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Purpose: To examine the clinical utility of metagenomic next-generation sequencing (mNGS) in individuals with early pulmonary
infection following liver transplantation.

Patients and Methods: mNGS and traditional detection results were retrospectively collected from 99 patients with pulmonary
infection within one week following liver transplantation. These patients were admitted to the Department of Critical Liver Diseases at
Beijing Friendship Hospital from February 2022 to February 2024, along with their general clinical data.

Results: mNGS exhibited a significantly higher detection rate than traditional methods (92.93% vs 54.55%, P < 0.05) and was more
effective in identifying mixed infections (67.68% vs 14.81%, P < 0.05). mNGS identified 303 pathogens in 92 patients, with
Enterococcus faecium, Pneumocystis jirovecii, and human herpesvirus types 5 and 7 being the most prevalent bacteria, fungi, and
viruses. A total of 26 positive cases were identified through traditional culture methods (sputum and bronchoalveolar lavage fluid),
with 18 cases consistent with mNGS detection results, representing 69.23% consistency. Among the three drug-resistant bacteria that
showed positivity in mNGS and traditional culture, the presence of drug-resistance genes—mecA in Staphylococcus aureus;, KPC-2,
KPC-9, KPC-18, KPC-26, OXA27, OXA423 in Klebsiella pneumoniae; and OXA488 and NDM6 in Pseudomonas aeruginosa—reliably
predicted drug-resistance phenotype. The treatment regimen for 76 of the 92 patients with positive mNGS relied on these results; 74
exhibited significant symptom improvement, yielding a 97.37% recovery rate. The overall prognosis was favorable.

Conclusion: mNGS offers rapid detection, a high positivity rate, insensitivity to antibiotics, and a superior ability to detect mixed
infections in patients with early post-transplant pulmonary infections. Additionally, mNGS shows good consistency with traditional
culture and can predict drug-resistant phenotypes to guide targeted antibiotic therapy for early-stage post-transplant pulmonary
infection after liver transplantation. Patients whose antibiotic therapy is based on mNGS results have experienced decreased mortality
rates and overall improved prognosis.
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Introduction

Liver transplantation has emerged as the sole efficacious intervention for individuals with end-stage liver disease.’
Recently, advancements in surgical techniques, the introduction of new immune agents, and ongoing enhancements in
perioperative care have significantly increased the long-term survival rates of organ transplantation recipients and their
grafts.” Nevertheless, early post-operative infections significantly impact patient prognosis,” with pulmonary infections
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being a prevalent complication and a leading cause of patient mortality.* Despite the common practice of administering
prophylactic antibiotics, the incidence of early post-operative infections remains as high as 71.4%.” Meanwhile, as
a result of the growing misuse of antibiotics, bacterial resistance has emerged as a significant concern, presenting
challenges in clinical treatment and posing a serious threat to the life and health of patients.® Hence, patients must receive
early preventive measures and effective anti-infective treatment, along with timely and precise identification of the
causative agent and selection of appropriate antibiotics to combat drug-resistant bacteria.

Recently, the clinical application of metagenomic next-generation sequencing (mNGS) has increased due to its
heightened sensitivity and efficiency compared to conventional detection techniques, facilitated by advancements in
genomics technology. Evidence indicates that mNGS effectively detects pathogens after liver transplantation.” ® This
method allows for swift and thorough identification of DNA and RNA sequences of pathogenic microorganisms from
clinical samples, potentially revealing the presence of resistance genes.'’

This study aims to demonstrate the advantages of mNGS in clinical applications through comparative analysis with traditional
detection methods. By analyzing the distribution characteristics of pathogens in the lower respiratory tract of patients with early
post-liver transplant pulmonary infections detected by mNGS, we aim to provide a reference basis for early and accurate pathogen
diagnosis for such patients. Furthermore, by analyzing the value of mNGS in detecting drug-resistant genes in clinical settings, we
aspire to formulate rational and effective anti-infective strategies, thereby further improving patient prognosis.

Material and Methods

Basic Information on the Research Object

This study retrospectively examined a cohort of 99 patients admitted to the Intensive Care Unit of Critical Liver Diseases
in Beijing Friendship Hospital between February 2022 and February 2024 who experienced pulmonary infections within
one-week post-liver transplantation.

Inclusion and Exclusion Criteria
Inclusion criteria were as follows: (1) a diagnosis of post-operative pulmonary infection within one week; (2) complete
clinical data, including mNGS and traditional detection results; (3) informed consent obtained from the patient or their
family for relevant examinations and inspections.

Exclusion criteria included the following: (1) pre-operative complications of pulmonary infection; (2) severe
respiratory and circulatory diseases preventing relevant examinations; (3) Incomplete clinical data.

Post-Operative Empirical Anti-Infective Regimen

All patients routinely received prophylactic anti-infective treatment post-surgery. For recipients of cadaveric donor livers,
the regimen typically included meropenem/imipenem, vancomycin, and micafungin combination to cover Gram-positive
cocci, Gram-negative bacilli, atypical pathogenic bacteria, and fungi. For recipients of living donor livers without pre-
operative infections, third-generation cephalosporin antibiotics or carbapenem antibiotics were used post-surgery. If pre-
operative infection was detected in the recipient, the treatment was guided by the results of pre-operative pathogen
culture and drug sensitivity.

Diagnostic Criteria for Pulmonary Infection

Diagnostic criteria for pulmonary infection were as follows: new or progressive patchy, infiltrating shadows or
interstitial changes on post-operative chest imaging accompanied by fever (body temperature > 38.3 °C) or body
temperature < 36 °C, abnormal white blood cell count (> 10 or < 4 x 10°/L), and clinical symptoms (new or

worsening cough, dyspnea, and purulent discharge).'""'?

Lower Respiratory Tract Samples Collected and Submitted for Examination
The patient underwent bedside bronchoscopy in the intensive care unit; aseptic tubes were used to collect bronchoalveolar lavage
fluid (> 4 mL) or sputum (=2 mL). The tubes were then sent to Jieyi Biotechnology (Hangzhou, China) for mNGS detection.All
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sputum samples for mNGS testing were obtained under aseptic conditions via bronchoscopy to minimize contamination from
upper respiratory tract microorganisms and ensure accurate pathogen identification. For lower respiratory tract samples sent for
conventional culture, the standard practice in our center is as follows: if a patient with suspected pulmonary infection has already
undergone tracheal intubation, sputum is directly collected at the bedside using bronchoscopy or a sterile suction catheter. In case
of insufficient sputum, bronchoalveolar lavage fluid is obtained through bronchoscopy and sent for testing. This two methods are
the most common approaches for obtaining samples for conventional culture. If a patient with suspected pulmonary infection has
not undergone tracheal intubation and has good respiratory muscle strength, sputum can be acquired through voluntary coughing.
In our study, only a few patients had their sputum collected using this method.

Library Preparation and Metagenomic Sequencing

DNA libraries were prepared through automatic nucleic acid extraction, enzymatic fragmentation, end repair, terminal adenyla-
tion, and adaptor ligation according to a previous study.'® Finished libraries were quantified using real-time polymerase chain
reaction (PCR) (KAPA) and pooled. Shotgun sequencing was performed on illumina Nextseq, generating approximately
20 million 50-bp single-end reads per library. Bioinformatic analysis was conducted as described in a previous report.'*
Briefly, Low-quality sequences, human-derived sequences, reagent-engineered microbial sequences, and laboratory environ-
mental contamination sequences were filtered (GRCh38.p13). The remaining reads were aligned to reference databases (NCBI nt,
GenBank and an in-house curated genomic database) to identify microbial species and read counts. For each sequencing run,
a negative control (NC) (culture medium containing 104 Jurkat cells/mL) was included.

MNGS Reporting Criteria

Microbial reads identified from a library were reported if 1) the sequencing data passed quality control filters (library
concentration > 50 pM, Q20 > 85%, and Q30 > 80%); and 2) the NC in the same sequencing run did not contain the
species or the reads per million (RPM) for the sample/RPM for the NC was > 5, as determined empirically by previous
studies as a cutoff for discriminating true-positives from background contaminations.'*'>'® In the final report, we
evaluated whether the detected microorganisms were pathogens or commensal bacteria according to the pathogenicity of
microorganism, specimen type, number of detected sequences, relative abundance, the rank of genus sequences among
all genera in the specimen, and clinical information provided by the clinic.

Traditional Detection Methods

Routine samples, including nasopharyngeal swabs, sputum, bronchoalveolar lavage fluid, and blood, were collected. We
employed the traditional detection methods, mainly smear-stained microscopy of sputum and bronchoalveolar lavage fluid.
BASO (brand name) Gram stain solution was utilized for common nosocomial bacteria and most fungi, whereas BASO acid-fast
stain solution was used for Mycobacterium tuberculosis. Additionally, bacteria, fungi, and mycobacteria in sputum and
bronchoalveolar lavage fluid were cultured (MacConkey agar and Columbia agar, China),'” and the 1, 3-B-D-glucan test was
performed on blood and bronchoalveolar lavage fluid (Jinshanchuan, China).'"® Moreover, PCR testing was conducted on
nasopharyngeal swabs for six respiratory viruses: influenza A/B, respiratory syncytial virus, adenovirus, and parainfluenza
virus types I and IIT (Zhuochenghuisheng, China), as well as Mycoplasma pneumoniae (Baoruiyuan, China).'® Furthermore,
antibody detection was performed for Epstein-Barr virus and cytomegalovirus (CMV) in the blood (Suoling, China).

Statistical Methods

RPM refers to the normalized sequence count of microorganisms detected in sequencing data. This index standardizes
data, eliminating discrepancies in sequence numbers caused by varying data volumes, enabling researchers to compare
loads of the same pathogen across different samples. In this study, microbial sequences from 99 samples were uniformly
processed using RPM normalization for comparison. Statistical analysis was conducted using SPSS 27.0; GraphPad
Prism 7 software was utilized for data visualization. Measurement data adhering to normal distribution and variance
homogeneity were expressed as mean + standard deviation and analyzed using the independent sample #-test. Non-
normally distributed measurements were represented by the median or interquartile range and analyzed using the Mann—
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Whitney U-test. Categorical count data were presented as the number of cases (percentage) and tested using the X>
method. A significance level of P < 0.05 was employed in this study.

Results

General Characteristics of the Study Population

A total of 99 patients meeting the criteria were included in the study for analysis (Figure 1). Among these patients, there were
49 males (49.49%) and 50 females (50.51%), with a median age of 57 years. The majority of patients had decompensated
cirrhosis as their primary disease (53.54%); common complications included hypersplenism (41.41%) and hepatorenal
syndrome (17.17%). Additionally, some patients had comorbid chronic conditions such as hypertension (31.31%) and diabetes
(25.25%). Laboratory tests revealed a median C-reactive protein level of 9.59, a median prothrombin time of 17.00, and
a median total bilirubin level of 63.00, all of which exceeded the upper limit of the normal reference range (Table 1).

Results of mMNGS Detection in the Study Population

Sputum or alveolar lavage fluid from 99 patients was collected for mNGS detection. mNGS detected pathogens in 92
patients, with a positivity rate of 92.93% (92/99, 95% CI 87.80%—98.10%). According to the results of mNGS detection,
bacterial (17.19%,16/92), bacterial + viral (21.74%, 20/92) and bacterial + viral + fungal infections (27.17%, 25/92) were
the most common types of pulmonary infection. Mixed infections were detected in 67 patients, with a total detection rate
of 67.68% (67/92) (Figure 2).

All 99 patients were tested using traditional detection methods, with 54 patients testing positive for pathogens,
yielding a positivity rate of 54.55% (54/99, 95% CI 44.60%—-64.50%), which was significantly lower than that of mNGS
(P < 0.001). Among patients with lung infections detected through conventional methods, bacterial infections were the
most prevalent types at 44.44% (24/54), followed by viral infections at 20.37% (11/54) and fungal infections at 20.37%
(11/54). Additionally, mixed infections were identified in eight patients, accounting for 14.81% (8/54), a rate significantly
lower than that detected via mNGS (P < 0.05). mNGS exhibited superior performance in pathogen detection rates and the
identification of mixed infections (Figure 3).

Given that culture is the standard method for detecting bacterial and fungal pathogens, we compared the diagnoses of
mNGS and culture using bronchoalveolar lavage fluid and sputum samples. Among the 99 patients included in the study,

A total of 99 patients with definite diagnosis of
pulmonary infection after liver transplantation and
complete mMNGS and traditional detection etiological

data were enrolled (

The etiological
information related to
mNGS and traditional
detection was analyzed

® Positive rate: 92.93% (92 cases) ® Positive rate: 54.55% (54 cases)

N
mNGS detection (99 cases) Traditional detection (99 cases)
® Negative rate: 7.07% (7 cases) ® Negative rate: 45.45% (45 cases)

N

Outcomes of patients after

adjusting anti-infective therapy with Outcomes of all patients (99 cases)
reference to mNGS (76 cases) ® Improved: 90.91% (90 cases)

® Improved:94.74% (72 cases) ® Recovered: 5.05% (5 cases)

® Recovered: 2.63% (2 cases) ® Died: 4.04% (4 cases)

® Died: 2.63% (2 cases)

Figure | The study design of this experiment, the results of conventional tests and metagenomic next-generation sequencing (mMNGS), and the patient outcomes after anti-
infective therapy were investigated. A total of 99 patients with pulmonary infection within one week after liver transplantation were enrolled in this study. The positive rates
of mNGS and traditional detection methods were 92.93% and 54.55%, respectively. Following the anti-infective treatment, 95.96% (95/99) of patients demonstrated
improvement.
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Table | Baseline Characteristics of the Study Population

People Characteristics

All Patients (N = 99)

Age (years), median (Interquartile range [IQR])

Sex, % (n)

Male

Female

Primary disease, % (n)
Decompensated cirrhosis

Liver cancer

Acute-on-chronic liver failure

Acute liver failure

Others

Comorbidity, % (n)

Hypertension

Diabetes

Hypersplenism

Hepatic encephalopathy
Hepatopulmonary syndrome
Hepatorenal syndrome

Biochemical indicators

White blood count (10°/L), median (IQR)
Neutrophil count (10%/L), median (IQR)
C-reactive protein (mg/L), median (IQR)
Prothrombin time (s), median (IQR)
Bilirubin (umol/L), median (IQR)
Creatinine (umol/L), median (IQR)
Blood urea nitrogen (mmol/L), median (IQR)
Albumin (g/L), median (IQR)
Outcomes, % (n)

Cured

Improved

Died

57.00 (41.00,60.00)

49.49 (49/99)
50.51 (50/99)

53.54 (53/99)
18.18 (18/99)
16.16 (16/99)
6.06 (6/99)
6.06 (6/99)

31.31 (31/99)
25.25 (25/99)
41.41 (41/99)
17.17 (17/99)
12.12 (12/99)
7.07 (7/99)

475 (3.07, 6.94)
3.16 (0.81, 5.53)
9.59 (3.47,20.00)
17.00 (13.50, 22.00)
47.00 (26.65,175.00)
63.00 (44.50, 81.00)
6.00 (4.06, 12.00)
34.48 +/- 5.13

5.05 (5/99)
90.91 (90/99)
4.04 (4/99)

26 had a positive culture, yielding a positivity rate of 26.26% (95% CI 17.40%-35.10%), significantly lower than that
obtained via mNGS (P < 0.05). In 18 patients (69.23%), the same pathogen was identified via mNGS and culture. These
findings suggest a high concordance between the results of mNGS and those by traditional culture methods, indicating

mNGS reliability in pathogen detection. In this research, all subjects received empirical anti-infective treatment post-

17.39%
217%
7.61%
14.13%
21.74%
6.52%
27.17%
1.09%
1.09%
1.09%
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Figure 2 Pathogen profiles detected via mNGS.
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44 44% N=24 Bacteria
20.37% N=11 Fungi

20.37% N=11 Viruses

3.70% N=2 Bacteria+Fungi
11.11% N=6 Bacteria+Viruses
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Figure 3 Pathogen spectra detected via traditional detection methods.

surgery, resulting in a 92.93% positivity rate for mNGS compared to 26.26% for culture (bronchoalveolar lavage fluid
and sputum). These findings suggest that culture exhibits greater susceptibility to anti-infective therapy, while mNGS
remains relatively unaffected.

The Distribution Characteristics of Pathogens in Each Category Detected via mNGS
This study identified 303 pathogens in 92 samples that tested positive using mNGS. Bacterial infections were the most
prevalent types, comprising 51.48% (156/303) of the cases, followed by viral infections at 28.71% (87/303) and fungal
infections at 18.81% (57/303). Mycoplasma infections represented 0.99% (3/303) of the cases. Within the bacterial
infections, Gram-negative bacteria accounted for the majority, comprising 55% (86/156) of the cases. We comprehen-
sively analyzed the distribution characteristics of each type of pathogen within the identified population.

Table 2 Bacterial Species Distribution in 92 Patients with Positive Sequencing Results

Pathogen Number of Positive Average Number of
Cases (%) Sequences Normalized
Enterococcus faecium 19 (20.65) 15,037.58
Pseudomonas aeruginosa 13 (14.13) 111,075.20
Klebsiella pneumoniae Il (11.96) 46,858.54
Enterococcus faecalis 10 (10.87) 3198.72
Staphylococcus aureus 10 (10.87) 28,105.42
Stenotrophomonas maltophilia 10 (10.87) 6898.77
Acinetobacter baumannii 8 (8.70) 75,205.78
Corynebacterium striatum 8 (8.70) 90,511.90
Streptococcus pneumoniae 6 (6.52) 3156.11
Streptococcus pyogenes 5(543) 125,645.59
Legionella pneumophila 5(543) 9468.12
Staphylococcus epidermidis 4 (4.35) 201,854.22
Haemophilus influenzae 4 (4.35) 340.25
Haemophilus parainfluenzae 3 (3.26) 2071.33
Streptococcus parahaemolyticus 3 (3.26) 87,303.55
Ralstonia mannitolilytica 3 (3.26) 8.44
Streptococcus infantarius 3 (3.26) 55,799.00
Staphylococcus haemolyticus 3 (3.26) 139,068.28
Escherichia coli 2 (2.17) 3.04
Nocardia farcinica 2 (2.17) 10,892.07
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The distribution of bacterial species was limited to the 20 most frequently detected species (Table 2). Enterococcus
faecium, Pseudomonas aeruginosa, and Klebsiella pneumoniae were the leading bacterial pathogens. Within the cohort
of bacteria exhibiting a high frequency of detection, Pseudomonas aeruginosa and Klebsiella pneumoniae displayed
relatively elevated average sequence numbers.

The study identified nine fungal species, a significantly lower number than that of the bacterial species. The
distribution of all detected fungi is presented in Table 3. Pneumocystis jirovecii, Candida albicans, and Aspergillus
fumigatus were the most frequently detected fungi, with a significantly high mean sequence number.

In our study, 15 species of viruses were classified at the species level. The distribution of all identified viruses is
presented in Table 4. Human herpesvirus types 1,4,5, and 7 were the leading viral pathogens. The highest average
sequence count was observed for human herpesvirus type 4, followed by type 1.

Moreover, three instances of mycoplasma infection were identified, including two cases of human Mycoplasma
hominis and one case of Ureaplasma urealyticum. The mean sequence number for Mycoplasma hominis was greater than
that for Ureaplasma urealyticum (Table 5).

Table 3 Distribution of Fungal Species in 92 Patients with Positive
Sequencing Results

Pathogen Number of Positive | Average Number of
Cases (%) Sequences Normalized

Pneumocystis jirovecii 19 (20.65) 14,606.13

Candida albicans 11 (11.96) 6433.61

Aspergillus fumigatus 11 (11.96) 36,140.30

Aspergillus flavus 5(5.43) 2447.39

Candida tropicalis 4 (4.35) 1003.12

Candida smooth 3 (3.26) 5322.83

Candida near-smooth | 2 (2.17) 328.58

Aspergillus nidulans 1 (1.09) 434.14

Rhizomucor pusillus 1 (1.09) 1462.98

Table 4 Distribution of Virus Species in 92 Patients with Positive Sequencing Results

Pathogen Number of Positive | Average Number of
Cases (%) Sequences Normalized

Human herpesvirus 5 (CMV) 21 (22.83) 5860.99

Human herpesvirus 7 (HHV-7) 21 (22.83) 4803.24

Human herpesvirus | (HHV-1) 13 (14.13) 612691

Human herpesvirus 4 (EBV) 8 (8.7) 16,639.25

Influenza A virus 4 (4.35) 3653.39

Human parainfluenza virus 3 4 (4.35) 4191.44

Human respiratory syncytial virus B 4 (4.35) 226.29

Rhinovirus C 3 (3.26) 2468.39

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) | 2 (2.17) 60.22

Rhinovirus A 2 (2.17) 5779.34

Rhinovirus B 1 (1.09) 4613.92

Human coronavirus 229E 1 (1.09) 1211.93

Human coronavirus OC43 1 (1.09) 16.27

Human respiratory syncytial virus A 1 (1.09) 75.92

Human herpesvirus 6B 1 (1.09) 0.13
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Table 5 Mycoplasma Species Distribution in 92 Patients with Positive
Sequencing Results

Pathogen Number of Positive | Average Number of
Cases (%) Sequences Normalized

Mycoplasma hominis 2 (2.17) 10,960.56

Ureaplasma urealyticum | 1 (1.09) 5060.48

Table 6 Identification Frequency of Drug-Resistance Genes in Gram-Positive Bacteria via mNGS

Drug-Resistance | Mechanism of Source Strain Number of

Gene Drug Resistance Positive Cases (%)

mecA Antibiotic target substitution | Staphylococcus aureus 4 (19.04)
Staphylococcus epidermidis 3 (14.29)
Staphylococcus haemolyticus | | (4.76)

Mecc Antibiotic target substitution | Staphylococcus haemolyticus | | (4.76)

Mecrl Antibiotic target substitution | Staphylococcus epidermidis 1 (4.76)

Vana Antibiotic target change Staphylococcus aureus 1 (4.76)
Enterococcus faecium 2 (9.52)

Vanc Antibiotic target change Enterococcus faecium 2 (9.52)
Enterococcus faecalis 1 (4.76)

Ermb Antibiotic target change Staphylococcus aureus 1 (4.76)

Tetm Antibiotic target protection Staphylococcus aureus 1 (4.76)

Teto Antibiotic target protection Streptococcus pneumoniae 1 (4.76)

Tet (WINIW) Antibiotic target protection Corynebacterium striatum 1 (4.76)

Sull Antibiotic target substitution | Corynebacterium striatum 1 (4.76)

mNGS Identified Gram-Positive and Gram-Negative Bacteria Carrying

Drug-Resistance Genes
An mNGS-based comprehensive analysis identified 10 drug-resistance genes within 21 Gram-positive strains representing
seven distinct species, with a predominant presence of mec and van genes. Notably, mecA was the most commonly detected
gene, followed by vand and vanC, primarily observed in Staphylococcus and Enterococcus faecalis (faecium) (Table 6).
A total of 16 drug-resistance genes, predominantly OX4 and KPC, were identified using mNGS in 19 Gram-negative
bacterial isolates from various species. The majority of these genes were found in Acinetobacter baumannii, Klebsiella
pneumoniae, and Pseudomonas aeruginosa. Notably, OXA-818 and KPC-2 were among the most frequently detected
genes (Table 7).

Drug-Resistant Bacterial Genotypes and Phenotypes Identified by mNGS and
Traditional Culture Methods

Five strains of drug-resistant bacteria were identified as positive via mNGS and traditional culture methods (sputum and
bronchoalveolar lavage fluid). These strains included one strain of Staphylococcus aureus, two strains of Klebsiella

pneumoniae, and two strains of Pseudomonas aeruginosa. The presence of drug-resistance genes mecA (in Staphylococcus
aureus), KPC-2, KPC-9, KPC-18, KPC-26, OXA27, and OXA423 (in Klebsiella pneumoniae), as well as OXA488 and NDM6
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Table 7 Identification Frequency of Drug-Resistance Genes in Gram-Negative Bacteria

Using mNGS
Drug-Resistance | Mechanism of Source Strain Number of
Gene Drug Resistance Positive Cases (%)
OXA-163 Antibiotic inactivation | Acinetobacter baumannii | 1 (5.26)
OXA-818 Antibiotic inactivation | Acinetobacter baumannii | 2 (10.53)
OXA-398 Antibiotic inactivation | Acinetobacter baumannii | 1 (5.26)
OXA-440 Antibiotic inactivation | Acinetobacter baumannii | 1 (5.26)
OXA-49 Antibiotic inactivation | Acinetobacter baumannii | 1 (5.26)
OXA-27 Antibiotic inactivation | Acinetobacter baumannii | 1 (5.26)
Klebsiella pneumoniae I (5.26)
OXA-133 Antibiotic inactivation | Pseudomonas aeruginosa | | (5.26)
OXA-488 Antibiotic inactivation | Pseudomonas aeruginosa | | (5.26)
OXA-50 Antibiotic inactivation | Pseudomonas aeruginosa | | (5.26)
OXA-423 Antibiotic inactivation | Klebsiella pneumoniae I (5.26)
KPC-2 Antibiotic inactivation | Klebsiella pneumoniae 2 (10.53)
KPC-9 Antibiotic inactivation | Klebsiella pneumoniae 1 (5.26)
KPC-18 Antibiotic inactivation | Klebsiella pneumoniae 1 (5.26)
KPC-26 Antibiotic inactivation | Klebsiella pneumoniae 1 (5.26)
ACT-36 Antibiotic inactivation | Enterobacter hormaechei | | (5.26)
TEM-1 Antibiotic inactivation | Escherichia coli 1 (5.26)

Table 8 Drug-Resistant Bacterial Genotypes and Phenotypes Identified by mNGS and Traditional Culture Methods

MNGS Detection Traditional Culture
Sample | Bacteria Drug-Resistance Type of Drug Drug-Resistance | Resistance Situation After
Gene Resistance Phenotype Drug Sensitive Test
| Staphylococcus TETM Tetracyclines MRSA Penicillin, oxacillin
aureus
mecA Ampicillin, methicillin
2 Pseudomonas OXA488 Cephems, penicillins CRPA Cefepime, ceftazidime piperacillin/
aeruginosa Carbapenems tazobactam
Imipenem, Meropenem
3 Pseudomonas NDMé Cephems, penicillins CRPA Imipenem, meropenem
aeruginosa Carbapenems
4 Klebsiella KPC-9 Cephems, penicillins CRE Cefepime, ceftazidime;
pneumoniae KPC-18 Carbapenems Cefazolin, aztreonam;
Monobactams Amoxycillin/clavulanic acid
Piperacillin/tazobactam
Imipenem, meropenem

(Continued)
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Table 8 (Continued).

MNGS Detection

Traditional Culture

Sample | Bacteria Drug-Resistance Type of Drug Drug-Resistance | Resistance Situation After
Gene Resistance Phenotype Drug Sensitive Test
5 Klebsiella KPC-2 Cephems, penicillins CRE Aztreonam, cefepime
pneumoniae KPC-26 Carbapenems Ceftazidime, cefazolin
OXA27 Monobactams Amoxycillin/clavulanic acid
OXA423 Cephems, penicillins Piperacillin/tazobactam
Carbapenems Ampicillin/sulbactam
Imipenem; meropenem

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; CRPA, carbapenem-resistant Pseudomonas aeruginosa;
CRE, carbapenem-resistant Enterobacteriaceae.

(in Pseudomonas aeruginosa), shows strong concordance with the drug-resistance phenotypes predicted via traditional culture
methods. Among the genes analyzed, tefM, a tetracycline-resistance gene identified in Staphylococcus aureus, exhibited
limited reliability in forecasting drug-resistance phenotype when compared to conventional culture methods (Table 8).

Utilizing mNGS Findings to Tailor the Anti-Infective Therapeutic Regimen

Out of the 99 patients, 40 were identified as having the pathogen solely through mNGS, leading to the adjustment of their
anti-infective regimen based on these results. An additional 52 patients were identified through mNGS and traditional
detection methods, with 36 showing concordant pathogen detection between the two methods. A total of 76 patients had
their anti-infective regimen guided exclusively by mNGS results, resulting in 76.32% (58/76) of these patients requiring
modifications to their empirical antibiotic therapy. Conversely, 23.68% (18/76) of the patients did not necessitate
adjustments to the anti-infective regimen as the pathogens identified by mNGS were effectively targeted by the
prophylactic anti-infective regimen. Two out of 76 patients achieved complete resolution, while 72 demonstrated
improvement, yielding an overall recovery rate of 97.37%. Tragically, the remaining two patients succumbed to septic
shock following transplantation.

Discussion
Despite notable progress in the development of immunosuppressive drugs and surgical techniques, a considerable
number of liver transplant recipients still encounter early post-operative infections, which have a significant impact on
transplant outcomes.’” Research®' >* suggests that pulmonary infections are the most prevalent. The frequency of early
post-operative infections among liver transplant recipients at our institution between 2022 and 2024 was 44.10%,
aligning with Elif’s reported range of 13.7%-51%.%* Research indicates that around 70% of these infections manifest
within the first week post-surgery, with mortality rates varying between 10% and 30%, significantly impacting patient
outcomes.”> Hence, the timely detection of infections and the expeditious formulation of targeted anti-infective
approaches directed toward pertinent pathogens, particularly drug-resistant bacteria, are imperative for mitigating patient
mortality rates and enhancing prognostic outcomes.

Applying the traditional methods for detecting pathogens in the clinical diagnosis of pulmonary infection is restricted
due to prolonged detection cycles, limited pathogen coverage, and susceptibility to various influencing factors that impact

the positive detection rate.**?’

mNGS provides an impartial sequencing method with extensive pathogen inclusivity and
heightened sensitivity, rendering it beneficial for detecting unidentified pathogens and mixed infections.”® Through the
direct isolation of nucleic acid fragments from pathogens, mNGS enables the concurrent identification of pertinent
resistant genes,” impervious to the influence of antibacterial agents.*®

We collected and analyzed the mNGS and traditional pathogen detection results of lower respiratory tract samples
(sputum and bronchoalveolar lavage fluid) from 99 patients meeting the study criteria. We compared the differences in

pathogen detection levels between the two methods. The results demonstrated that, despite all patients receiving
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prophylactic anti-infective drugs post-surgery, mNGS achieved a high pathogen detection rate of 92.93%, significantly
surpassing that of the traditional method (54.55%, P < 0.05). Additionally, mNGS exhibited a significantly higher
detection rate in mixed infection than traditional methods (67.68% vs 14.81%, P < 0.05), highlighting the substantial
advantage of mNGS.

Moreover, the study included a comparative analysis of the diagnostic outcomes of mNGS and culture (bronchoal-
veolar lavage fluid and sputum), revealing a concordant rate of 69.23%. However, there were a few instances where
samples were collected via voluntary coughing. Moreover, considering that many patients are elderly with compromised
immune function, these samples may be susceptible to contamination by respiratory pathogens and colonization of oral
bacteria. This could have caused contamination and oral bacterial colonization, and the limited sample size potentially
influenced the outcomes. Despite these factors, mNGS and traditional cultivation demonstrated a consistency rate of
69.23%, indicating the high reliability of mNGS.

The statistical analysis of the pathogen species distribution in the 92 patients with positive sequencing shows that
Enterococcus faecium, Pseudomonas aeruginosa, and Klebsiella pneumoniae were the leading bacterial pathogens,
aligning with the study of Shen.’® Fungal infections were mainly represented by Pneumocystis jirovecii, Candida

3132 on the common fungal infections

albicans, and Aspergillus fumigatus, which is consistent with the multiple reports
in immunosuppressed patients. Human herpesvirus was the most frequently detected virus, especially CMV and HHV-7,
which is consistent with the findings of Engelmann®® and Bermek.** These results further demonstrate the consistent and
credible utilization of MNGS for pathogen detection, aligning with the traditional methods employed in previous studies.

Infections following liver transplantation are characterized by the high incidence and mortality rate of drug-resistant
bacterial infections, presenting a significant clinical challenge.”> The most common Gram-positive bacteria include
methicillin-resistant  Staphylococcus —aureus, vancomycin-resistant FEnterococcus faecium, and drug-resistant
Streptococcus pneumoniae.>® Among the Gram-negative bacteria, the predominant strains are carbapenem-resistant
Pseudomonas aeruginosa, carbapenem-resistant Acinetobacter baumannii, and carbapenem-resistant Klebsiella
pneumoniae.’” In our study, all drug-resistant bacteria were identified using mNGS. This study revealed that mecA
exhibited the highest detection frequency among the 10 antibiotic-resistance genes identified in Gram-positive bacteria.
This gene encodes the synthesis of methicillin-resistant penicillin-binding protein 2a, serving as the primary mechanism
of resistance in Staphylococcus aureus.>® The primary mechanism for conferring resistance to Gram-negative bacteria
involves the production of carbapenemases.®” This study identified antibiotic-resistant genes in Gram-negative bacteria,
with KPC and OXA being the predominant ones. KPC and OXA are classified as class A and class D carbapenemases,
respectively.***! The distribution of drug-resistance genes among these pathogens offers a critical reference for clinical
empirical therapy.

In this study, the drug-resistance phenotypes and genotypes of bacteria identified through mNGS and traditional
culture methods were analyzed. The efficacy of mNGS in predicting bacterial drug resistance was also evaluated.
The findings revealed that among the three drug-resistant bacterial strains that were double-positive for mNGS and
traditional culture, the drug-resistance genes mecA (in Staphylococcus aureus), KPC-2, KPC-9, KPC-18, KPC-26,
OXA27, OXA423 (in Klebsiella pneumoniae), and OXA488 and NDM6 (in Pseudomonas aeruginosa) could
effectively predict drug-resistance phenotype. The detection of the fetM gene associated with tetracycline resis-
tance in Staphylococcus aureus exhibited poor concordance with traditional culture methods. This observation
suggests that the drug-resistance genes identified through mNGS generally demonstrate high predictive efficacy for
bacterial drug-resistance phenotypes. Consequently, mNGS can be instrumental in aiding clinicians in developing
timely, accurate, and effective anti-infective treatment strategies.

Finally, this study demonstrates the clinical utility of mNGS in diagnosing and treating early pulmonary infections in liver
transplant recipients by evaluating patient prognoses in real-world clinical settings. A retrospective analysis of electronic
medical records revealed that 76 patients received anti-infective treatment plans based on mNGS results. Among these
patients, two were cured, 72 showed improvement, and two succumbed to their conditions. The overall recovery rate was
97.37%, suggesting a favorable prognosis. Nevertheless, it is essential to note that while the clinical superiority of mNGS is
undeniable, patients with liver transplantation have increased susceptibility to post-operative secondary infections due to
immune suppression. Consequently, majority of these patients receive prophylactic antibiotics that cover various pathogens
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after surgery, which might significantly contribute to favorable prognoses. Hence, in clinical practice, it is necessary to
consider patient-specific factors and carefully develop anti-infectious plans to prevent antibiotic misuse.

This study has several limitations. The retrospective design may have introduced bias in the results. Consequently, the
clinical utility of mNGS technology requires validation through prospective, large-sample, multi-center randomized
controlled trials. Furthermore, mNGS detection technology faces several challenges. For example, in immunocompro-
mised patients with liver transplants, many colonizing or opportunistic pathogens can cause infections. mNGS can detect
these microorganisms, making it challenging to identify the true pathogen. Clinically, a comprehensive analysis of the
infection site, symptoms, lab tests, and pathophysiology is needed to determine the cause.

Conclusion

In summary, this study assessed the clinical utility of mNGS in identifying lower respiratory tract pathogens and
drug-resistance genes in patients experiencing early post-operative lung infections following liver transplantation.
The findings indicate that mNGS offers significant advantages over traditional detection methods, demonstrating
high concordance with conventional culture results and yielding reliable outcomes. Pathogen and drug-resistance
gene distributions detected by mNGS can serve as a valuable reference for early and accurate etiological
diagnosis, offering critical insights for clinical decision-making regarding antimicrobial therapy. mNGS has
demonstrated significant predictive capability for bacterial drug-resistance phenotypes, aiding clinicians in timely
adjustments to treatment regimens and ultimately enhancing patient prognosis.
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