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Background: The early identification of pathogens and their antibiotic resistance are essential for the management and treatment of
patients affected by ventilator-associated pneumonia (VAP). However, microbiological culture may be time-consuming and has
a limited culturability of many potential pathogens. In this study, we developed a rapid nanopore-based metagenomic next-
generation sequencing (mNGS) diagnostic assay for detection of VAP pathogens and antimicrobial resistance genes (ARGs).
Patients and Methods: Endotracheal aspirate (ETA) samples from 63 patients with suspected VAP were collected between
November 2021 and July 2022. Receiver operating characteristic (ROC) curves were established to compare the pathogen identifica-
tion performance of the target pathogen reads, reads percent of microbes (RPM) and relative abundance (RA). The evaluation of the
accuracy of mNGS was performed comparing with the gold standard and the composite standard, respectively. Then, the ARGs were
analyzed by mNGS.

Results: ROC curves showed that RA has the highest diagnostic value and the corresponding threshold was 9.93%. The sensitivity
and specificity of mNGS test were 91.3% and 78.3%, respectively, based on the gold standard, while the sensitivity and specificity of
mNGS test were 97.4% and 100%, respectively, based on the composite standard. A total of 13 patients were virus-positive based on
mNGS results, while the coinfection rate increased from 27% to 46% compared to the rate obtained based on clinical findings. The
mNGS test also performed well at predicting antimicrobial resistance phenotypes. Patients with a late-onset VAP had a significantly
greater proportion of ARGs in their respiratory microbiome compared to those with early-onset VAP (P = 0.041). Moreover, the
median turnaround time of mNGS was 4.43 h, while routine culture was 72.00 h.

Conclusion: In this study, we developed a workflow that can accurately detect VAP pathogens and enable prediction of antimicrobial
resistance phenotypes within 5 h of sample receipt by mNGS.
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Introduction

Patients admitted to the intensive care unit (ICU) often need to be treated with mechanical ventilation to overcome the
respiratory disorders and failure, however, this type of treatment can cause several medical complications, such as
displacement of tracheal intubation, septic shock, and ventilator-associated pneumonia (VAP).'? Specifically, VAP
represents a pneumonia that occurs later than 48 h post-mechanical ventilation in patients with tracheal intubation or
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tracheotomy, or within 48 h after extubation.> VAP is the most common and fatal nosocomial infection mostly diagnosed
within the critical care settings.” Indeed, the incidence of VAP in ICU patients undergoing mechanical ventilation ranged
from 9% to 69%, while the average case fatality rate ranged between 20% and 50%, with a peak up to 38.9-60.0%, in
case of multi-drug resistant bacteria.”>> Therefore, extremely necessary is the correct diagnosis of the pathogens involved
in the VAP patients in order to test their antibiotic susceptibility and identifying the correct treatment, to significantly
improve the survival rate, and reduce drug-related side effects and medical costs.®

VAP is diagnosed by the simultaneous presence of the specific criteria: clinical signs, positive microbiology cultures
from lower respiratory tract specimens, and new or progressive radiographic infiltrates.” However, the microbiological
culture may sometimes does not lead to the pathogen detection, in case the pathogens are present in low concentration or
in case of fastidious bacteria.® This long time gap, which is between the initial clinical diagnosis and the identification of
the correct antibiotic to use, often leads to a variety of empirical antibiotic treatments.” Molecular detection methods are
culture-independent, and therefore they can allow to obtain a correct diagnosis in a timely manner. In this regard,
designated pathogens and antimicrobial resistance genes (ARGs), such as mecA, the gene responsible for methicillin
resistance in Staphylococcus aureus can be quickly detected by polymerase chain reaction (PCR), but it is not entirely
comprehensive.'® In addition, the metagenomic next-generation sequencing (mNGS)-based approach can be considered
as an ideal method for detection of all bacteria, fungi and viruses present in a specimen, due to pan-microbial coverage.''
One of the most common NGS platforms, the Illumina ones, show a high sensitivity, but they require a complex
preparation process and a running time of more than 24 hours, with a result obtained only at the end of the sequencing
run.'> Moreover, Illumina platforms are short reads-based sequencing methods, the taxonomical classification at the
genus and species level is less efficient, which may lead to misdiagnosis."

In contrast, the real-time analysis and ultra-long reads (>100kb)-based approaches, such as the nanopore sequencing
is more suitable for clinical laboratories.'*!® In this regard, the feasibility of the nanopore sequencing application for
clinical diagnosis has been demonstrated in clinical cases of meningitis,'® peritonitis,'* urinary tract infection,'” lower
respiratory infection,'® and sepsis.'” However, due to several combinations of the pathogens isolated in different clinical
cases, suitable mNGS approaches for comprehensive pathogens detection and drug resistance prediction of VAP in ICU
are still limited.”*' In addition, the diagnostic criteria of mNGS are not uniform, and it is not clear which criteria is the
most accurate for the diagnosis of VAP pathogens in ICU.'®?*? In this study, a nanopore-based mNGS workflow for
a comprehensive detection of VAP pathogens and ARGs to determine the applicability of this method for a correct
clinical diagnosis in terms of sensitivity, specificity, and prompt diagnostic results.

Materials and Methods

Participants and Study Design

Between November 2021 and July 2022, endotracheal aspirate (ETA) samples were collected from 74 patients with
a clinical suspect of VAP admitted to the ICU of the Fifth Medical Center of Chinese PLA General Hospital, Beijing,
China. Based on clinical criteria, a clinical suspect of VAP was defined as follows: (1) duration of the mechanical
ventilation treatment performed with tracheal intubation or tracheotomy >48 h, (2) chest X-ray or CT (computed
tomography) demonstrating new or progressive infiltration, consolidation or ground glass shadow, associated with at
least one of following four clinical criteria: (1) fever >38°C; (2) cough, expectoration and/or dyspnea; (3) purulent airway
secretion; (4) peripheral white blood count >10 x 10%/L or <4 x 10°/L. (American Thoracic Society, 2005)** After that,
only the samples that meet the following criteria were included: (i) consistency with the clinical standards of suspected
VAP; (ii) presence of comprehensive information regarding anamnesis, signalment, and clinical data; (iii) age >18 years
old. On the other side, the following exclusion criteria were followed: (i) presence of other intercurrent infections; (ii)
pregnancy and lactation. Based on the inclusion and exclusion criteria, 63 patients were finally enrolled in this study
(Figure 1). The clinical data of patients were collected from the electronic medical records, avoiding the record of their
identity. Information regarding tests for clinical respiratory viruses was also recorded for each patient. ETA samples were

collected within 12 h after the suspect of diagnosis. This study was conducted in accordance with the Declaration of
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ETA samples collected from suspected VAP patients between Novermber 2021 and July 2022 (n=74)
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Y
ETA samples enrolled (n =63 )

Figure | Schematic of samples inclusion and exclusion.

Helsinki and was approved by the Ethics Committee of the Fifth Medical Center of Chinese PLA General Hospital [ky-
2019-1-4], and all samples were obtained following the patients’ consents.

Sampling, Processing, and DNA Extraction

Each patient’s sample was aliquoted and placed in two sterile tubes (each 1-2mL). The first one was sent to the clinical
laboratory for microbiological culture and antimicrobial susceptibility testing (AST), and the second one was
sequenced by mNGS and stored at 4°C for up to 72 h before processing. The bacterial culture was performed streaking
10 pL of samples onto blood agar and MacConkey agar plates (bioMérieux, Marcy-1I’ Etoile, France), and then
incubated in aerobic condition at 37°C for 48 h. The fungal culture was performed incubating the samples in aerobic
condition at 27°C for 7 days using Sabouraud agar plates (Moltox, USA). The microorganisms were identified using
the VITEK 2 automated system (bioMérieux, Marcy-1’ Etoile, France). Accordingly, with the standard clinical
practices, culture-negative samples were reported as “normal respiratory flora” or as “no organismal growth” if no
microorganisms were isolated. AST was performed following the guidelines of Clinical and Laboratory Standards
Institute (CLSI).?

The mNGS testing was performed as follows (Figure 2): 300 uL sample was mixed with sterile Phosphate Buffer
Saline (PBS) in a 1:3 ratio using 1.5 mL Eppendorf tubes (Eppendorf) and centrifuged for 5 min at 20,000xg for
enrichment. After discarding 1 mL supernatant, 5 uL of lytic enzyme solution (Qiagen Inc., Hilden, Germany) and 10 uL
of MetaPolyzyme (Sigma Aldrich, USA; reconstituted in 750 uL PBS) were added to the samples and gently mixed.
After that, the samples were incubated for 1 h at 37°C in the shaker to lyse microbial cells, followed by DNA extraction
using an IndiSpin Pathogen Kit (Indical Bioscience). Sterile deionized water was extracted as well and it was used as
negative control. DNA concentrations were assessed using a Qubit 4.0 fluorometer with the dsDNA HS Assay kit
(Thermo Fisher Scientific).

Library Preparation and Sequencing

All the samples were sequenced using the MinION platform (Oxford Nanopore Technology (ONT)). All the samples,
including the ones showing a low DNA concentration, were included in the workflow, to obtain an accurate
representation of all the microorganisms that can be detected in lower respiratory tract specimens collected from
clinical cases, using a metagenomic approach. According to the manufacturer’s instruction, library preparation was
performed using the PCR Barcoding Kit (SQK-PBK004, ONT), using 4-min of DNA extension and 15 cycles within
the PCR amplification step. A total of 75 uL of library DNA was loaded into the R9.4.1 flow cell (FLO-MIN106) on
MinlION device according to the manufacturer’s instruction. ONT MinKNOW GUI software (version 4.2.8) was used
to collect raw sequencing data. The sequencing run was stopped when approximately 50k of total read counts for each

sample was accumulated.
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Figure 2 Schematic representation of the MinlON-based mNGS workflow.

Bioinformatic Analysis

The raw sequencing data were processed using an automatic bioinformatics pipeline composed of a set of fixed external
software (ont-Guppy, bwa, SAMtools, BLASTn). The processing step consisted of (1) trimming of adapters using ont-
Guppy; (2) subtraction of human host sequences once mapped to the human reference genome (GRCh38, https://www.ncbi.
nlm.nih.gov/data-hub/assembly/GCF 000001405.39/) using Burrows-Wheeler alignment with BWA-MEM algorithm; (3)
the SAM files as output were indexed and sorted with SAMtools (version 1.7) to generate nonhuman reads; (4) all the

nonhuman reads were classified by simultaneous alignment to RefSeq microbial genome databases (ftp://ftp.ncbi.nlm.nih.

gov/genomes/refseq), which included viruses, bacteria, fungi, and parasites sequences using BLASTn (version 2.10.1); (5)

the final species classification results were finally outputted as csv files following the process by two custom Python scripts
and Linux commands; (6) the ARGS were detected using ABRicate (version 0.8, https://github.com/tseemann/abricate)

based on Comprehensive Antibiotic Research Database (CARD), using the input of non-human reads and with the
following parameters as follows: “-minid 85 -mincov 85 -csv”. The automatic bioinformatics pipeline is available at
https://github.com/gitz1222/APDNS/.

Positive Standards of mNGS Testing

To determine the best threshold to be used for the detection of VAP pathogens, excluding sample or environmental
contaminant microorganisms, threshold standards were established. Specifically, for the detection of bacterial and fungal
pathogens, we established receiver operating characteristic (ROC) curves following the microbiological culture results in
order to compare three main indicators in mNGS, including the target pathogen reads (reads), reads percent of microbes
(RPM, defined as the percentage of target pathogen reads in the remaining total reads following the barcode trimming)®
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and relative abundance (RA, defined as the percentage of target pathogen reads in the total microbe reads). Later, the
indicator with the highest diagnostic value was selected and the threshold standard was determined according to the best
Youden index. Positive standards of bacterial and fungal pathogens were as the ones that exceed the threshold standard,
while the microbes above the threshold, but not considered pathogens, were listed in Table S1. As for detection of
viruses, positive standard was defined when 1 or more reads were detected, while the coinfection was defined when more
than one pathogen was detected.

Composite Standard for Pathogen Diagnosis

The composite standard for pathogen diagnosis was defined as a combination of clinical tests (culture, staining,
immunology-related tests), confirmatory qPCR test and clinical adjudication by doctors. When the mNGS results were
inconsistent with culture results, these pathogens were further validated by qPCR test. All the primers and probes for
gPCR test and detailed steps were reported in Table S2.

Accuracy Evaluation of Pathogen Detection by MinlON-Based mNGS

To perform a statistical analysis on the diagnostic performance, the mNGS results were compared using two criteria: (1)
the gold standard of microbiological culture, and (2) the composite standard. A specific scoring algorithm was employed
for detection of bacterial and fungal pathogens. For the gold standard culture method, in case of consistency between
culture results and mNGS results, the samples were identified as true positive/true negative (TP/TN); otherwise, they
were identified as false positive/false negative (FP/FN). For the composite standard, the results of inconsistency between
sequencing and culture were further verified by qPCR test. In case of the mNGS results were consistent with the
verification results and clinical adjudication, they were identified as TP/TN; otherwise, they were identified as FP/FN. In
all two standards, a sample scored a maximum of | point, and when multiple pathogens were determined to be positive,
the score was divided into several equal points according to the number of pathogens.

Statistical Analysis

The data were analyzed using SPSS 25.0 software. The quantitative data with a normal distribution were expressed as
mean * standard deviation (SD) values using #-test, whereas quantitative data with a non-normal distribution were
expressed as median [interquartile range (IQR)] using Mann—Whitney U-test. Categorical data were expressed as
numbers (percentage) using chi-squared test. A P-value <0.05 was considered significant. The ROC curves were
drawn by SPSS 25.0 software. 2x2 contingency tables were used to calculate sensitivity, specificity, positive predictive
value (PPV), and negative predictive value (NPV).

Results

Patient Characteristics and Microorganisms Isolated

In this study, 63 patients were divided into two groups, a microbiological culture-positive group (n = 40) and
a microbiological culture-negative group (n = 23). Culture-positive and negative patients had similar distribution of
gender, comorbidities and clinical laboratory results, while the age, length of the mechanical ventilation treatment before
sampling and ICU mortality were significantly higher in the first group than in the negative one (P < 0.01) (Table 1).
A total of 57 pathogens were isolated, including 53 bacteria and 4 fungi. Fifty-three strains of bacteria were 17
Acinetobacter baumannii (32.1%), 14 Pseudomonas aeruginosa (26.4%), 8 Klebsiella pneumoniae (15.1%), 2
Stenotrophomonas maltophilia (3.8%), 2 Staphylococcus aureus (3.8%), 2 Corynebacterium striatum (3.8%), 2
Enterococcus faecium (3.8%), 2 Proteus mirabilis (3.8%), 1 Burkholderia contaminans (1.9%), 1 Burkholderia gladioli
(1.9%), 1 Staphylococcus haemolyticus (1.9%), and 1 Morganella morganii (1.9%), while 4 strains of fungi were 3
Candida albicans (75%), and 1 Aspergillus fumigatus (25%). The AST analysis was performed for 51 culture-confirmed
bacterial pathogens (except 2 Corynebacterium striatum) isolated from 37 patients. To this regard, we found that 42
(82.4%) were resistant to penicillin, 39 (76.5%) to cephalosporin, 38 (74.5%) to fluoroquinolone, 33 (64.7%) to
aminoglycoside, 32 (62.7%) to carbapenem, 26 (51.0%) to sulfonamide, 22 (43.1%) to tetracycline, 9 (17.6%) to
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Table 1 The Clinical Characteristics of Patients in Microbiological Culture-Positive and Culture-Negative

Group
Variable Culture-Positive Culture-Negative P
40 23

Age, median (IQR), years 75.0 (65.3,87.0) 61.0 (58.0,65.0) 0.000

Gender; male, N (%) 31 (77.5) 14 (60.9) 0.159

Comorbidities, N (%)
Diabetes 10 (25.0) 2 (8.7) 0.210
COPD 2 (5.0 1 (4.3) 0.907
Malignancy 17 (42.5) 13 (56.5) 0.283
Cardiovascular disease 17 (42.5) 7 (30.4) 0.342
Chronic liver disease 3 (7.5 0 NA
Chronic renal disease 6 (I5) 1 (4.3) 0.379

White blood cell count, x 10°/L 8.6 (7.2,11.6) 6.3 (4.5,10.7) 0.092

<4 or >10 x 10°/L 19 (47.5) 10 (43.5) 0.758

4-10 x 10°/L 21 (52.5) 13 (56.5)

Percentage of neutrophils 83.3 (75.5,89.8) 79.2 (62.8,84.7) 0.111

<40% or >75% 31 (77.5) I5 (65.2) 0.290

40% - 75% 9 (22.5) 8 (34.8)

CRP, mg/L 59.2 (32.8164.5) 49.4 (26.9,93.0) 0.236

>5 mg/L 39 (97.5) 23 (100.0) NA

<5 mg/L 1 (2.5) 0

Procalcitonin, ng/mL 0.18 (0.05,0.60) 0.03 (0.02,0.43) 0.105

>0.25 ng/mL 18 (45.0) 6 (26.1) 0.137

<0.25 ng/mL 22 (55.0) 17 (73.9)

Length of the mechanical ventilation 6.0 (4.0,9.8) 3.0 (3.0,5.0) 0.003

treatment before sampling, median (IQR),

days

ICU outcome, Death, N (%) 20 (50.0) 4 (17.4) 0.010

Abbreviations: COPD, chronic obstructive pulmonary disease; CRP, C-reactive protein.

monobactam, 8 (15.7%) to cephamycin, 4 (7.8%) to macrolide, 2 (3.9%) to lincosamide, and 1 (2.0%) to polypeptide.
Detailed results of AST were shown in Table S3.

Diagnostic Threshold Establishment and Evaluation of the Accuracy for
MinlON-Based mNGS

ROC curves of the reads, RPM and RA were established using the culture results as the gold standard. As shown in
Figure 3A, the area under the curve (AUC) of the RA represented the maximum (AUC = 0.847), which has the highest
diagnostic value, while the RPM (AUC = 0.740) was the second, and the AUC of the reads was the minimum (AUC =
0.686) with the lowest diagnostic value obtained. Therefore, the RA was selected as the best indicator to detect bacterial
and fungal pathogens in VAP cases by mNGS. Moreover, the corresponding threshold value was 9.93% according to the
best Youden index. A detailed description of the bacteria and fungi detected was shown in Table S4.

Based on the microbiological culture results, the 40 culture-positive samples were also found positive for 97.5% of
times (39/40) mNGS, with a full consistency of the pathogen detected in the 87.2% of times (34/39), while partially
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Figure 3 (A) Evaluation of the performance of three indicators (reads, RPM and RA) to detect VAP pathogens using ROC curves. (B and C) Accuracy evaluation by 2x2
contingency tables based on the gold standard culture test and composite standard, respectively.

consistent results were obtained in the remaining 5 samples, indicating at least 1 pathogen in the context of polymicrobial
cultures was found. And only 1 sample (2.5%) showed inconsistent results. Finally, mNGS results scored 36.5 out of 40
and showed a sensitivity of 91.3% and a PPV of 88.0% (Figure 3B). In 23 culture-negative samples, 18 (78.3%) mNGS
results were consistent with culture results while in 5 samples, positive pathogens were detected, resulting in a specificity
of 78.3% and a NPV of 83.7% (Figure 3B). The false-positive and false-negative results based on the gold standard were
shown in Table S5.

Based on the composite standard, the mNGS results were confirmed for the samples that show inconsistency in the
culture results. In all culture-positive samples, only 6 pathogens detected by culture were lost in mNGS. Among them, 3
pathogens also could not be detected by qPCR tests, while 3 pathogens did not reach the thresholds of the mNGS. For the
5 FP samples based on gold standard, the mNGS results were further validated by qPCR test and clinical adjudication,
increasing the scores by 5.0. Therefore, the sensitivity and specificity were 97.4% and 100%, respectively, and the PPV
and NPV were 100% and 93.9%, respectively (Figure 3C). The false-positive and false-negative results based on the
composite standard were shown in Table S5.

Detection of DNA Viruses by MinlON-Based mNGS

Viral pathogens were also detected in our samples by mNGS. A total of 11 out of 40 culture positive samples were
identified as virus positive by mNGS. The virus identified included 4 Epstein-Barr virus (EBV) and 7 Herpes
simplex virus 1 (HSV-1). All the mNGS results were further confirmed by qPCR test. In addition, 2 virus positive
samples were found within the 23 culture negative samples, specifically one sample (N11) was HSV-1 positive,
while the second (N18) demonstrated to be coinfected with EBV and HSV-1. Following the qPCR validation, sample
N18 passed the verification, but the CT value of sample N11 did not reach the threshold of qPCR test, likely due to
low viral concentration (Table S6).

Detection of Coinfections by MinlON-Based mNGS

In a total of 29 out of 63 patients (46.0%), coinfection was detected using mNGS, increasing the detection rate of
coinfection by 19% (12/63) compared to clinical laboratory findings. It is worth noting that 20.6%, 3.2%, 22.2% patients
were diagnosed as bacterial-viral, bacterial-fungal, and bacterial-bacterial coinfections, respectively, showing an increase

in the coinfection detection rate, especially for bacterial-viral coinfection (Figure 4).
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Figure 4 Comparison of the pathogen detection rates between clinical laboratory findings and mNGS results.

Detection of ARGs by MinlON-Based mNGS

To evaluate the ability of mNGS in prediction of the antibiotic resistance, the ARGs of bacteria were investigated in all
the 45 mNGS-positive samples. A total of 52 ARGs were detected in 28 samples, while 17 samples showing no mNGS
reads that mapped to known ARGs. Most of ARGs were related to multi-drug resistance (48.1%, eg, abe, acr),
aminoglycoside (11.5%, eg, AAC, APH), and fluoroquinolone (9.6%, eg, AbaQ, CrpP). The most prevalent (39.3%,11/
28) ARG was OXA, which is a -lactamase gene. The ARGs detected in each sample and the corresponding type of
antimicrobial agents are shown in Figure 5.

We also investigated the consistency between the results of ARGs and clinical AST (excluded 3 culture-negative
samples without AST results: N10, N11, N18). As shown in Table 2, there was a high consistency between ARGs
detected from gram-negative pathogens and aminoglycoside and B-lactam phenotypes. It was observed that resistance to
aminoglycoside antibiotics was shown in 11 of 13 samples in which aminoglycoside ARGs were detected, with APH
being the most common gene, followed by A4C. The enzymes encoded by ade, Opr, ArmR and Kpn belong to multidrug
efflux complex, which can be responsible for the resistance to carbapenem, cephalosporin and penicillin, while class D B-
lactamases encoded by OXA can hydrolyze cephalosporin and penicillin. The detected ARGs were consistent with the
AST results to B-lactam antibiotics in 13 of all 15 samples. Most of the carbapenem resistance was due to the presence of
ade gene in A.baumannii, while Opr or ArmR in P. aeruginosa. In general, the two methods produced fully concordant
results in 7 (28.0%) samples and partially consistent results in the remaining 18 (72.0%) samples, with the antibiotic
sulfonamide as the most frequently missed in ARGs screening of the mNGS data.

Next, we divided the samples of these 28 patients into two groups according to the mechanical ventilation exposure
(%4 d or =5 d), to evaluate the association between mechanical ventilation exposure and ARGs in the respiratory
microbiome. Following the comparison of the sequencing depth of two groups, we found that the total number of reads
generated by mNGS showed no significant difference between the two groups (P > 0.05, Figure 6A). Based on the same
depth of sequencing, patients with late-onset (mechanical ventilation exposure >5 d) VAP had a significantly greater
proportion of ARGs in their respiratory microbiome compared to those with early-onset (mechanical ventilation exposure
<4 d) VAP (P = 0.041, Figure 6B).

Comeparison of Turnaround Time Between mNGS and Routine Culture

To compare the performance and the promptness of the results between mNGS and routine culture methods, the
turnaround times of all samples between the two methods were compared. The time needed for a sample to be processed
and be loaded into the flow cell was 3 h, followed by a real time analysis of data during the sequencing process, being the
analysis begin when the first fastq file was output (median time was 7 min, Table S7). The median sequencing duration
was therefore only 1.35 h, followed by a 5 min analysis using an automatic bioinformatics pipeline. To conclude, the total

median turnaround time to obtain results was 4.43 h for mNGS, and up to 72.00 h for routine culture (Figure 7).
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Discussion
In this study, a rapid nanopore-based mNGS diagnostic assay was developed for a fast detection of VAP pathogens and
ARGs by 5 h after sample receiving. In addition, the performance of three different indicators to detect bacterial and
fungal pathogens were evaluated, along with the hypothesis that the RA resulted in the highest diagnostic value that was
consistent with clinical microbiological culture. Indeed, following the confirmation that the assay could be useful to
establish the correct therapy, the main beneficial consequences are that patients might have their empiric therapy
correctly de-escalated, while uninfected patients might substantially decrease their antibiotic exposure gradually decreas-
ing its administration from the diagnosis.

The research from this study showed that the RA was the best mNGS indicator for detection of VAP pathogens.
Kitsios GD et al*” also used machine-learning algorithms to identify the RA through sequencing as the most informative
predictor of culture positivity. In contrast, no significant results were obtained from the reads and RPM parameters,
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Table 2 ARGs Detected from Gram-Negative Pathogens by mNGS and the Corresponding AST Results

ID Pathogen Aminoglycoside B-lactam

ARGs AST ARGs AST Results

Resules Carbapenem | Cephalosporin | Penicillin

Pl A. baumannii APH R ade, OXA R R R
P12 APH, armA R ade R R R
Plé APH R ade, OXA R R R
P30 - R ade, OXA R R R
P32 armA R OXA | R R
P34 APH R ade, OXA R R R
P5 P. aeruginosa Opr R Opr R R R
P10 AAC S - R S S
P19 APH S Opr, ArmR R R R
P35 - S - S S S
P37 APH R Opr, ArmR R R R
P40 APH, AAC, R ArmR R R R

emrE
P9 K. pneumoniae | APH, AAC R OXA, Opm R R R
PI8 APH, AAC, R Kpn R R R

rmtB
P31 rmtB R - R R R

Abbreviations: R, Resistance; |, Intermediate; S, Susceptible; -, undetected.

mainly due to the influence of the sequencing depth on the reads, while the RPM was influenced by the host genome
proportion in the sample.

More pathogens were identified by mNGS compared with microbiological culture, confirming a better detection
performance of mNGS methodology. According to the final composite standard, the diagnostic accuracy of mNGS
significantly increased from 86.5% to 98.1% compared with the culture method. For the 6 FN pathogens based on culture
results, 3 results were paradoxical with the clinical adjudication, while the remaining pathogens were detected by mNGS
but remove from the analysis because the set threshold for mNGS was not achieved. Based on the composite standard,
only 3 pathogens were real FN. Additionally, in 2 culture-negative samples, Mycobacterium tuberculosis and Legionella
pneumophila were detected by mNGS, respectively. In this regard, the culture method is considered the gold standard for
the identification of Mycobacterium tuberculosis and Legionella pneumophila, however, the method requires a time of
2-weeks and the growth of them can be inhibited by the presence of other bacteria.”® > In addition, since the clinical
signs and radiological findings of VAP are nonspecific, the immunology-related test and qPCR methods are often not
included in the diagnostic workflow on time. It is really clear that mNGS shows more advantages than traditional
methods in the identification of fastidious and nonspecific pathogens.

Traditionally, respiratory viruses have been given minimal attention as a cause of hospital-acquired pneumonia;
however, research study showed that respiratory viral infection was associated with mortality rates comparable to the
ones associated with bacterial infection.>’ HSV even can be responsible for viral reactivation pneumonia in mechanically
ventilated patients.” Based on the clinical virus test results, only 5 out of 63 patients were subjected to respiratory virus
test, but none of them resulted positive (Table S6). Viral pathogens were found in 13 (20.6%) patients by mNGS,
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indicating that mNGS has a great advantage over traditional methods in virus detection, consistently with previous
study.*

In addition, the ability of mNGS to simultaneously identify bacteria, fungi, and viruses was also demonstrated in this
study. By comparing the results of clinical laboratory findings and mNGS, the coinfection rate in VAP cases increased
from 27% to 46%, especially regarding bacterial-viral coinfection. Several reports showed that coinfection can be
associated with poorer outcomes in VAP.>*~* Therefore, the improvement in coinfections detection by mNGS may
provide more references to clinicians for a better diagnosis and treatment.

The ability of genome sequencing to predict antimicrobial resistance has been extensively established,***° but studies
assessing the efficiency of this methodology in direct respiratory specimens are still limited,*”*® likely due to the low
pathogen concentration in clinical body fluids.*® This problem can be potentially overcome by increasing sequencing

depth.*® On the other hand, the long reads-based nanopore sequencing allows for a more reliable assembly through
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repetitive regions, and allow the ARGs detection by mNGS directly from specimens.*! In our study, the ARGs detected
by mNGS were highly consistent with the aminoglycoside and B-lactam resistance phenotypes. Overall, the results of
AST and ARGs were fully consistent in 28% samples, with a partial consistency in the rest samples. Those findings may
be due to as follows: (1) Although resistance mechanisms associated with specific ARGs can be detected and acquired
easily, the mNGS may be inadequate in detecting unknown resistance mechanisms;** (2) ARG is not always correlated
with the protein expression and may lead to discordant genotype/phenotype results.** A previous study demonstrated that
the early-onset VAP is more likely to be caused by antibiotic-susceptible bacteria, while late-onset VAP is usually caused
by multi-drug resistant pathogens associated with increased morbidity and mortality.** Similarly, our findings showed
that there was an association between mechanical ventilation exposure and the ARGs burden in VAP, demonstrating the
feasibility of mNGS for monitoring the antimicrobial resistance and its epidemiological trends.

As reported, a delay in the initiation of appropriate antibiotic treatment is associated with an increased mortality in
severe pneumonia cases.*> However, 2-4 days of turnaround time to obtain culture results often do not allow to establish
a prompt treatment.*® In contrast, the total turnaround time of nanopore-based mNGS was within 5 hours after sample
submission, which might lead to a faster choice of the appropriate antibiotic before the disease will become irreversible.
In addition, the respective libraries were pooled and multiplex sequencing was performed to improve cost-effectiveness,
making the sequencing cost drop to $92.'7 Although the cost for a microbial culture is $60, more than one test and/or
combinations with other ones (such as staining, immunology-related tests and/or PCR test) are often needed, the
sequencing-based method developed here is more feasible and cost-effective.

Our study includes certain limitations. First, this is a study based on a single center design, and further research in
additional hospitals is required. Second, all the samples had only undergone DNA sequencing but not RNA sequencing,
which may have contributed to some of the false-negative results. Third, ETA samples contain greater proportion of host
genome DNA, and different depths of sequencing for pathogens, limiting the detection of ARGs. Fourth, the mNGS cost
still seems to be high for the rural area of developing countries; therefore, further process optimization is required to
reduce cost.

Conclusion

In summary, a nanopore-based mNGS workflow was developed to identify VAP-associated pathogens and ARGs. The
pathogen diagnostic accuracy was of 98.1% based on composite standard and the turnaround time was less than 5 h,
proving that our method may be beneficial and feasible. In addition, we also demonstrated the efficacy of mNGS in
ARGs detection and their epidemiological surveillance using a direct sequencing method of ETA samples from patients
affected by VAP. Our study thus showed that mNGS can be beneficially used as a tool for VAP etiological diagnosis in
clinical settings.
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