system tumors; (2) Patients with encephalitis due to

multiple pathogen infections; (3) Patients with autoimmune

encephalitis; (4) Patients with incomplete clinical data.

Subsequent follow-up evaluations were scheduled for the enrolled

participants at one and three months post-hospital discharge.

The study was approved and conducted under the supervision

of the Harrison International Peace Hospital Ethics Committee,

Hengshui, Hebei (approval number: 2023109).
2.2 Diagnostic criteria of CNS infection

Encephalitis is diagnosed in patients with an unexplained

altered mental state lasting more than 24 hours, accompanied by

fever over 38°C within 72 hours, new-onset seizures, focal

neurological signs, CSF pleocytosis, neuroimaging changes

suggesting encephalitis, and EEG abnormalities consistent with

the condition (Werner et al., 2016).
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2.3 Data collection

Collect the following data for all enrolled patients: demographic

information (age, gender), past medical history, history of alcohol use

and immunosuppressive factors. Record clinical manifestations,

physical examination findings, time from onset to lumbar puncture,

laboratory test results (including blood and cerebrospinal fluid

analysis). Obtain neuroimaging via computed tomography (CT) or

magnetic resonance imaging (MRI), moreover electroencephalogram

(EEG) results if performed. Analyze and assess the results of

metagenomic testing in cerebrospinal fluid. Additionally, track

treatment regimens(empiric antibiotics, antiviral medications,

corticosteroids, immunoglobulins), complications, clinical outcomes

(length of hospital stay, mortality), and follow-up results (sequelae).
2.4 mNGS of cerebrospinal fluid

All these patients underwent mNGS concurrently during their

first lumbar puncture examination. The mNGS of CSF was

meticulously carried out through the following streamlined process:

(1) Specimen Collection: A volume of 1-2 mL of CSF was collected

from patients via lumbar puncture, aliquoted into test tubes, and

immediately stored at –80°C for 30 minutes prior to being utilized for

mNGS. (2) Sample Extraction and Quality Control: Genomic DNA

was extracted from the CSF samples using a micro-sample genomic

DNA extraction kit (DP316, TIANGEN BIOTECH, Beijing, China).

The DNAwas then fragmented into 200-300 base pair (bp) fragments

using a DNA cutting ultrasonic disruptor (Bioruptor Pico,

Diagenode, Belgium). Following the quality control assessment of

fragment sizes with a 2100 Bioanalyzer, the concentration of the

DNA library was determined by quantitative PCR. (3) Library

Construction: DNA libraries were constructed through a series of

processes including end-repair, poly(A)-tailing, adapter ligation, and

PCR amplification. Roller amplification technology was employed to

amplify single-stranded circular DNA by 2–3 fold, resulting in the

formation of DNA nanospheres. (4) Sequencing: The DNA

nanospheres were loaded onto sequencing chips and sequenced

using the BGISEQ-50 sequencing platform at the Institute of

Medical Laboratory, Beijing Golden Key Gene Technology Co.,

Ltd., Beijing, China.

After the sequencing data underwent analysis and quality

control, reads characterized by low quality, low complexity, or a

length of less than 35 base pairs were discarded. The resulting high-

quality sequencing data were aligned against the BWA human

genome database. Subsequently, the remaining gene fragment

data were compared against a microbial gene database to identify

potential pathogenic microorganisms, including bacteria, viruses,

and fungi. The primary indicators for analysis were the type of virus

detected and the number of viral copy sequences. A positive result

was defined as the detection of more than one viral copy sequence in

the cerebrospinal fluid. All species included in the curated pathogen

reference databases were collected from books, such as the Manual

of Clinical Microbiology, Diagnosis and Illustration of Clinical

Microbiology, and NCBI RefSeq genome database(ftp://

ftp.ncbi.nlm.nih.gov/genomes/). Strictly only one typical high-
Frontiers in Cellular and Infection Microbiology 03155
quality representative strain whose genome sequence was

downloaded from the NCBI RefSeq genome database or NCBI

GenBank genome database was selected for each species. Currently,

our curated database contains 12895 bacterial genomes or scaffolds,

11120 whole genome sequences of viral taxa, 1582 whole genome

sequences of fungal taxa, 312 whole genome sequences of parasites,

184 mycoplasma and 177 mycobacterium.
2.5 Statistical methods

All data analyses were performed using SPSS 27.0 (IBM, Armonk,

NY, USA). Continuous data following normal distribution were

expressed as means ± standard deviations (Mean ± SD), while

non-normally distributed continuous data were represented as

medians with interquartile ranges (IQRs). Categorical variables

were shown as counts and percentages for each category.
3 Results

3.1 The characteristics of the patients

The clinical characteristics of these 28 patients (11 females and 17

males) with VZV-RE are summarized in Table 1. The patients had

underlying conditions such as diabetes, hypertension, and coronary

heart disease, totaling eight individuals, all of whom were

immunocompetent. Two patients had systemic lupus erythematosus

and rheumatoid arthritis, both of whom were on long-term treatment

regimens involving corticosteroids and immunosuppressive drugs,

who were identified as immunocompromised patients. There were

15 individuals ≥ 65 years of age with a median age of 65 (IQR: 42.3-70

years). VZV-RE presented with a range of clinical manifestations. A

herpes zoster rash was observed in 35.7% (N = 10), with 3 individuals

presenting with the rash prior to the onset of symptoms. The most

common neurological symptom was headache (81.2%, N = 22),

subsequently vomiting and fever > 38°C (42.9%, N = 12).

Additionally, some less common symptoms, such as personality

changes (10.7%, N=3) and convulsions (3.6%, N = 1) were also

observed. For other detailed information, refer to Table 1.
3.2 Diagnosis of VZV-RE through mNGS

We used CSF mNGS to identify the DNA sequence of VZV. The

patients’ lumbar puncture pressure values, laboratory evaluation,

clinical treatments and outcome are presented in Table 2. The

median CSF pressure was 150 mmH2O (IQR: 111.3-260mmH2O),

indicating a range of pressure values in the cohort. The CSF WBC

count was 109.5 × 106 cells/L (IQR: 31.3-315.3 cells/L). The median

CSF protein level reflecting significant variability. The CSF glucose

mainly within the normal range, though some values were near the

lower limit. All patients exhibited negative bacterial cultures, and no

Cryptococcus, Mycobacterium tuberculosis, or other specific

pathogens were identified upon examination. Abnormal

electroencephalogram (EEG) results were noted in 10.7% (N = 3) of
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the subjects, suggesting the presence of slow-wave activity or mild

abnormalities. Only one patient presented with hemorrhage involving

the temporal lobe and brainstem. All patients commonly received

empiric treatment with acyclovir or valacyclovir. Three individuals

were administered methylprednisolone, while one individual

was treated with dexamethasone for anti-inflammatory and

immunomodulatory effects. One of them combined received

immunoglobulin therapy for 5 days. Another patient received

immunoglobulin therapy alone for 3 days, due to the detection of

Gamma-Aminobutyric Acid antibodies receptor(GABAR) antibodies.

At the time of hospital discharge, one patient had died. The majority

of the remaining patients demonstrated full recovery during the

subsequent three-month follow-up. Nonetheless, two patients

persisted with symptoms of headache and dizziness. These

outcomes highlight the severity of the cases and the importance of

vigilant treatment and follow-up.

mNGS identified a number of pathogens with indeterminate

clinical significance. Apart from VZV, we detected Enterococcus

faecalis, Citrobacter koseri, Staphylococcus epidermidis,

Cutibacterium acnes, Micrococcus luteus, and Moraxella osloensis.

These findings, in conjunction with the patients’ clinical

presentations and laboratory tests, are considered background

contaminants without pathogenic significance. Additionally, some

patients had concurrent infections with Epstein-Barr virus (EBV),

Human Herpesvirus 6 (HHV-6), Hepatitis B Virus(HBV), and so on.
Frontiers in Cellular and Infection Microbiology 04156
However, a review of the clinical data for these subjects indicates that

these viral findings are unlikely to explain their clinical syndromes.
4 Discussion

Following primary infection, VZV may reactivate, causing

trigeminal neuralgia and painful dermatomal rashes characteristic

of Herpes Zoster, most commonly affecting the abdominal and

dorsal areas (Sun et al., 2024). Encephalitis and meningitis are the

most severe complications of VZV infection, typically occurring in

older individuals, those with compromised immune systems, and in

association with factors such as gender, concurrent malignancies,

and a history of solid organ transplantation (Yuan et al., 2023). The

clinical manifestations caused by VZV infection are varied, with

some patients presenting atypical symptoms. In our case series, the

primary symptoms included atypical presentations such as

headache, fever, and vomiting, along with mental disturbances,

dysarthria, and cranial nerve damage. The absence of a rash or its

delayed appearance months after the onset of symptoms leads to

misdiagnosis, complicating accurate diagnosis (Dulin et al., 2024).

Although reactivation of VZV is more commonly reported in the

elderly (Deobhakta and Gilden, 2024), in our study, one patient was

a 15-year-old immunocompromised individual with systemic lupus

erythematosus (SLE) undergoing steroid therapy. Additionally, five

cases (17.9%) involved patients under 50-year-old, none with

immunosuppressive conditions or extraordinary medical history.

These patients presented with VZV meningitis without a rash,

suggesting that VZV reactivation can occur in immunocompetent

young individuals, potentially spreading directly to the

leptomeninges and causing aseptic meningitis. This observation
TABLE 2 Laboratory evaluation and clinical outcome.

Laboratory features N (%)

CSF pressure (mmH2O), median (IQR) 150 (111.3, 260)

CSF WBC (×106 cells/L), median (IQR) 109.5 (31.3, 315.3)

CSF protein (0.15-0.45mg/dl), median (IQR) 0.78 (0.61, 1.431)

CSF glucose (2.5-4.5mg/dl), median (IQR), median (IQR) 3.33 (2.78, 3.99)

CSF Chloride (120-130mmol/L), means ± standard 121.15 ± 3.69

Negative bacterial culture 28 (100)

Abnormal electroencephalogram 3 (10.7)

Encephalorrhagia 1 (3.6)

Empiric treatment with acyclovir/valacyclovir 28 (100)

Hormonotherapy 6 (21.4)

Immunoglobulin 2 (7.14)

Neurologic sequelae at 3 months* 3 (10.7)

Death 1 (3.6)
IQR, Interquartile range; *Defined as non-resolution of neurologic signs and symptoms, or
general deterioration; CSF, Cerebrospinal fluid; WBC, White blood cells.
TABLE 1 Clinical and epidemiological characteristics of patients with
neurological symptoms and VZV-mNGS-positive CSF (N=28).

Characteristic N (%)

Female sex 11 (39.1)

Age (years), median (IQR) 65 (42.3, 70)

Underlying diseases 10 (35.7)

Immunosuppressive agents 1 (3.6)

Time from neurological symptoms onset, days, means
± standard

5.1 ± 3.5

Time from onset to lumbar puncture, days, means ± standard 6.5 ± 3.8

Time from onset to medication, days, means ± standard 5.6 ± 3.6

Fever>38°C 12 (42.9)

Headache 22 (81.2)

Herpes zoster rash 10 (35.7)

Vomiting 12 (42.9)

Personality changes 3 (10.7)

Speech impairment 6 (21.4)

Disturbance of consciousness 5 (17.9)

Cranial nerve involvement 6 (21.4)

Convulsions 1 (3.6)

Meningeal irritation 5 (17.9)
IQR, interquartile range.
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aligns with the findings by Lee et al (Lee et al., 2021). The only fatal

case involved a 75-year-old female with a history of diabetes and

coronary heart disease. Despite long-term treatment for these

chronic conditions, her immune function was normal. She was

admitted with fever and mental disturbances and was initially

suspected of having diabetic ketoacidosis due to elevated ketone

bodies. After corrective treatment, the patient remained comatose

with worsening hypoxemia. Brain MRI revealed bilateral temporal

lobe necrotic foci with hemorrhagic transformation. Routine CSF

analysis suggested viral encephalitis and VZV-RE was confirmed

through mNGS of the CSF. Despite a month of antiviral therapy in

combination with corticosteroids and immunoglobulins, the patient

remained unconscious and ultimately died from multiple organ

dysfunction and respiratory failure. This case highlights that

prognosis is closely linked to age, underlying conditions, and the

presence of cerebral hemorrhagic complications. Patients with

diabetes are predisposed to diabetes-related cerebrovascular issues

and tend to have poorer vascular health. Moreover, VZV-RE in

elderly patients is associated with an elevated risk of cerebral

hemorrhage, which significantly worsens outcomes. The

involvement of cortical hemorrhage in VZV-RE may indicate a

poor prognosis. Early recognition and prompt antiviral therapy are

crucial for improving patient outcomes. Previous studies have

shown that VZV reactivation can spread axonal spread along

cranial nerve ganglia, infecting arterial adventitia and leading to

vasculitis. Cerebral hemorrhage contributes to a 60% mortality rate

in such cases (Wu et al., 2022).

In this study, all patients underwent lumbar puncture, revealing

an inflammatory response with elevated WBC count of CSF. This

confirmed the diagnosis of infectious meningitis despite negative

Gram stain, India ink staining, acid-fast staining as well as CSF

culture results. Conventional diagnostic methods often present

challenges in identifying the causative agents of encephalitis.

Although PCR detection of VZV in CSF is the gold standard for the

diagnosis of VZV-RE (Kriger et al., 2024). In contrast, mNGS

technology allows for the direct detection of pathogenic

microorganisms from brain tissue and CSF, significantly reducing

diagnostic time, particularly for patients with relapsing encephalitis.

Even with extensive clinical laboratory testing, approximately 60% of

acute meningoencephalitis cases remain undiagnosed regarding

etiology (Wang et al., 2022). Although we did not perform PCR

validation, there is literature supporting that CSF VZV-specific PCR

may not increase the sensitivity for diagnosing VZV CNS infections

when mNGS is conducted on CSF samples. CSF mNGS is the most

sensitive microbial test for diagnosing VZV central nervous system

infections and can unexpectedly identify pathogens that traditional

diagnostic tests fail to detect (Zhu et al., 2021). Recently, mNGS has

been utilized as a powerful tool for detecting pathogens in CNS

infectious, particularly in cases involving latent or chronic viral

infections such as those caused by the Herpesviridae family. This

technology, with its unique ability to reduce diagnostic time to within

three days (Zhang et al., 2024), was applied to all patients in our study

within three days of admission. This rapid turnaround time

underscores the pivotal role of mNGS in identifying pathogenic

CNS infections, thereby underlining the significance of the technology.
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mNGS provides the ability to identify pathogens within prior

knowledge of the target. Theoretically, with sufficiently long read

lengths and multiple hits to the microbial genome, NGS can

accurately pinpoint the causative pathogen. Our study detected

many unique reads corresponding to neurotropic viral genomes in

the patient’s CSF. The advancement and application of mNGS have

given medical laboratory technicians an unprecedented ability to

identify the pathogens responsible for encephalitis, as mNGS detects

pathogens in a target-independent manner. This technology has the

potential to drastically reduce the time required for diagnosis (Wang

et al., 2020). Although mNGS is a high-cost test that requires

specialized equipment and laboratory infrastructure, which may

limit the widespread adoption of this technology. Concurrently, the

costs associated with this testing are decreasing annually due to

continuous technological improvements. It is anticipated that in the

near future, the costs will be within a reasonable range, facilitating its

broader application in clinical settings.

We acknowledge several limitations in our study. The sample size

was insufficient for epidemiological analysis and group comparisons.

All subjects underwent mNGS testing only, without PCR

confirmation. Further research on VZV-RE is necessary, with an

emphasis on expanding the sample size and thoroughly analyzing the

clinical and imaging characteristics to facilitate early diagnosis and

treatment and ultimately improving patient outcomes.
5 Conclusion

The clinical manifestations of VZV-RE are varied, and VZV

reactivation causing aseptic meningitis in immunocompetent adults,

with or without herpes zoster, is more common than previously

recognized. Prognosis tends to be worse in elderly patients,

particularly those with cerebral hemorrhage. This study emphasizes

the feasibility of using mNGS on CSF as a diagnostic tool for CNS

infections. In theory, unbiased NGS can identify all potential pathogens

in a single test, which is highly significant for providing rapid, accurate

diagnosis and facilitating targeted antimicrobial treatment.
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Background: Cancer patients are highly susceptible to infections due to their

immunocompromised state from both the malignancy and intensive treatments.

Accurate and timely identification of causative pathogens is crucial for effective

management and treatment. Targeted next-generation sequencing (tNGS) has

become an important tool in clinical infectious disease diagnosis because of its

broadmicrobial detection range and acceptable cost. However, there is currently

a lack of systematic research to evaluate the diagnostic value of this method in

cancer patients.

Methods: To evaluate the diagnostic value of tNGS for cancer patients with

pneumonia, a retrospective analysis was conducted on 148 patients with

suspected pneumonia who were treated at the Henan Cancer Hospital. The

tNGS results were compared with conventional microbiological tests (CMT) and

clinical diagnoses based on symptoms and imaging studies to assess the

diagnostic performance of tNGS in cancer patients with pneumonia.

Results: Among these 148 patients, 130 were ultimately diagnosed with

pneumonia. tNGS demonstrated significantly higher sensitivity (84.62% vs.

56.92%) and diagnostic accuracy (85.81% vs. 62.16%) compared to the CMT

method. The tNGS method identified more pathogens than CMT method

(87.50% vs 57.14%), regardless of whether they were bacteria, fungi, or viruses,

primarily due to its broader pathogen detection range and higher sensitivity

compared to the CMTmethod. tNGS had significantly higher diagnostic accuracy

for Pneumocystis jirovecii and Legionella pneumophila than the CMT method,
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but for most pathogens, tNGS showed higher sensitivity but with a

correspondingly lower specificity compared to CMT.

Conclusion: tNGS demonstrates higher sensitivity and a broader pathogen

detection spectrum compared to CMT, making it a valuable diagnostic tool for

managing pneumonia in cancer patients.
KEYWORDS

targeted next-generation sequencing, pathogen, cancer patients, CMT, pneumonia
1 Introduction

Cancer patients are highly susceptible to infections due to their

immunocompromised state, which results from both the

malignancy and the intensive treatments they undergo. Accurate

and timely identification of the causative pathogens is crucial for the

effective management and treatment of these infections. Traditional

diagnostic methods, such as blood cultures, often have significant

limitations, including low sensitivity (Babady, 2016), limited scope

of pathogen detection (Hill et al., 2024; Rodino and Simner, 2024)

and prolonged turnaround times. These limitations can delay

appropriate treatment and negatively impact patient outcomes

(Deng et al., 2022; Gu et al., 2023).

Multiplex polymerase chain reaction(PCR) is a commonly used

molecular detection technique in clinical settings. Its ultra-high

sensitivity provides support for precise clinical diagnosis (Hou et al.,

2020; Zhang et al., 2022). However, considering its limited target

coverage, the clinical application is somewhat restricted. Next-

generation sequencing (NGS) has emerged as a powerful tool in

the detection of infectious agents. Metagenomic NGS(mNGS) has

garnered significant clinical acclaim in recent years, offering the

unprecedented ability to detect all nucleic acids in a sample without

prior assumptions (Chiu and Miller, 2019). Numerous studies have

demonstrated that mNGS far surpasses traditional diagnostic

methods in terms of diagnostic value for infections (Liang et al.,

2022; Serpa et al., 2022; Fourgeaud et al., 2024). However, the cost of

over 500 USD per test has led to its recommendation primarily for

the diagnosis of critically ill patients.

As the new favorite in clinical settings following metagenomic

NGS (mNGS), the clinical performance of tNGS has been

demonstrated through several studies. In the diagnosis of

respiratory tract infections, the diagnostic performance of tNGS is

comparable to that of mNGS, but the cost is less than half (Wei

et al., 2024; Zhang et al., 2024). In patients with lower respiratory

tract infections and pneumonia, tNGS has shown better sensitivity

than traditional methods and has diagnostic value comparable to

that of mNGS (Gaston et al., 2022; Li et al., 2022; Zhang et al., 2023;

Zhang et al., 2024), but its specific application in the context of

cancer patients warrants further investigation. This population
02160
presents unique challenges, such as a higher prevalence of

opportunistic infections (Deng et al., 2023) and the presence of

non-pathogenic microorganisms that may complicate the

interpretation of sequencing results.

In this study, we aim to evaluate the diagnostic performance of

tNGS in cancer patients with pneumonia. We compared tNGS

results with those obtained from conventional microbiological tests,

and a clinical diagnosis to assess its sensitivity, specificity, and

accuracy. Furthermore, we have analyzed the pathogen spectrum

detected by tNGS in this patient population. Through this

comprehensive analysis, we hope to elucidate the potential of

tNGS as a reliable and efficient diagnostic tool for managing

infections in cancer patients.
2 Methods

2.1 Sample enrollment and
microbiology testing

To evaluate the diagnostic performance of tNGS in pneumonia of

cancer patients, a retrospective study was conducted, enrolling 237

cancer patients with suspected pneumonia who had undergone tNGS

testing at the Henan Cancer Hospital from April 2022 to April 2024

(Figure 1). Clinical information and biochemical indicators were

collected through the hospital’s electronic medical record system, and

ultimately, 148 patients with complete clinical information and

diagnostic outcomes were included in the analysis. Patients were

eligible for enrolment if they (1) were at least 18 years of age; (2) were

undergoing cancer treatment; (3) had suspected pneumonia. Patients

with suspected pneumonia met both of the following criteria: (1) at

least one compatible symptom, such as new-onset fever, cough, or

dyspnea; (2) new-onset radiological findings on chest images.

This study received approval from the Ethics Committees to

ensure compliance with ethical guidelines. Patients’ identification

remained anonymous throughout the study, and informed consent

was waived due to the retrospective and observational nature of the

research. All samples were aliquoted into 1ml portions and stored at

-80°C after clinical collection.
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2.2 Conventional microbiological tests

All CMTs were performed on every sample, except for viral

PCRs, which were performed at the clinician’s discretion. A total of

148 patients underwent BALF sampling, from which a portion was

aliquoted for testing by tNGS. Additionally, this BALF was

subjected to CMTs alongside other relevant samples, such as

blood and urine. The CMTs encompassed a range of diagnostic

methods including culture, antigen detection, multiplex PCR, and

Xpert PCR assays.
2.3 tNGS workflow for BALF

tNGS was performed once the sample was obtained. As

previous reported (Wei et al., 2024; Zhang et al., 2024), BALF

samples with high viscosity were diluted 1:1 with 0.1 M

dithiothreitol before nucleic acid extraction. A volume of 400mL
of BALF, lysis buffer, protease K mixture, binding buffer, and 1.2 g

glass bead were agitated vigorously at 4500 rpm for a total of 130 s

by FastPrep-24™ 5G Instrument (MP Biomedical, CA, USA).

Nucleic acid extraction was performed using the VAMNE

Magnetic Pathogen DNA/RNA kit (Vazyme, Nanjing, China).
Frontiers in Cellular and Infection Microbiology 03161
Then, the RNA was reverse-transcribed into cDNA using Hieff

NGS® ds-cDNA Synthesis Kit (Yeasen, Shanghai, China). Nucleic

acids were quantified using a Qubit 3.0 fluorometer. A549 human

cells (GenePlus, Suzhou, China) were used as negative controls

(NTC) to detect contamination, and A549 human cells spiked with

Staphylococcus aureus (BeNa Culture Collection, Beijing, China)

were used as positive controls (PTC). Following extraction, cDNA

synthesis and library preparation were performed with the

HieffNGS®C37P4 One PotcDNA&gDNA Library Prep Kit

(Yeasen, Shanghai, China). Then, the cDNA was taken through

library enrichment with NadPrep® NanoBlockers (Nanodigmbio,

Nanjing, China) reagents to generate the product for targeted

sequencing. Eight uniquely barcoded libraries were pooled to

hybridize and capture by specific biotinylated probes for 4 hours

using Geneplus design probes. Products were quantified with a

Qubit 3.0 instrument using DNA HS Assay Kit (Vazyme, Nanjing,

Jiangsu, China). Products were stored at −20°C until Sequencing.

After library construction, sequencing was performed on the Gene

+seq 100 platform(GenePlus, Suzhou, China). The sequencing read

length was set to 100 base pairs (bp), with a preset data of 5 million

reads. Clean reads were obtained by removing sequencing adapters,

low-quality reads, or reads below 35 bp using fastp (version 0.23.1).

The remaining reads were aligned to the human reference (hg38)
FIGURE 1

Flowchart of samples analyzed by tNGS. We conducted a retrospective analysis of eligible patients and ultimately included 148 participants. Patients
were divided into pneumonia and non-infection groups based on their final clinical diagnoses to explore the diagnostic performance of tNGS.
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using Burrow-Wheeler Aligner (version 0.7.12-r1039) and human

reads were filtered. The filtered reads were compared with the self-

built pathogenic microorganism database, and the retained results

were annotated. Microbial reads within the target range were

normalized to reads per million (RPM), and only microorganisms

above a predefined threshold were initial reported in this study. The

threshold was set at RPM ≥6 for common pathogens (excluding

mycobacteria) and ≥0.5 for fungi and mycobacteria. A manual

review is conducted. The common colonizing microorganisms

within the respiratory tract target range was reported separately

from other microorganisms in different sections to avoid interfering

with clinical judgment (Li et al., 2023; Zhang et al., 2024).
2.4 Clinical diagnosis as the
reference standard

Two physicians with extensive clinical experience, each having

worked in the respiratory department for over 5 years,

independently reviewed all inpatient medical information and

microbiological test results of the patients, including tNGS.

Initially, they determined whether the patients had infectious

diseases. Subsequently, they identified the pathogenic

microorganisms based on clinical manifestations, laboratory tests,

imaging examinations, microbiological test results (including CMT

and tNGS), and treatment responses. Discrepancies between the

two reviewers were first resolved through in-depth discussions; if

consensus could not be reached, another senior reviewer

was consulted.
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2.5 Statistical methods

For continuous variables, report as the median and interquartile

range (IQR). Categorical variables are represented by frequency and

percentage. Inter-group comparisons are made using the unpaired

t-test or the Mann-Whitney U test. For comparisons between

groups of categorical variables, the chi-square test is used. In

evaluating diagnostic performance, sample consistency is judged

by referring to previous studies (Blauwkamp et al., 2019); partial

pathogen consistency is considered as consistent. In the calculation

of diagnostic performance, sensitivity, specificity, and accuracy are

computed using the standard proportion formula, and the 95%

confidence intervals for these proportions are determined using the

Wilson method. To compare the differences in diagnostic

performance and analyze diagnostic accuracy between two

groups, a t-test can be employed.

All figures were drawn using GraphPad Prism version 9.5.0

(GraphPad Software LLC., San Diego, CA, USA). All analyses were

performed with SPSS version 26.0 (SPSS Inc., Chicago, Illinois,

USA) (Blauwkamp et al., 2019). A p-value less than 0.05 was

considered statistically significant.
3 Results

3.1 Patient characteristics

A total of 237 patients with suspected pneumonia were

considered for inclusion. Of these, 89 patients were excluded, some
TABLE 1 Baseline characteristics of the 148 patients enrolled.

Characteristic Number (n = 148)
Pneumonia
(n=130)

non-infection
(n=18) p value

Median age, years 61(16-83) 60(16-81) 66(41-83) 0.122

Gender, n(%) 0.928

Male 89 (60.14) 78(60.00) 11(61.11)

Female 59 (39.86) 52(40.00) 7(38.89)

Laboratory findings

WBC (109/L), median (IQR) 7.41 (5.75, 10.56) 7.49(5.73, 10.76) 6.41(5.58, 9.25) 0.609

NEUT%, median (IQR) 73.44 (63.21, 82.63) 73.44(63.35, 83.45) 67.75(61.20, 80.13) 0.371

LYM%, median (IQR) 17.42 (8.97, 27.82) 16.52(8.65, 27.65) 19.95(10.55, 28.925) 0.446

CRP(nmol/L),median (IQR) 87.88(49.31, 158.13) 89.32(51.22, 153.33) 86.13(48.34, 153.27) 0.433

PCT(ng/mL),median (IQR) 1.41(0.48,5.32) 1.57(0.46, 5.77) 1.26(0.37, 5.21) 0.189

Cancer types, n(%)

lung cancer 103 (69.59) 98(75.38) 15(83.33) 0.238

hematological malignancies 27 (18.24) 27(20.77) 0(0) 0.03

gastrointestinal cancer 13 (8.78) 11(8.46) 2(11.11) 0.709

other cancers 5 (3.38) 4(3.08) 1(5.56) 0.585
IQR, interquartile range; WBC, White blood cell; PCT, procaicitonin; CRP, C-reactive protein; LYM, Lymphocyte; NEUT, Neutrophil. Other cancer types included two patients with ovarian
cancer, two with breast cancer, and one with bladder cancer.
Bold formatting is used to denote the primary groupings.
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because they were ultimately diagnosed as non-cancer patients, and

others due to insufficient data for further analysis. One hundred and

forty-eight patients met the criteria and were included in the final

analysis. This group comprised 60.14% male patients. The patients

were primarily composed of three types of cancer patients, with lung

cancer accounting for 69.59%, hematological malignancies

accounting for 18.24%, and gastrointestinal cancer accounting for

8.78%. Additionally, there were 5 patients mainly with ovarian,

bladder, and breast cancer (Table 1). When comparing pneumonia

and non-infection patients, no significant differences in

characteristics were observed between the two groups. However,

the proportion of hematological malignancies was higher in the

pneumonia patient group.
3.2 Clinical diagnostic performance of
tNGS and CMT

In the clinical diagnosis, 130 patients were confirmed to have

infections, while 18 patients were non-infectious. tNGS identified

110 infected patients and found no microorganisms in 17/18 non-

infectious patients, ultimately showing a sensitivity of 84.62% and a

specificity of 94.44%, with a diagnostic accuracy of 85.81%

(Table 2). The sensitivity of CMT in diagnosing was 56.92%, with

a specificity of 100%, and a diagnostic accuracy of 62.16%. The

diagnostic accuracy of tNGS was significantly higher than that of

the CMT method. This was mainly because tNGS had significantly

higher sensitivity for fungal and bacterial infections compared to

the CMT method (p<0.0001). However, due to the excessive

sensitivity of tNGS, there was no significant difference in accuracy

between tNGS and CMT for bacterial and fungal infections. In

terms of viral infections, PCR, as the diagnostic standard, had a
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higher diagnostic accuracy than the tNGS method. Nevertheless,

the broader coverage of viruses by tNGS provided better sensitivity.

Therefore, tNGS was a more sensitive method than CMT overall.
3.3 Pathogens identification performance
of tNGS

The study further explored the diagnostic accuracy of the targeted

Next-Generation Sequencing (tNGS) method for various pathogens.

Ultimately, 168 pathogens were identified in these patients. Of these,

tNGS identified 147(87.50%), while CMT identified 96(57.14%). The

tNGS method detected a significantly higher number of pathogens

compared to CMT (p<0.0001), including bacteria, fungi, and viruses

(Figure 2A). A further comparison of the pathogen distribution

profiles revealed that tNGS had higher sensitivity for detecting

Pneumocystis jirovecii among fungi (Figure 2B). For viruses, tNGS

was able to identify additional RNA viruses not covered by multiplex

PCR, such as Human respiratory viruses, Human metapneumovirus,

and adenovirus. In terms of bacterial detection, tNGS covered

difficult-to-culture or unexpected species such as Brucella

melitensis, non-tuberculous mycobacteria, and Legionella

pneumophila. However, tNGS was less sensitive in detecting

Aspergillus spp compared to the CMT. Further evaluation of the

diagnostic performance of pathogens with a frequency count

exceeding five times (Mycobacterium tuberculosis:4) showed higher

diagnostic accuracy for Pneumocystis jirovecii, and Legionella

pneumophila, but lower accuracy for Aspergillus spp, Streptococcus

pneumoniae, and rhinovirus compared to CMT(Table 3).

Additionally, in the diagnosis of Epstein-Barr virus (EBV), tNGS

was able to detect more EBV in samples, resulting in significantly

lower diagnostic accuracy than PCR. We conducted a comparative
TABLE 2 Diagnostic performance of tNGS in 148 patients.

Methods
Sensitivity
(95% CI)

Specificity
(95%CI)

PPV(95% CI) NPV(95%CI)
Accuracy
(95%CI)

p-
value

All samples

CMT
56.92%

(48.33%-65.12%)
100.00%

(82.41%-100.00%)
100.00%

(95.07%-100.00%)
24.32%

(15.98%-35.21%)
62.16%

(54.13%-69.57%)
<0.0001

tNGS
84.62%

(77.43%-89.81%)
94.44%

(74.24%-99.01%)
99.10%

(95.07%-99.84%)
45.95%

(31.04%-61.62%)
85.81%

(79.28%-90.53%)

Fungal
pneumonia

CMT
52.63%

(37.26%-67.52%)
99.09%

(95.03%-99.84%)
95.24%

(77.33%-99.15%)
85.83%

(78.71%-90.84%)
87.16%

(80.82%-91.63%)
0.86

tNGS
81.58%

(66.58%-90.78%)
88.18%

(80.82%-92.96%)
70.45%

(55.78%-81.84%)
93.27%

(86.75%-96.70%)
86.49%

(80.05%-91.08%)

Viral
pneumonia

CMT
76.09%

(62.06%-86.09%)
100.00%

(96.37%-100.00%)
100.00%

(90.11%-100.00%)
90.27%

(83.41%-94.48%)
92.57%

(87.18%-95.80%)
0.0005

tNGS
89.13%

(76.96%-95.27%)
78.43%

(69.50%-85.30%)
65.08%

(52.75%-75.67%)
94.12%

(86.96%-97.46%)
81.76%

(74.76%-87.15%)

Bacterial
pneumonia

CMT
57.53%

(46.10%-68.22%)
89.33%

(80.34%-94.50%)
84.00%

(71.49%-91.66%)
68.37%

(58.62%-76.73%)
73.65%

(66.02%-80.08%)
0.17

tNGS
84.93%

(75.00%-91.37%)
76.00%

(65.22%-84.25%)
77.50%

(67.21%-85.27%)
83.82%

(73.31%-90.72%)
80.41%

(73.28%-86.00%)
fron
tNGS, targeted Next-generation sequencing; CMT, conventional microbiological tests; PPV, positive predictive value; NPV, negative predictive value; NA, not available. The difference of
diagnostic accuracy based on the t-test of tNGS and CMT was marked as p-value.
Bold formatting is applied to emphasize the subgroups and detection methods.
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analysis of the RPM values between pathogens consistently detected

by both methods and those detected exclusively by tNGS. The study

findings indicate that the RPM values of Pneumocystis jirovecii

detected exclusively by tNGS are comparatively lower, a

phenomenon also observed in the analysis of viruses and bacteria

(Supplementary Figure 1). This may be attributed to the higher

sensitivity of the tNGS method.
3.4 Clinical diagnostic performance in
different types of cancer

The performance of the tNGSmethod in the etiological diagnosis of

pneumonia in different cancer patients was further explored. In patients

with lung cancer, tNGS showed 80.68% of sensitivity and 93.33% of

specificity (Table 4). In patients with gastrointestinal cancer and

hematological malignancies, tNGS demonstrates a sensitivity

exceeding 90% of tNGS. Whether in patients with lung cancer,

gastrointestinal cancer, or hematological malignancies, the diagnostic

accuracy of tNGS was higher than CMT. Compared with the overall

patients, there was no significant difference in the diagnostic accuracy of

tNGS among different cancer types (p>0.05). The distribution of

pathogens among different cancer types was observed (Figure 2C).

Most of the pathogens were identified in patients with lung cancer,

accounting for about 60%, with 73.42% being bacterial pathogens.
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Patients with hematological malignancies accounted for 25% of

identified pathogens, but only 11.39% were bacterial. In

gastrointestinal cancer cases, the proportion of identified pathogens

was 10.12%, with fungi being relatively rare at only 5.41%. Pneumocystis

jirovecii and Aspergillus spp were more commonly found in patients

with lung cancer and hematological malignancies, while common

pathogens such as Pseudomonas aeruginosa, Mycoplasma

pneumoniae, Streptococcus pneumoniae, and others were more

prevalent in patients with lung cancer (Figure 2D). No differences

were observed in the presence of Klebsiella pneumoniae, Acinetobacter

baumannii, and Mycobacterium tuberculosis in patients with different

types of cancer. Interestingly, a higher number of severe acute respiratory

syndrome coronavirus 2 infections were found in patients with

hematological malignancies, but no differences were observed in the

presence of other viruses among patients with different types of cancer.
3.5 Clinical impact of tNGS: case report

A retrospective review of the treatment history of patients was

conducted to further analyze the impact of tNGS on clinical

treatment. It was found that tNGS results directly influenced

antibiotic treatment decisions in many patients.

Case 1: A patient with lung cancer presented with symptoms of

coughing and sputum production and was diagnosed with
FIGURE 2

Comparison between tNGS and CMT in pathogens detection. (A) Percentage of pathogens detection in difference methods. (B) Distribution of
pathogens and comparison between tNGS and CMT. The sensitivity of tNGS or CMT was calculated as follows: sensitivity = pathogens detected by
tNGS or CMT/Total. The difference of sensitivity based on the t-test of tNGS and CMT was marked as p-value. (C) Percentage of pathogens founding
in different cancer patients. (D) Distribution of pathogens in different cancer patients. *p<0.05, **p<0.01, ***p<0.001..
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TABLE 3 Diagnostic performance of tNGS in difference pathogens.

CMT
p-

valuey PPV
(95% CI)

NPV
(95%CI)

Accuracy
(95%CI)

100.00%
(43.85%-
100.00%)

89.66%
(83.63%-93.63%)

89.86%
(83.95%-93.76%)

0.009

100.00%
(77.19%-
100.00%)

97.78%
(93.67%-99.24%)

97.97%
(94.21%-99.31%)

0.047

%)
83.33%

(55.20%-95.30%)
98.53%

(94.80%-99.60%)
97.30%

(93.26%-98.94%)
<0.0001

100.00%
(64.57%-
100.00%)

98.58%
(94.98%-99.61%)

98.65%
(95.21%-99.63%)

0.15

100.00%
(51.01%-
100.00%)

96.53%
(92.13%-98.51%)

96.62%
(92.34%-98.55%)

0.27

100.00%
(56.55%-
100.00%)

99.30%
(96.15%-99.88%)

99.32%
(96.27%-99.88%)

0.32

100.00%
(51.01%-
100.00%)

98.61%
(95.08%-99.62%)

98.65%
(95.21%-99.63%)

1.00

100.00%
(20.65%-
100.00%)

97.96%
(94.17%-99.30%)

97.97%
(94.21%-99.31%)

1.00

NA
97.30%

(93.26%-98.94%)
97.30%

(93.26%-98.94%)
0.044

100.00%
(80.64%-
100.00%)

96.21%
(91.44%-98.37%)

96.62%
(92.34%-98.55%)

0.27

100.00%
(67.56%-
100.00%)

100.00%
(97.33%-
100.00%)

100.00%
(97.47%-
100.00%)

<0.0001

100.00%
(51.01%-
100.00%)

99.31%
(96.17%-99.88%)

99.32%
(96.27%-99.88%)

0.01
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tNGS

Pathogens
Sensitivity
(95% CI)

Specificity
(95%CI)

PPV
(95% CI)

NPV
(95%CI)

Accuracy
(95%CI)

Sensitivity
(95% CI)

Specificit
(95%CI)

Pneumocystis jirovecii
100.00%
(82.41%-
100.00%)

96.92%
(92.36%-98.80%)

81.82%
(61.48%-92.69%)

100.00%
(97.04%-
100.00%)

97.30%
(93.26%-98.94%)

16.67%
(5.84%-39.22%)

100.00%
(97.13%-
100.00%)

Aspergillus spp
56.25%

(33.18%-76.90%)
97.73%

(93.53%-99.22%)
75.00%

(46.77%-91.11%)
94.85%

(89.76%-97.48%)
93.24%

(88.01%-96.29%)
81.25%

(56.99%-93.41%)

100.00%
(97.17%-
100.00%)

Streptococcus
pneumoniae

83.33%
(55.20%-95.30%)

78.68%
(71.05%-84.72%)

25.64%
(14.57%-41.08%)

98.17%
(93.56%-99.50%)

79.05%
(71.81%-84.83%)

83.33%
(55.20%-95.30%)

98.53%
(94.80%-99.60

Klebsiella pneumoniae
77.78%

(45.26%-93.68%)
97.12%

(92.83%-98.88%)
63.64%

(35.38%-84.83%)
98.54%

(94.83%-99.60%)
95.95%

(91.44%-98.13%)
77.78%

(45.26%-93.68%)

100.00%
(97.31%-
100.00%)

Haemophilus
influenzae

100.00%
(70.09%-
100.00%)

93.53%
(88.15%-96.56%)

50.00%
(29.03%-70.97%)

100.00%
(97.13%-
100.00%)

93.92%
(88.85%-96.77%)

44.44%
(18.88%-73.33%)

100.00%
(97.31%-
100.00%)

Staphylococcus aureus
100.00%
(60.97%-
100.00%)

100.00%
(97.37%-
100.00%)

100.00%
(60.97%-
100.00%)

100.00%
(97.37%-
100.00%)

100.00%
(97.47%-
100.00%)

83.33%
(43.65%-96.99%)

100.00%
(97.37%-
100.00%)

Pseudomonas
aeruginosa

66.67%
(30.00%-90.32%)

100.00%
(97.37%-
100.00%)

100.00%
(51.01%-
100.00%)

98.61%
(95.08%-99.62%)

98.65%
(95.21%-99.63%)

66.67%
(30.00%-90.32%)

100.00%
(97.37%-
100.00%)

Mycobacterium
tuberculosis complex

100.00%
(51.01%-
100.00%)

97.92%
(94.05%-99.29%)

57.14%
(25.05%-84.18%)

100.00%
(97.35%-
100.00%)

97.97%
(94.21%-99.31%)

25.00%
(4.56%-69.94%)

100.00%
(97.40%-
100.00%)

Legionella
pneumophila

100.00%
(51.01%-
100.00%)

100.00%
(97.40%-
100.00%)

100.00%
(51.01%-
100.00%)

100.00%
(97.40%-
100.00%)

100.00%
(97.47%-
100.00%)

0.00%
(0.00%-48.99%)

100.00%
(97.40%-
100.00%)

SARS-cov-2
90.48%

(71.09%-97.35%)
94.49%

(89.06%-97.30%)
73.08%

(53.92%-86.30%)
98.36%

(94.22%-99.55%)
93.92%

(88.85%-96.77%)
76.19%

(54.91%-89.37%)

100.00%
(97.06%-
100.00%)

Epstein-Barr Virus
100.00%
(67.56%-
100.00%)

65.00%
(56.79%-72.40%)

14.04%
(7.29%-25.32%)

100.00%
(95.95%-
100.00%)

66.89%
(58.97%-73.96%)

100.00%
(67.56%-
100.00%)

100.00%
(97.33%-
100.00%)

Rhinovirus
60.00%

(23.07%-88.24%)
95.10%

(90.24%-97.61%)
30.00%

(10.78%-60.32%)
98.55%

(94.87%-99.60%)
93.92%

(88.85%-96.77%)
80.00%

(37.55%-96.38%)

100.00%
(97.38%-
100.00%)
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pneumonia at our hospital. The patient was treated with anti-

infective agents, but no improvement was observed. A tNGS test for

respiratory pathogens was performed, revealing the presence of

Rhinovirus C and Pneumocystis jirovecii. Given the patient’s

deteriorating pulmonary condition and the tNGS results, it was

clinically considered that the infection was caused by both viral and

fungal pathogens. Consequently, the patient was administered

Levofloxacin and Piperacillin for anti-infective treatment, along

with a combination of Sulfamethoxazole and Trimethoprim tablets

for antifungal treatment, the patient showed signs of improvement.

Case 2: A patient with follicular lymphoma presented with fever

and subsequently underwent a CT scan, which indicated symptoms

of pulmonary infection. A tNGS test for respiratory pathogens

detected Pneumocystis jirovecii. Symptomatic treatment with

Sulfamethoxazole and Trimethoprim was administered. The patient

has not experienced further fever and has shown symptomatic

improvement following continued anti-infective treatment.

Case 3: A patient, post-debulking surgery for a malignant ovarian

cancer, presented with symptoms of coughing and sputum production.

Upon admission, biochemical tests and CT sacn indicated a

pulmonary infection. tNGS test identified a specific pathogen:

Mycobacterium tuberculosis complex. The patient was commenced

on anti-tuberculosis therapy, which led to symptomatic relief. The

patient was subsequently discharged following improvement.

These cases emphasize the important role of tNGS in guiding

the diagnosis of infections in cancer patients and targeted antibiotic

therapy, ultimately improving patient prognosis.
4 Discussion

Diagnosing pneumonia in cancer patients undergoing

treatment is crucial, as it aids in managing patient infections and

in decision-making regarding the timing of anti-cancer treatments.

Targeted NGS is a common used for cancer-related gene detection,

but its use for detecting infectious pathogens is a novel technique

(Xia et al., 2023; Zhang et al., 2024). We conducted a retrospective

analysis of the performance of this method in cancer patients. This

study demonstrated that tNGS provides significantly higher

sensitivity and a broader range of pathogen detection compared

to CMT in cancer patients with pneumonia. Our findings highlight

the potential of tNGS as a reliable diagnostic tool for managing

infections in these patients.

As a new technology, understanding the clinical performance of

tNGS is crucial. Previous studies have systematically evaluated the

diagnostic value of tNGS in lower respiratory tract infections and

pneumonia (Gaston et al., 2022; Zhang et al., 2024). However,

research in immunocompromised patients has been relatively

limited. Our study confirmed that tNGS is a more sensitive

technique for diagnosing pneumonia in cancer patients compared

to CMT methods (84.62% vs 56.92%, p<0.0001). tNGS also showed

higher sensitivity in detecting bacteria, viruses, and fungi (Deng

et al., 2023). These findings are consistent with previous studies,

which indicated that the tNGS method maintains a high sensitivity

in cancer patients with pneumonia (Deng et al., 2023; Mansoor

et al., 2023). However, the increased sensitivity of tNGS may also
T
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lead to the detection of non-pathogenic microorganisms, resulting

in reduced specificity (Rodino and Simner, 2024). This emphasized

the importance of carefully interpreting tNGS results, as the study

suggests (Fourgeaud et al., 2024; Yin et al., 2024), by incorporating

the clinical context into the interpretation of tNGS results to avoid

overdiagnosing non-pathogenic microorganisms. In particular, the

broader detection of human herpesvirus in viral analysis had also led

to a decrease in the accuracy of viral infection diagnosis. Although

this might be related to the higher reactivation of herpesviruses in

immunocompromised populations and the neglected of herpesvirus

diagnosis in clinical practice, the detection of herpesviruses had not

played a significant role in antibiotic decision-making (Huang et al.,

2023; Jiang et al., 2023). Therefore, the ability of tNGS to detect a

broader range of pathogens makes it a sensitivity diagnostic tool for

cancer patients who are at risk of opportunistic infections.

In terms of pathogen detection performance, tNGS identified a

significantly greater number of pathogens, whether in bacteria, fungi,

or viruses. This was mainly due to the ultrasensitivity of the NGS

method (Supplementary Figure 1), which was reflected in the detection

of most pathogens (Deng et al., 2020; Li et al., 2021; Peng et al., 2021;

Sun et al., 2021). Additionally, tNGS was able to detect some difficult-

to-culture or unexpected pathogens, such as Pneumocystis jirovecii,

Legionella pneumophila, and Brucella melitensis, which fully

demonstrated the advantage of the NGS method’s broad coverage

(Supplementary Table 1) (Zhang et al., 2024). However, it should be

noted that tNGS was not as sensitive as the CMT method for

Aspergillus spp, consistent with previous findings (Peng et al., 2021).

Insufficient extraction of molds may be due to the simultaneous

extraction of DNA and RNA required by tNGS. Moreover, CMT

may have detected more using the galactomannan (GM) method,

whichmight have resulted in insufficient detection when theAspergillus

spp load was low (Peng et al., 2021). Additionally, it was observed that

the diagnostic accuracy of most pathogens was not much different from

CMT, with better diagnostic accuracy for Pneumocystis jirovecii and

Legionella pneumophila in tNGS. This may be due to the clinical

application of PCR methods that covered these pathogens, making
Frontiers in Cellular and Infection Microbiology 09167
their detection limits comparable to tNGS (Murphy et al., 2020). In

common pathogens such as Klebsiella pneumoniae and Pseudomonas

aeruginosa, the performance of both methods was similar, whis is also

related to the widespread use of multiplex PCR (Zhang et al., 2022). In

summary, tNGS was a more sensitive and broad-spectrum detection

method compared to CMT, and except forAspergillus spp, this method

could provide more evidence to support clinical diagnosis.

Several studies have discussed the impact of mNGS on etiological

diagnosis and antibiotic adjustment. Sun and colleagues reported that

mNGS can guide antibiotic adjustments in critically ill pneumonia

patients, with 87% of immunocompromised patients undergoing

antibiotic adjustments based on mNGS results (Sun et al., 2021).

Additionally, Wei et al.’s study mentioned that tNGS played a

positive role in the pathogen diagnosis of 72.7% of patients and

may have led to antibiotic treatment adjustments in 17% of patients

(Wei et al., 2024). Our study also confirmed these findings. Given that

the tNGSmethod costs only about half as much as mNGS and is even

comparable to the price of multiplex PCR, the application of tNGS in

primary or secondary testing may significantly enhance diagnostic

accuracy and reduce the misuse of antibiotics. Our study also

explored the diagnostic performance of tNGS in different cancer

types, with no significant differences observed. This is similar to the

impact of antibiotics on NGS detection performance, where nucleic

acid levels are less influenced by patient characteristics (Azoulay et al.,

2020). However, when comparing the distribution of pathogens

among different cancer types, we found that fungi were detected

more frequently in patients with lung cancer and hematological

malignancies, which may be related to the higher proportion of

these populations. Additionally, we observed that Streptococcus

pneumoniae, Haemophilus influenzae, Staphylococcus aureus, and

Pseudomonas aeruginosa occurred more frequently in lung cancer

patients compared to those with hematological malignancies or

gastrointestinal cancer. These pathogens are more likely to colonize

the respiratory tract and may be more prone to cause infections due

to the immune impairment caused by lung cancer (Plummer et al.,

2016; van Elsland and Neefjes, 2018; Hatta et al., 2021). Of course,
TABLE 4 The diagnostic performance of tNGS in patients with difference type of cancer.

Methods
Sensitivity
(95% CI)

Specificity
(95%CI)

PPV(95% CI) NPV(95%CI)
Accuracy
(95%CI)

p-
value

lung cancer

CMT
55.68%

(45.28%-65.61%)
100.00%

(79.61%-100.00%)
100.00%

(92.73%-100.00%)
27.78%

(17.62%-40.89%)
62.14%

(52.49%-70.91%)
0.0011

tNGS
80.68%

(71.22%-87.57%)
93.33%

(70.18%-98.81%)
98.61%

(92.54%-99.75%)
45.16%

(29.16%-62.23%)
82.52%

(74.06%-88.65%)

gastrointestinal
cancer

CMT
36.36%

(15.17%-64.62%)
100.00%

(34.24%-100.00%)
100.00%

(51.01%-100.00%)
22.22%

(6.32%-54.74%)
46.15%

(23.21%-70.86%)
0.011

tNGS
90.91%

(62.26%-98.38%)
100.00%

(34.24%-100.00%)
100.00%

(72.25%-100.00%)
66.67%

(20.77%-93.85%)
92.31%

(66.69%-98.63%)

hematological
malignancies

CMT
70.37%

(51.52%-84.15%)
NA

100.00%
(83.18%-100.00%)

0.00%
(0.00%-32.44%)

70.37%
(51.52%-84.15%)

0.011

tNGS
96.30%

(81.72%-99.34%)
NA

100.00%
(87.13%-100.00%)

0.00%
(0.00%-79.35%)

96.30%
(81.72%-99.34%)
front
tNGS, targeted Next-generation sequencing; CMT, conventional microbiological tests; PPV, positive predictive value; NPV, negative predictive value; NA, not available. The difference of
diagnostic accuracy based on the t-test of tNGS and CMT was marked as p-value.
Bold formatting is applied to emphasize the subgroups and detection methods.
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this may also be related to the uneven distribution of patients with

different cancer types.

This study has several limitations. Firstly, due to the

retrospective nature of this study and the relatively small sample

size, potential biases may exist, such as the diagnostic value for

pathogens with lower incidence rates, like Mycoplasma

pneumoniae and the Mycobacterium tuberculosis complex, which

require a larger population to clarify… Secondly, the PCR detection

of DNA viruses, especially herpesviruses, was determined by clinical

needs, which may introduce bias in the evaluation of the

performance of DNA virus detection. Lastly, the distribution of

patients with different types of cancer in our cohort was relatively

concentrated, suggesting that the conclusions regarding the

pathogen preferences of different cancer types need to be verified

in a larger cohort.
5 Conclusion

In conclusion, tNGS shows great promise as a diagnostic tool

for detecting infections in cancer patients. It offers higher sensitivity

and broader pathogen detection capabilities compared to

conventional methods. However, despite its limitations, tNGS can

significantly enhance the management of infections in

immunocompromised patients, potentially leading to better

clinical outcomes. Future research should focus on optimizing the

specificity of tNGS and integrating it into routine clinical practice to

fully leverage its diagnostic potential.
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(2024). Performance of clinical metagenomics in France: a prospective observational
study. Lancet Microbe 5, e52–e61. doi: 10.1016/s2666-5247(23)00244-6

Gaston, D. C., Miller, H. B., Fissel, J. A., Jacobs, E., Gough, E., Wu, J., et al. (2022).
Evaluation of metagenomic and targeted next-generation sequencing workflows for
detection of respiratory pathogens from bronchoalveolar lavage fluid specimens. J. Clin.
Microbiol. 60, e0052622. doi: 10.1128/jcm.00526-22

Gu, B., Zhuo, C., Xu, X., and El Bissati, K. (2023). Editorial: Molecular diagnostics for
infectious diseases: Novel approaches, clinical applications and future challenges. Front.
Microbiol. 14, 1153827. doi: 10.3389/fmicb.2023.1153827

Hatta, M. N. A., Mohamad Hanif, E. A., Chin, S. F., and Neoh, H. M. (2021).
Pathogens and carcinogenesis: A review. Biol. (Basel) 10, 533–552. doi: 10.3390/
biology10060533

Hill, J. A., Park, S. Y., Gajurel, K., and Taplitz, R. (2024). A systematic literature
review to identify diagnostic gaps in managing immunocompromised patients with
cancer and suspected infection. Open Forum Infect. Dis. 11, ofad616. doi: 10.1093/ofid/
ofad616

Hou, D., Ju, M., Wang, Y., Zhang, D., Zhu, D., Zhong, M., et al. (2020). PCR coupled
to electrospray ionization mass spectrometry for microbiological diagnosis and
surveillance of ventilator-associated pneumonia. Exp. Ther. Med. 20, 3587–3594.
doi: 10.3892/etm.2020.9103

Huang, L., Zhang, X., Pang, L., Sheng, P., Wang, Y., Yang, F., et al. (2023). Viral
reactivation in the lungs of patients with severe pneumonia is associated with increased
mortality, a multicenter, retrospective study. J. Med. Virol. 95, e28337. doi: 10.1002/
jmv.28337

Jiang, X., Yan, J., Huang, H., Ai, L., Yu, X., Zhong, P., et al. (2023). Development of
novel parameters for pathogen identification in clinical metagenomic next-generation
sequencing. Front. Genet. 14, 126690. doi: 10.3389/fgene.2023.1266990

Li, N., Cai, Q., Miao, Q., Song, Z., Fang, Y., and Hu, B. (2021). High-throughput
metagenomics for identification of pathogens in the clinical settings. Small Methods 5,
2000792. doi: 10.1002/smtd.202000792

Li, X., Liu, Y., Li, M., Bian, J., Song, D., and Liu, C. (2023). Epidemiological
investigation of lower respiratory tract infections during influenza A (H1N1) pdm09
Frontiers in Cellular and Infection Microbiology 11169
virus pandemic based on targeted next-generation sequencing. Front. Cell. infection
Microbiol. 13, 1303456. doi: 10.3389/fcimb.2023.1303456

Li, S., Tong, J., Liu, Y., Shen, W., and Hu, P. (2022). Targeted next generation
sequencing is comparable with metagenomic next generation sequencing in adults with
pneumonia for pathogenic microorganism detection. J. infection 85, e127–e129.
doi: 10.1016/j.jinf.2022.08.022

Liang, M., Fan, Y., Zhang, D., Yang, L., Wang, X., Wang, S., et al. (2022).
Metagenomic next-generation sequencing for accurate diagnosis and management of
lower respiratory tract infections. Int. J. Infect. diseases: IJID 122, 921–929. doi: 10.1016/
j.ijid.2022.07.060

Mansoor, H., Hirani, N., Chavan, V., Das, M., Sharma, J., Bharati, M., et al. (2023).
Clinical utility of target-based next-generation sequencing for drug-resistant TB. Int. J.
tuberculosis Lung Dis. 27, 41–48. doi: 10.5588/ijtld.22.0138

Murphy, C. N., Fowler, R., Balada-Llasat, J. M., Carroll, A., Stone, H., Akerele, O.,
et al. (2020). Multicenter evaluation of the BioFire filmArray pneumonia/pneumonia
plus panel for detection and quantification of agents of lower respiratory tract infection.
J. Clin. Microbiol. 58, e00128–20. doi: 10.1128/jcm.00128-20

Peng, J. M., Du, B., Qin, H. Y., Wang, Q., and Shi, Y. (2021). Metagenomic next-
generation sequencing for the diagnosis of suspected pneumonia in
immunocompromised patients. J. infection 82, 22–27. doi: 10.1016/j.jinf.2021.01.029

Plummer, M., de Martel, C., Vignat, J., Ferlay, J., Bray, F., and Franceschi, S. (2016).
Global burden of cancers attributable to infections in 2012: a synthetic analysis. Lancet
Glob Health 4, e609–e616. doi: 10.1016/S2214-109X(16)30143-7

Rodino, K. G., and Simner, P. J. (2024). Status check: next-generation sequencing for
infectious-disease diagnostics. J. Clin. Invest. 134, e178003. doi: 10.1172/JCI178003

Serpa, P. H., Deng, X., Abdelghany, M., Crawford, E., Malcolm, K., Caldera, S., et al.
(2022). Metagenomic prediction of antimicrobial resistance in critically ill patients with
lower respiratory tract infections.GenomeMed. 14, 74. doi: 10.1186/s13073-022-01072-4

Sun, T., Wu, X., Cai, Y., Zhai, T., Huang, L., Zhang, Y., et al. (2021). Metagenomic
next-generation sequencing for pathogenic diagnosis and antibiotic management of
severe community-acquired pneumonia in immunocompromised adults. Front. Cell.
infection Microbiol. 11. doi: 10.3389/fcimb.2021.661589

van Elsland, D., and Neefjes, J. (2018). Bacterial infections and cancer. EMBO Rep.
19, 46632. doi: 10.15252/embr.201846632

Wei, M., Mao, S., Li, S., Gu, K., Gu, D., Bai, S., et al. (2024). Comparing the diagnostic
value of targeted with metagenomic next-generat ion sequencing in
immunocompromised patients with lower respiratory tract infection. Ann. Clin.
Microbiol. antimicrobials 23, 88. doi: 10.1186/s12941-024-00749-5

Xia, H., Zhang, Z., Luo, C., Wei, K., Li, X., Mu, X., et al. (2023). MultiPrime: A reliable
and efficient tool for targeted next-generation sequencing. iMeta 2, e143. doi: 10.1002/
imt2.143

Yin, Y., Zhu, P., Guo, Y., Li, Y., Chen, H., Liu, J., et al. (2024). Enhancing lower
respiratory tract infection diagnosis: implementation and clinical assessment of
multiplex PCR-based and hybrid capture-based targeted next-generation sequencing.
EBioMedicine 107, 105307. doi: 10.1016/j.ebiom.2024.105307

Zhang, C., Chen, X., Wang, L., Song, J., Zhou, C., Wang, X., et al. (2022). Evaluation
of a multiplex PCR kit for detection of 17 respiratory pathogens in hospitalized
patients. J. Thorac. Dis. 14, 3386–3397. doi: 10.21037/jtd-22-544

Zhang, J., Dong, P., Liu, B., Xu, X., Su, Y., Chen, P., et al. (2023). Comparison of XBB
and BA.5.2: differences in clinical characteristics and disease outcomes. Archivos
bronconeumologia 59, 782–784. doi: 10.1016/j.arbres.2023.08.012

Zhang, P., Liu, B., Zhang, S., Chang, X., Zhang, L., Gu, D., et al. (2024). Clinical
application of targeted next-generation sequencing in severe pneumonia: a
retrospective review. Crit. Care (London England) 28, 225. doi: 10.1186/s13054-024-
05009-8
frontiersin.org

https://doi.org/10.1007/s00134-019-05906-5
https://doi.org/10.1128/JCM.00604-16
https://doi.org/10.1128/JCM.00604-16
https://doi.org/10.1038/s41564-018-0349-6
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.3389/fcimb.2022.943859
https://doi.org/10.1038/s41564-019-0637-9
https://doi.org/10.3389/fmed.2023.1321515
https://doi.org/10.3389/fmed.2023.1321515
https://doi.org/10.1016/s2666-5247(23)00244-6
https://doi.org/10.1128/jcm.00526-22
https://doi.org/10.3389/fmicb.2023.1153827
https://doi.org/10.3390/biology10060533
https://doi.org/10.3390/biology10060533
https://doi.org/10.1093/ofid/ofad616
https://doi.org/10.1093/ofid/ofad616
https://doi.org/10.3892/etm.2020.9103
https://doi.org/10.1002/jmv.28337
https://doi.org/10.1002/jmv.28337
https://doi.org/10.3389/fgene.2023.1266990
https://doi.org/10.1002/smtd.202000792
https://doi.org/10.3389/fcimb.2023.1303456
https://doi.org/10.1016/j.jinf.2022.08.022
https://doi.org/10.1016/j.ijid.2022.07.060
https://doi.org/10.1016/j.ijid.2022.07.060
https://doi.org/10.5588/ijtld.22.0138
https://doi.org/10.1128/jcm.00128-20
https://doi.org/10.1016/j.jinf.2021.01.029
https://doi.org/10.1016/S2214-109X(16)30143-7
https://doi.org/10.1172/JCI178003
https://doi.org/10.1186/s13073-022-01072-4
https://doi.org/10.3389/fcimb.2021.661589
https://doi.org/10.15252/embr.201846632
https://doi.org/10.1186/s12941-024-00749-5
https://doi.org/10.1002/imt2.143
https://doi.org/10.1002/imt2.143
https://doi.org/10.1016/j.ebiom.2024.105307
https://doi.org/10.21037/jtd-22-544
https://doi.org/10.1016/j.arbres.2023.08.012
https://doi.org/10.1186/s13054-024-05009-8
https://doi.org/10.1186/s13054-024-05009-8
https://doi.org/10.3389/fcimb.2025.1497198
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


+41 (0)21 510 17 00 
frontiersin.org/about/contact

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

Frontiers

Investigates how microorganisms interact with 

their hosts

Explores bacteria, fungi, parasites, viruses, 

endosymbionts, prions and all microbial 

pathogens as well as the microbiota and its effect 

on health and disease in various hosts.

Discover the latest 
Research Topics

See more

Frontiers in
Cellular and Infection Microbiology

https://www.frontiersin.org/journals/Cellular-and-Infection-Microbiology/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT
	Targeted metagenomics in pathogen detection

	Table of contents 

	Editorial: Targeted metagenomics in pathogen detection
	Introduction
	Goals of targeted metagenomics
	Clinical applications of targeted metagenomics
	Technical improvement of targeted metagenomics
	Challenges and limitations of targeted metagenomics
	Future directions of targeted metagenomics
	Concluding remarks
	Author contributions
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Author disclaimer
	References

	Assistance of next-generation sequencing for diagnosis of disseminated Bacillus Calmette-Guerin disease with X-SCID in an infant: a case report and literature review
	Introduction
	Case presentation
	mNGS and tNGS methods
	WES methods
	Systematic review

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Optimal selection of specimens for metagenomic next-generation sequencing in diagnosing periprosthetic joint infections
	1 Introduction
	2 Materials and methods
	2.1 Patient selection
	2.2 Specimen collection
	2.3 Microbial culture
	2.4 Metagenomic next-generation sequencing
	2.4.1 DNA extraction
	2.4.2 DNA library preparation and sequencing
	2.4.3 Bioinformatics analysis
	2.4.4 Definition of the mNGS threshold

	2.5 Statistical analysis

	3 Results
	3.1 Patient characteristics
	3.2 mNGS and microbial culture results
	3.3 Consistency of mNGS and culture results
	3.4 Consistency of mNGS for different types of specimens
	3.5 Effect of antibiotic exposure on test results
	3.6 Combined application of mNGS and culture

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Combination of metagenomic next-generation sequencing and conventional tests unraveled pathogen profiles in infected patients undergoing allogeneic hematopoietic stem cell transplantation in Jilin Province of China
	Introduction
	Methods
	Ethics statement
	Study population
	CT assay
	Smear and culture
	Quantitative PCR
	mNGS pipeline

	Diagnostic assessment
	Statistical analysis
	Data availability

	Results
	Clinical characteristics of the patients undergoing HSCT
	Regional pathogen profiles in different systems
	Comparison between mNGS and CT
	Semi-quantitative value of mNGS

	Discussion
	Limitations
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Long-term outcomes of survivors with influenza A H1N1 virus-induced severe pneumonia and ARDS: a single-center prospective cohort study
	Introduction
	Methods
	Study design and patients
	Procedures and data collection
	Pulmonary HRCT
	Measurement of inflammatory and fibrogenic cytokines
	Statistical analysis

	Results
	Symptoms, pulmonary function, and 6MWT
	Physical and mental health function
	Pulmonary HRCT
	Correlation analysis

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Mendelian randomization analysis identifies druggable genes and drugs repurposing for chronic obstructive pulmonary disease
	Introduction
	Methods
	Overall design
	Druggable genes list
	Exposure data
	Outcome data
	Summary-data-based Mendelian randomization
	HEIDI test
	Colocalization
	Two-sample Mendelian randomization
	Phenome-wide Mendelian randomization
	Metagenomic next-generation sequencing (mNGS) pipeline

	Results
	Hospitalization and infections in patients with COPD
	Instruments for druggable genes
	Druggable targets discovered by eQTL SMR and HEIDI test
	Druggable genes proposed after colocalization
	Druggable targets supported by eQTL two-sample MR
	Druggable targets supported by protein SMR
	Repurposing opportunities or adverse effects for existing drugs
	Phenome-wide MR evaluated side-effects of druggable genes

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Molecular characterization of vaginal microbiota using a new 22-species qRT-PCR test to achieve a relative-abundance and species-based diagnosis of bacterial vaginosis
	1 Introduction
	2 Materials and methods
	2.1 Specimen collection and processing
	2.2 Targeted bacterial species
	2.3 DNA preparation
	2.4 Identification of bacterial species by multiplex qRT-PCR
	2.5 Relative abundance- and species-based classification of BV
	2.6 Demographics
	2.7 Statistical analysis

	3 Results
	3.1 Demographics
	3.2 Identification and distribution of species across samples
	3.3 Relative abundance, α- and β-diversities
	3.4 Correlation and co-existence of species
	3.5 Relative abundance- and species-based diagnostic criteria
	3.6 Demographics affect BV
	3.7 Demographics affect variations in relative abundance
	3.7.1 Variance of Lactobacillus shows lower abundance in BV-positive samples and higher abundance in BV-negative samples.
	3.7.2 Variance of Lactobacillus and vaginal anaerobes show differences in pregnancy
	3.7.3 Variance of Lactobacillus and vaginal anaerobes show differences by age group
	3.7.4 Variance of Lactobacillus and vaginal anaerobes show differences by age group


	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Target next-generation sequencing for the accurate diagnosis of Parvimonas micra lung abscess: a case series and literature review
	Introduction
	Patients and methods
	Patients
	tNGS testing
	Literature review

	Results
	Characteristics
	Laboratory tests, chest CT, and bronchoscopy
	Microbiological examinations
	Treatment and outcomes
	Literature review

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	The value of metagenomic next-generation sequencing with different nucleic acid extracting methods of cell-free DNA or whole-cell DNA in the diagnosis of non-neutropenic pulmonary aspergillosis
	1 Introduction
	2 Materials and methods
	2.1 Study design and patient population
	2.2 GM test and culture
	2.3 mNGS detection
	2.3.1 Nucleic acid extraction
	2.3.2 Library generation and sequencing
	2.3.3 Bioinformation pipeline

	2.4 tNGS detection
	2.4.1 Nucleic acid extraction and library preparation
	2.4.2 Sequencing and bioinformatic analysis

	2.5 Statistical analysis

	3 Results
	3.1 Patient characteristics
	3.2 Species distribution and consistency of microorganisms detected by BALF-cfDNA, BALF-wcDNA, and CMTs for suspected non-neutropenic pulmonary aspergillosis
	3.3 Differences in numbers for RPM detected by BALF-cfDNA, BALF-wcDNA
	3.4 Microbial distribution for pulmonary aspergillosis detected by BALF-cfDNA, BALF-wcDNA, and CMTs
	3.5 Comparison of diagnostic performance among BALF-cfDNA, BALF-wcDNA, and CMTs in non-neutropenic pulmonary aspergillosis
	3.6 “True positive”, “False positive”, “False negative” by BALF-mNGS
	3.7 Antifungal agents’ application before enrollment
	3.8 Blood-cfDNA for suspected pulmonary aspergillosis
	3.9 tNGS for suspected pulmonary aspergillosis

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Application of metagenomic next-generation sequencing and targeted metagenomic next-generation sequencing in diagnosing pulmonary infections in immunocompetent and immunocompromised patients
	Introduction
	Methods
	Ethics statement
	Patients and sample collection
	mNGS pipeline
	Commercial tNGS pipeline
	Analysis of sequencing data
	Interpretation of mNGS/tNGS results and diagnostic assessment
	Statistical analysis
	Data availability

	Results
	Baseline characteristics of enrolled patients
	Comparison between mNGS and culture
	mNGS in immunocompetent and immunocompromised patients with pulmonary infections
	Adjustment of antibiotics and prognosis
	Application of commercial tNGS in clinics

	Discussion
	Limitation

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Evaluation of phage-based decontamination in respiratory intensive care unit environments using ddPCR and 16S rRNA targeted sequencing techniques
	Introduction
	Materials and methods
	Setting and environmental sampling
	CRKP isolates and identification
	Source and selection of active bacteriophage
	Genomic identification of K. pneumoniae
	Environmental decontamination by phage-containing aerosols
	DNA extraction, PCR amplification
	Droplet digital PCR analysis and amplicon sequencing
	16S rRNA reads sequencing data processing

	Results
	CRKP isolates and their phage susceptibility
	K. pneumoniae quantification
	16S rRNA sequencing analysis: microbial community composition and diversity
	Effect of bacteriophage aerosol on environmental microorganisms

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Metagenomic next-generation sequencing targeted and metagenomic next-generation sequencing for pulmonary infection in HIV-infected and non-HIV-infected individuals
	Introduction
	Methods
	Study subjects
	BALF extraction and mNGS analysis
	tNGS pipeline
	Bioinformatics analysis
	Criteria for a positive mNGS/tNGS result
	Statistical analysis
	Data availability

	Results
	Clinical characteristics
	Pathogen profiles of HIV group and non-HIV group
	Comparison of mNGS with CTM
	The performance of tNGS

	Discussion
	Limitation

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	Application of metagenomic next-generation sequencing in the diagnosis of infectious diseases
	1 Introduction
	2 Overview of mNGS
	2.1 Technical principle
	2.2 Sequencing platforms

	3 Advantages and limitations of mNGS in clinical applications
	3.1 Advantages of mNGS in clinical applications
	3.2 Limitations of mNGS in clinical applications
	3.3 Comparison between mNGS and targeted NGS

	4 Application of mNGS in infections in different organ systems
	4.1 Bloodstream Infections
	4.2 CNS infections
	4.3 Respiratory infections
	4.4 Digestive system infection
	4.5 Urinary tract infection
	4.6 Bone and joint infection
	4.7 Intra-abdominal infection
	4.8 Skin and soft tissue infection
	4.9 Intraocular infections

	5 Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	Metagenomic next-generation sequencing of cerebrospinal fluid: a diagnostic approach for varicella zoster virus-related encephalitis
	1 Introduction
	2 Materials and methods
	2.1 Study design
	2.2 Diagnostic criteria of CNS infection
	2.3 Data collection
	2.4 mNGS of cerebrospinal fluid
	2.5 Statistical methods

	3 Results
	3.1 The characteristics of the patients
	3.2 Diagnosis of VZV-RE through mNGS

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

	Clinical application of targeted next-generation sequencing in pneumonia diagnosis among cancer patients
	1 Introduction
	2 Methods
	2.1 Sample enrollment and microbiology testing
	2.2 Conventional microbiological tests
	2.3 tNGS workflow for BALF
	2.4 Clinical diagnosis as the reference standard
	2.5 Statistical methods

	3 Results
	3.1 Patient characteristics
	3.2 Clinical diagnostic performance of tNGS and CMT
	3.3 Pathogens identification performance of tNGS
	3.4 Clinical diagnostic performance in different types of cancer
	3.5 Clinical impact of tNGS: case report

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Back Cover


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




