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Purpose: Severe community-acquired pneumonia (SCAP) is the leading cause of death among patients with infectious diseases
worldwide. This study aimed to evaluate the effectiveness of metagenomic next-generation sequencing (mNGS) through detecting
pathogens in bronchoalveolar lavage fluid (BALF) and identifying risk factors for recovery in SCAP patients.

Patients and Methods: This prospective study recruited 158 SCAP patients admitted to respiratory intensive care unit that were
randomly divided into control and study groups, with receiving conventional tests and the same conventional tests plus mNGS,
respectively. The diagnostic efficiency of mNGS was evaluated by comparing with conventional tests. Furthermore, univariate and
multivariate logistic regression analyses were performed to determine the independent risk factors for recovery in SCAP patients, and
a nomogram prediction model was established based on these factors.

Results: Within the study group, the pathogen detection rate was significantly higher with mNGS than that with conventional tests
(84.81% vs 45.57%, P < 0.001), with a positive coincidence rate of 94.44%. Acinetobacter baumannii (21.52%, 17/79), Candida
albicans (17.72%, 14/79), and Klebsiella pneumonia (15.19%, 12/79) were the top three common pathogens detected by mNGS. Of
note, the improvement rate of patients in the study group was significantly higher than that in the control group. The further analysis
revealed that the increased levels of interleukin-6, blood urea nitrogen, procalcitonin, the longer length of hospital stay, and bacterial
infection were independent risk factors for recovery of SCAP patients, while mNGS detection status was a protective factor. The
predictive model showed a good performance for the modeling and validation sets.

Conclusion: Early mNGS exhibited a superior diagnostic efficiency to conventional tests in SCAP patients, which can reduce the risk
of death in SCAP patients. Moreover, the clinical factors could also be used for the management and prognosis prediction of SCAP
patients.
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Introduction

Infection is one of the major causes of death in patients with acute and critical illnesses. Especially, lower respiratory
tract infections (LRTIs) are the most common infectious diseases worldwide, with a high mortality rate.'> As estimated,
there are about 10 million new cases of LRTIs in China each year.* Pneumonia, typically caused by LRTIs, is the
leading cause of illness and death in adults, resulting in more than one million hospitalizations and a high intensive care
unit (ICU) admission rate in the United States per year.’ It is noteworthy that the mortality rate of severe community-
acquired pneumonia (SCAP) is as high as 20-50%, and its high long-term morbidity is a serious challenge for ICU
survivors,® with at least 3 million deaths worldwide in 2016.! In China, more than 20% of ICU patients are admitted due
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to sepsis with up to 35.5% 90-day mortality; actually, 68.2% of these sepsis cases are secondary to SCAP.” The high
mortality is mainly attributable to the increased rate of treatment failure due to antibiotic resistance® and the lack of
measures that can identify the relevant pathogens in a timely and accurate manner.”'”

Due to fundamental diseases, invasive operations, compromised immune function, and overuse of wide-spectrum
antibiotics in patients, especially elderly patients, the types of pathogens and antibiotic resistance in the lower respiratory
tract have also been changing significantly and continuously, seriously affecting the clinical outcomes and threatening
patients’ health. Because of the low sensitivity, efficiency, and spectrum of detectable pathogens, current conventional
microbial tests are always time-consuming and have a low positive detection rate of pathogens (~10%). Moreover, the
detection of mixed infections and unknown pathogen infections is almost impossible with these conventional tests,
resulting in the inability to identify the exact pathogens and provide useful clinical guidance, despite at least 60% of all
cases are systematical screened with conventional tests;’ actually, only about 38% of adult patients with community-
acquired pneumonia are confirmed with specific pathogens.'®'' Specifically, in ICU, the diagnosis of LRTIs is
particularly complicated, as the non-infectious inflammatory state often overlaps with clinical characteristics of
infection,'? and patients with a severely immunocompromised system may present symptoms of non-specific pulmonary
infection. Unclear etiological diagnosis can lead to patients using unnecessary antibiotics, further resulting in the risks of
systemic toxicity, double infection, or even multi-drug resistance, which may cause public health concerns.'® In other
cases, without an etiological diagnosis, the treatment may be delayed, or the clinicians may assume that the symptoms are
caused by non-infectious inflammatory conditions and empirically administer corticosteroids, which may further aggra-
vate occult infections.' Thus, early and accurate etiological detection in LRTIs is critical for timely and precise
treatment; however, there is a lack of effective detection methods currently and a new etiological diagnostic method
needs to be developed urgently.

One of the promising methods is the metagenomics next-generation sequencing (mNGS) technique, which can
unbiasedly detect almost all pathogens from the complicated clinical samples with high sensitivity, broad pathogen
spectrum and short turnaround time, especially for the detection of unknown, rare, and atypical etiologies.'>'® Moreover,
mNGS can obtain transcriptional biomarkers of diseases based on comprehensive detection of pathogens, airway
microbiome, and host immune cells simultaneously.'” ' Up to date, many studies have explored the microbiological
diagnostic performance of mNGS in LRTIs using bronchoalveolar lavage fluid (BALF) or sputum samples, which reveal
a superior pathogen-positive detection rate compared with conventional tests, especially in atypical pathogens and mixed
infections.”*** Considering a wide range of potential pathogens and the complexity of host background in ICU patients,
although several scholars have been attracted to explore the clinical application of mNGS in these populations;****
however, the clinical application evaluation of mNGS in SCAP with a larger cohort is still necessary across different
geographical areas.

Thus, this study aims to evaluate the effectiveness of mNGS through detecting pathogens in BALF from SCAP
patients using both metagenomics extended-spectrum pathogenic microorganism sequencing (a specific version of
mNGS) and conventional culture methods. We also aim to identify risk factors for recovery in SCAP patients. In
summary, this study is of great importance in assisting clinicians to formulate an accurate and timely treatment plan for
SCAP patients.

Materials and Methods

Study Subjects

A total of 158 SCAP patients admitted to the respiratory ICU of the People’s Hospital of Xinjiang Uygur Autonomous
Region from October 2019 to August 2021 were recruited in this prospective cohort study. Inclusion criteria were made
according to the 2007 IDSA/ATS SCAP diagnosis and treatment guidelines, including the presence of a major criterion
(invasive mechanical ventilation or septic shock with a need for vasopressors) or of 3 minor criteria from a list of 9
clinical radiobiological signs (respiratory rate > 30 breaths/min, artery oxygen partial pressure (PaO2)/fraction of
inspiration O2 (FiO2) < 250 mmHg, multilobar infiltrates, confusion/disorientation, blood urea nitrogen (BUN) >
20 mg/dL, white blood cell (WBC) count < 4000 cells/mm®, platelet (PLT) count < 100,000 cells/mm?, core temperature
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< 36°C, and hypotension requiring aggressive fluid resuscitation). Exclusion criteria were as follows: 1) non-infectious
pneumonia; 2) severe immunosuppression; 3) active tuberculosis or end-stage disease or a written “do not revive”
order; 4) a history of antibiotic or other drug allergies; 5) no microbial culture results obtained; 6) collected BALF
samples failed the quality control for mNGS; and 7) lost to follow-up. The recruited patients were randomly divided into
the study (mNGS + conventional tests) and control (only conventional tests) groups at a 1:1 ratio (79 cases in each group)
using the random number table method. Specifically, in the study group, sputum, blood, and BALF samples were
collected for conventional tests (culture and Xpert), and BALF samples were collected for mNGS; treatment plans for the
patients in this group were made according to the results from mNGS analysis. In contrast, for patients in the control
group, the collected sputum, blood and BALF samples were applied for only conventional tests; treatment plans for the
patients in this group were made according to results from conventional microbiological tests. Of note, all the samples
were collected before any empirical antibiotic was used.

Clinical Data Collection

Clinical information for these patients, including demographics, comorbidities, levels of serum inflammatory markers
such as interleukin-6 (IL-6) and procalcitonin (PCT), and C-reactive protein (CRP), Acute Physiology and Chronic
Health Evaluation (APACHEII) score, length of hospital stay (days), and outcomes, were collected.

Specimen Collection

BALF was sampled at the patients’ bedsides while the patients were under local anesthesia by bronchoscopy physicians
with more than 5 years’ experience. Bronchoscopy and bronchoalveolar lavage were performed via nasal or artificial
airway entry, and local anesthesia was performed by applying 2% lidocaine to the airway mucosal surface. Briefly, after
the segmental bronchus of the lung with severe lesions was chosen and the top of the bronchoscopy was embedded in the
corresponding bronchial opening, 60—120 mL of warm (~37°C) saline was injected for lavage, with suction performed at
100 mmHg negative pressure. About 40—60% of recycled lavage fluid (BALF, at least 10 mL) was collected into a sterile
spiral tube, which was then equally divided into 2 tubes. One tube of BALF sample was used for routine bacterial and
fungal culture, and acid-fast staining of smear for detection of tuberculosis. Another tube of BALF sample was sent to
BGI Genomics (Shenzhen, China) for DNA/RNA extraction and mNGS. Sputum was sampled (at least 1 mL) using the
disposable sputum collector if the artificial airway intubation was established; otherwise, sputum was sampled by patient-
initiated cough. The collected sputum samples were submitted for routine bacterial and fungal culture, and acid-fast
staining of smear for detection of tuberculosis.

mNGS Processing
mNGS was carried out according to the following procedures: DNA/RNA preparation, DNA reverse transcription (for
RNA), library construction, sequencing, data processing, and result interpretation. Briefly, 3-5 mL of BALF was
centrifuged at 4000 r/min for 10 min at 4°C. The pellet was used for DNA extraction using the TIANamp Micro
DNA Kit [DP316, TIANGEN BIOTECH (Beijing) Co., Ltd.] according to the manufacturer’s instruction. RNA was
extracted following the manufacturer’s operational manual, using TIANMicrobe magnetic beads method pathogenic
microorganism DNA/RNA extraction kit (NG550-01). For RNA enrichment, after mixing 33 pL of the extracted nucleic
acid sample with 7 pL of the enrichment reaction mixture, the mixture was incubated on a PCR machine at 37°C for 10
min, and then performed magnetic bead purification to remove DNA from nucleic acids, thereby improving the
concentration of RNA content. The enriched nucleic acid was subjected to fragmentation reaction, one-strand synthesis
and two-strand synthesis to form double-stranded DNA, then purified by magnetic beads, and the purified DNA was used
for DNA library construction. Then, DNA libraries were constructed through DNA-fragmentation, end-repair, adapter-
ligation and PCR amplification. Agilent 2100 was used for quality control of the DNA libraries. Quality qualified
libraries were pooled, DNA Nanoball (DNB) was made and sequenced by MGISEQ-2000 platform.

The raw sequencing data were cleaned by removing low-quality (Base Call Quality score < 20) and short fragments
(<35 bp). Reads that were mapped to the human reference genome by BWA (BWA:: http://bio-bwa.sourceforge.net/) were

also removed. The resulting reads were classified by simultaneously aligning to Pathogens metagenomics Database
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(PMDB), consisting of bacteria, fungi, viruses and parasites. The classification reference databases were downloaded
from NCBI (ftp:/ftp.ncbi.nlm.nih.gov/genomes/).

Determination of mNGS Results

The mNGS results were determined according to the diagnostic criteria of Miao et al.?® Briefly, for bacteria (mycobac-
teria excluded), viruses, and parasites, microbes with a coverage rate scored 10-fold higher than that of any other
microbes at species level were considered as clinically significant pathogens. Fungi (species level) with a coverage rate
scored 5-fold higher than that of any others were considered as potential pathogens due to difficult DNA extraction.
Mycobacterium tuberculosis (MTB) with at least one read was mapped at genus or species level was considered positive,
while nontuberculous mycobacteria with the mapped read number at either the species or genus level was in the top 10 of
the list of bacteria were considered positive due to the low possibility for contamination and low yield rate.

Statistical Analysis

All statistical analyses were performed using SPSS Statistics (version 24.0) and R (version 4.1.2). Continuous variables
were expressed as mean =+ standard deviation (SD) or median (interquartile range, IQR). Categorical variables were
represented as frequency or percentages (%). Univariate analysis (independent sample ¢-test and Chi-square y2 test) was
performed to identify the statistically significant risk factors affecting the recovery of SCAP patients; these significant
factors were then applied to the multivariate logistic regression analysis to screen out independent risk factors for
recovery in SCAP patients. Of note, considering the sample size, a less strict P value (P < 0.10) instead of P < 0.05 was
considered statistically significant. Subsequently, the independent risk factors were used to construct the nomogram
prediction model using the “rms” R package. Totally, 59 patients randomly selected from the two groups were served as
a modeling set, and the rest 20 from the two groups as a validation set, the calibration curve is established by the
Bootstrap method to validate the reliability of the predictive model. The receiver operating characteristic (ROC) curve of
independent risk factors was drawn, and the C-index and the area under each curve (AUC) were calculated. The decision
curve analysis was used to evaluate the predictive efficacy of the nomogram prediction model.

Results

Patient Characteristics and Outcomes

Totally, 158 patients with SCAP were recruited in this study, including 79 patients who underwent mNGS combined with
conventional tests (MNGS group) and the rest 79 patients receiving only conventional tests (control group). No
significant differences were found regarding factors including age, gender, comorbidities, laboratory examination results
(lactic acid, IL-6, D-dimer, PCT, CRP, BNP, ALT, AST, PLT, CCr, BUN, and Pa02), and APACHII score between these
two groups (Table 1).

Diagnostic Efficiency of mMNGS Compared to Conventional Tests

Within the mNGS group, mNGS identified 67 SCAP patients with positive results out of the 79 patients (84.81%, 67/79),
while conventional tests showed 34 cases with positive results (45.57%, 36/79), indicating a significantly elevated
positive detection rate by mNGS compared with conventional tests (P < 0.01). It should be recognized that conventional
tests in this study consisted of culture and Xpert, which could only identify part of bacteria, fungi and MTB, but not
viruses and other special pathogens. In detail, the positive detection rates of BALF culture, sputum culture, and blood
culture were 6.46% (13/79), 37.98% (30/79), and 6.3% (5/79), respectively, which were all lower than that of mNGS. We
then evaluated the coincidence rate between mNGS and conventional tests, and the results showed a positive coincidence
rate of 94.44% (34/36) and a negative coincidence rate of 23.26% (10/43) (Figure 1A). Considering mNGS was
performed using BALF samples, the coincidence rate of mNGS with BALF culture were focused, and the results
revealed that the positive and negative coincidence rates of mNGS with BALF culture were 100% (13/13) and 18.18%
(12/66), respectively (Figure 1B).
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Table | Clinical Characteristics of the Patients in the Two Groups

Characteristics mNGS Conventional Test P value
Gender, n (%) 0.229
Male 58 (73.42) 51 (64.56)

Female 21 (26.58) 28 (35.44)

Age, mean * SD (years) 64910 £ 14310 66.270 + 11.504 0.513
Comorbidity, n (%)

Cardiovascular diseases 42 (53.16) 48 (60.76) 0.335
Cerebrovascular diseases 5 (6.33) 5(6.33) |
Diabetes I (13.92) 16 (20.25) 0.2906
Respiratory diseases 21 (26.58) 18 (22.78) 0.5799
Renal diseases 5 (6.33) 0 (0) 0.0586
Digestive system diseases 2 (2.53) 0 (0) 0.4968
Immune system diseases 7 (8.86) 2 (2.53) 0.0861
Tumors 6 (7.59) 4 (5.06) 05135
Laboratory examination, mean * SD

Lactic acid (mmol/L) 1.430 £ 0.781 1.430 + 0.843 0.980
PaO, (mmHg) 72.396 + 19.885 67.886 + 14.804 0.108
IL-6 (pg/L) 1154 £ 223.795 112.0 £ 175.784 0918
D-dimer (ug/L) 3.210 £ 4.166 3210 = 4.166 1.00
PCT (ng/mL) 0.910 £ 1.982 0.990 + 2.203 0.800
CRP (mg/dL) 88.820 + 85.743 89.760 + 85.891 0.946
BNP (ng/L) 204.8 + 378.574 198.5 + 373.877 0916
ALT (U/L) 40.010 + 37.297 39.290 + 35.653 0.901
AST (U/L) 55.36 + 130.485 55.76 + 133.955 0.985
PLT (U/L) 243.7 £ 110.240 2426 + 111.374 0.948
CCr (mL/min) 87.93 + 106.366 87.96 + 106.360 0.999
BUN (mmol/L) 7.230 + 5.954 7.230 + 5.954 1.00
Lactic acid (mmol/L) 1.430 £+ 0.781 1.430 + 0.843 0.980
APACHII, mean = SD 14.00 + 7.231 15.030 + 8.885 0.431

Abbreviations: mMNGS, metagenomic next-generation sequencing; SD, standard deviation; PaO,, artery oxygen partial pressure; IL-
6, interleukin-6; PCT, procalcitonin; CRP, C-reactive protein; BNP, brain natriuretic peptide; ALT, alanine transaminase; AST, aspartate
aminotransferase; PLT, platelet; CCr, creatinine clearance rate; BUN, blood urea nitrogen; APACHII, acute physiology and chronic

health evaluation.

Pathogen Characteristics Detected by mNGS Compared to Conventional Tests
In total, 52 kinds of pathogenic microorganisms were detected by mNGS, including bacteria (31, 59.62%), fungi (9,
17.31%), viruses (10, 19.23%), Chlamydia (1, 1.92%), and mycoplasma (1, 1.92%) (Figure 2A). Regarding the pattern of

A B
Conventional tests BALF culture
mNGS Total mNGS Total
+ — +
+ 34 33 67 + 13 54 67
— 2 10 12 — 0 12 12
Total 36 43 79 Total 13 66 79

Positive coincidence rate = 94.44%

Negative coincidence rate = 23.26%

Positive coincidence rate = 100%

Negative coincidence rate = 18.18%

Figure | Comparison of diagnostic efficiency of metagenomics next-generation sequencing (mNGS) with the conventional tests. Contingency tables for the mNGS with the

conventional tests (A) and culture (B).
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Figure 2 Pathogen characteristics of patients with severe community-acquired pneumonia (SCAP) based on metagenomics next-generation sequencing (mNGS) compared
with conventional tests. (A) Distribution of pathogens of patients with SCAP in the mNGS group; (B) Type of infection of patients with SCAP in the mNGS group. The pie
plot on the left side shows the number of cases and the proportion of pathogen species identified using mMNGS, and the pie plot on the right side shows the number of cases
and the detailed proportion of mixed infections identified using mMNGS. (C) Comparison of bacterial spectrum by mNGS and conventional tests; (D) Comparison of fungal
spectrum by mNGS and conventional tests; (E) Proportion of viruses, chlamydia and mycoplasma identified using mNGS.

pathogen infection identified by mNGS, 23 of 67 (34.33%) positive cases were detected as single pathogen infections,
and 44 cases (65.67%) were detected as multiple pathogen infections (Figure 2B). Among the 23 cases with single
pathogen infection, the frequency of bacterial infection was 65.22% (15/23), of fungal infection was 1.74% (5/23), of
viral infection was 4.35% (1/23), and of Chlamydial infection was 4.35% (1/23). Among the 44 cases with mixed
infections, bacterial-fungal infection was the most common pattern (15, 34.09%), followed by bacterial-fungal—viral
infection (9, 20.45%), bacterial-bacterial infection (8, 18.18%), and bacterial—viral infection (6, 13.64%). In addition, the
frequency of fungal—viral, bacterial-chlamydial, and fungal-fungal infection was 4.55% (2/44), 4.55% (2/44), and 2.27%
(1/44), respectively.

Based on mNGS results, bacteria were found in 56 (70.89%) patients, mainly including Acinetobacter baumannii
(17), Klebsiella pneumoniae (12), Corynebacterium striatum (9), and Enterococcus faecium (9) (Figure 2C).
Acinetobacter baumannii (16) and Klebsiella pneumoniae (10) were the most frequently detectable bacteria by culture,
which was similar to the mNGS results (Figure 2C). The remaining bacteria detected in the culture were
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Stenotrophomonas maltophilia (3), Escherichia coli (3), Corynebacterium striatum (1), and Pseudomonas aeruginosa (1)
(Figure 2C). Fungi were identified in 33 (43.42%) patients by mNGS, with the dominating fungi of Candida albicans
(14), Aspergillus fumigatus (7), Pneumocystis jirovecii (5) and Candida glabrata (5) (Figure 2D). Consistent with mNGS
results, Candida albicans (8) was the most identified fungus by culture, and the others were Candida glabrata (3) and
Candida parapsilosis (1) (Figure 2D). All bacteria and fungi detected by culture could be identified by mNGS. Moreover,
the most detected viruses by mNGS were Human alphaherpesvirus 1 and Human gammaherpesvirus 4, with the both
frequencies of 7.59% (6/79), followed by Human betaherpesvirus 7 (4), rhinovirus (2), Human betaherpesvirus 5 (2), and
human coronavirus (2) (Figure 2E). In addition, Chlamydia psittaci were detected in 4 (5.06%) patients, and Mycoplasma
was only identified in one patient (Figure 2E). In addition, for MTB infection, Xpert showed that 4 of 79 (5%) patients
were positive, of which 2 were also positive detected by mNGS of BALF. Meanwhile, 2 of the 4 positive MTB patients
identified by mNGS were not detected by Xpert.

Prognostic Outcome of MNGS Group Compared to Control Group

Compared with the control group, the average length of hospital stay in the mNGS group was slightly reduced, but
without statistical significance between these two groups (Table 2). Of note, the improvement rate and mortality rate of
patients in the mNGS group were significantly higher and lower, respectively, than those in the control group (Table 2,
P <0.05).

Prognostic Risk Factors for Recovery in SCAP Patients

Among the 158 SCAP patients included, 118 (74.68%, 118/158) were improved and 40 (25.32%, 40/158) died. To
explore risk factors contributing to death in SCAP patients, univariate and multivariate logistic regression
analyses were performed. Univariate analysis showed that the inflammation-related indicators (IL-6, PCT,
D-dimer, and BUN), the prognostic indicators (APACHII and PaO2) and the length of hospital stay (P < 0.10),
but not factors including gender, age, levels of lactic acid, CRP, BNP, ALT, AST, PLT, and CCr, and mixed
infection were significantly different between the improved/cured and death groups. In addition, mNGS detection
status and bacterial infection were both statistically significant between these two groups (P < 0.10) (Table 3).
Subsequently, the above 9 factors with significant difference were further applied to the logistic regression
analysis for further screening, and the results revealed that the increased levels of IL-6 (P < 0.016, OR: 1.003;
95% CI: 1.001, 1.006), PCT (P = 0.060; OR: 1.205; 95% CI: 0.993, 1.464) and BUN (P = 0.096; OR: 1.061; 95%
CI: 0.990, 1.138), the longer length of hospital stay (P = 0.002; OR: 1.052; 95% CI: 1.018, 1.087), and bacterial
infection (P = 0.002; OR: 3.366; 95% CI: 1.571, 7.209) were positively correlated with poor prognosis of SCAP
patients. However, mNGS detection status could reduce the risk of death (P = 0.006; OR: 0.237; 95% CI: 0.085,
0.666) (Table 4).

Subsequently, we further constructed a nomogram model for predicting the risk of death in SCAP patients using the
above six independent risk or protective factors. Specifically, the left breakpoints of each scoring line segment
corresponded to 0 point, and the right breakpoints corresponded to 100, 45, 32, 84, 12, 16 scores and with a total
score of 289 points for all variables. As shown in Figure 3A, the higher the total score of the nomogram model, the
higher the risk of death in SCAP patients. Meanwhile, the calibration curve of the modeling set does not deviate
significantly from the reference line (Figure 3B), indicating a good consistency between the predicted and actual

Table 2 Outcomes of the Patients in the Two Groups

Outcomes mNGS Conventional Test P value
Length of hospital stay, mean + SD (days) 19.490 + 17.285 22.10 + 18.254 0.358
Treatment outcome, n (%) 0.010
Improvement 66 (83.54) 52 (65.82)

Death 13 (16.46) 27 (34.18)

Abbreviations: mNGS, metagenomic next-generation sequencing; SD, standard deviation.
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Table 3 Univariate Analysis of Risk Factors for Recovery in SCAP Patients
Items Death Improvement 1t P value
Gender n (%) Male 25 (62.50) 84 (71.19) 1.054 0.305
Female 15 (37.50) 34 (28.81)
Age 64.830+15.258 65.85+12.145 0.430 0.668
Lactic acid (mmol/L) 1.604+0.976 1.371£0.741 —1.376 0.174
PaO, (mmHg) 65.575+16.791 71.689%17.793 1913 0.058
IL-6 (pg/L) 221.2£322.925 77.286x117.937 —2.758 0.009
D-dimer (ug/L) 4.566+5.791 2.751£3.335 —1.879 0.066
PCT (ng/mL) 1.831£3.051 0.655+1.549 —2.338 0.024
CRP (mg/dL) 189.95+54.994 178.012+48.976 —1.291 0.199
BNP (ng/L) 242.310%£377.940 187.971+374.675 -0.791 0.430
ALT (U/L) 47.650+48.770 36.942+30.868 —1.303 0.199
AST (U/L) 104.578+252.960 38.942+29.731 —1.637 0.110
PLT (U/L) 240.25+132.825 244.19+102.406 0.171 0.865
CCr (mL/min) 121.538+174.915 76.561%66.100 —1.588 0.120
BUN (mmol/L) 9.385+8.966 6.503+4.284 —1.959 0.056
APACHII 17.500+8.575 13.718.117 -2.515 0.014
Days hospitalized 31.250£28.539 17.250+10.105 —3.308 0.004
Mixed infection n (%) Yes 10 (25.00) 5 (4.24) 0.536 0.453
No 30 (75.00) 113 (95.76)
Bacteria infection n (%) Yes 25 (62.50) 19 (16.10) 10.294 0.001
No 15 (37.50) 99 (83.90)
mNGS n (%) Yes 13 (32.50) 66 (55.93) 6.561 0.010
No 27 (67.50) 52 (44.07)
Abbreviations: mNGS, metagenomic next-generation sequencing; PaO,, artery oxygen partial pressure; IL-6, interleukin-6; PCT, procalcitonin; CRP,
C-reactive protein; BNP, brain natriuretic peptide; ALT, alanine transaminase; AST, aspartate aminotransferase; PLT, platelet; CCr, creatinine clearance
rate; BUN, blood urea nitrogen; APACHII, acute physiology and chronic health evaluation.
Table 4 Multivariate Logistic Regression Analysis of Risk Factors for Recovery in SCAP Patients
Items Regression Standard P value OR value OR value with 95% CI
Coefficient Error
IL-6 0.003 0.001 0016 1.003 (1.00, 1.006)
PaO, (mmHg) -0.019 0.013 0.151 0.981 (0.956, 1.007)
D-dimer (ug/L) 0.068 0.048 0.157 1.071 (0.974, 1.177)
PCT 0.187 0.099 0.060 1.205 (0.993, 1.464)
BUN 0.059 0.036 0.096 1.061 (0.990, 1.138)
APACHII Score 0.036 0.025 0.155 1.037 (0.986, 1.089)
Days hospitalized 0.051 0.017 0.002 1.052 (1.018, 1.087)
Bacteria Yes 1.214 0.389 0.002 3.366 (1.571, 7.209)
infection No*
mNGS Yes —1.483 0.526 0.006 0.085 (0.085, 0.666)
No*
Notes: *Control Group.
Abbreviations: mMNGS, metagenomic next-generation sequencing; PaO,, artery oxygen partial pressure; IL-6, interleukin-6; PCT, procalci-
tonin; BUN, blood urea nitrogen; APACHII, acute physiology and chronic health evaluation.
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Figure 3 Prognostic risk factors for recovery in patients with severe community-acquired pneumonia (SCAP). (A) Nomogram prediction of death risk in SCAP patients; (B)
Calibration curves of the modeling set for the nomogram in predicting the death risk of SCAP patients (modeling set); (C) ROC curve of the modeling set illustrated using
the nomogram model in predicting the death risk of SCAP patients; (D) ROC curve of the validation set illustrated using the nomogram model for predicting the death risk
in SCAP patients.

outcomes. The ROC curve of the nomogram was also generated, with the AUC values of the two groups in the modeling
and validation sets being 0.8291 [95% CI (0.7439-0.9142)] and 0.9211[95% CI (0.8342—1)], respectively, showing high
predictive effectiveness of the nomogram model (Figures 3C and D).

Relationship Between Specific Bacterial Infections and Outcomes of SCAP Patients
In order to further explore whether several specific bacterial infections were related to outcomes of SCAP patients, 2
most commonly identified bacteria, Acinetobacter baumannii and Klebsiella pneumoniae, were selected for further
analysis. The positive rate of Acinetobacter baumannii was 30% (12/40) in the death cases and 9.32% (11/118) in the
improved/cured cases, showing a significant difference (P = 0.001). The positive rate of Klebsiella pneumoniae in the
death cases was 10% (4/40) and 1.69% (2/118) in the improved/cured cases, also showing a significant difference (P =
0.018).

Discussion

The current study systematically compared the effectiveness of mNGS with conventional tests in identifying pathogens in

SCAP patients and found that mNGS has advantages in detecting pathogens in SCAP patients from several aspects.
First, we showed that mNGS has a higher detection rate, a higher detection sensitivity as well as a wider spectrum of

detectable pathogens, compared with conventional tests. In detail, we found that the pathogen detection rate of mNGS

was 84.81%, significantly higher than that of conventional tests (45.57%, P < 0.001). This is also consistent with

a previous clinical study showing that 85% of patients were identified as pathogen positive in BALF samples by mNGS,
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compared with only 50% by conventional tests.”® Moreover, the sensitivity of mNGS for single pathogen species is also
high. For instance, we identified 70.89% of patients with bacterial infection using BALF samples, which was signifi-
cantly higher than that of the conventional tests (6.46%), consistent with a previous study.”’ In addition, mNGS can
detect more pathogen species. The results of mNGS in our study showed that a variety of pathogens, including 31
bacteria, 10 viruses, 9 fungi, 1 Chlamydia, and 1 mycoplasma, were identified. As comparison, conventional culture of
BALF samples identified only bacteria; this observation is also similar to previous case reports and studies.”® !
Detection of mixed infection is also very important in clinical practice. It is well known that SCAP is usually not
caused by a single pathogen, but by a mixed infection, and various microorganisms may interact with each other and thus
inhibit each other’s growth. mNGS can detect a wider spectrum of pathogen species and thus has advantages for guiding
more accurate treatment. Xie et al have reported a retrospective study on the application of mNGS in the detection of
SCAP pathogens,?® and found that viruses (15.4%), Acinetobacter baumannii (12.3%), and fungi (11.8%) were the most
abundant species in SCAP patients, while the top three pathogens identified in our study with mNGS were Acinetobacter
baumannii (21.52%), Candida albicans (17.72%), and Klebsiella pneumoniae (15.19%). Similarly, mNGS indicated that
compared with SCAP patients from USA,’ the detection rate of Enterobacteriaceae (Klebsiella pneumonia 15.19%) in
China was much higher. These results indicate that the distribution of etiological pathogens for SCAP patients may not
always be the same across regions or countries, and empirical use of antibiotics might be risky and less effective.

Indeed, our study showed that patients in the study group who received mNGS-guided treatments had significantly
lower mortality than those in the control group who received conventional method-guided or empirical treatments,
indicating the significance of evidence-based treatments in clinics. Meanwhile, since respiratory viruses play an
increasingly important role in community-acquired pneumonia, especially in SCAP, mNGS also has a great advantage
in detecting virus-related SCAP. This has been proved in the early stage of the COVID-19 pandemic where mNGS has
been utilized to rapidly and accurately identify pathogenic viruses.”> Due to the higher pathogen detection rate and
sensitivity, as well as wilder spectrum of detectable pathogens, mNGS has a great advantage in guiding evidence-based
treatment, which can improve curative rate while reducing side effects, compared with empiric-based treatment.

Of special note, mNGS may be of greater significance in some regions/countries around the world. For example,
MTB infection has a high prevalence in China compared with that in other countries. Importantly, MTB and most non-
tuberculous mycobacteria (NTM) types are difficult to be cultured leaving these patients always misdiagnosed. Recent
studies have demonstrated that mNGS is able to improve the overall diagnosis accuracy and treatment outcomes for
patients with MTB or NTM infections.>*~** Notably, in this study, although mNGS could effectively detect mycobacteria
at a higher rate, two cases of MTB were missed by mNGS, which may be due to the inadequate amount of extracted
DNA. A previous study showed that including a cell wall beading step in DNA extraction can help to break down the cell
wall of mycobacteria more thoroughly,*® which may contribute to further increasing the detection sensitivity of mNGS.
Overall, a combination of mNGS and Xpert detection can further maximize MTB detection rate and diagnostic accuracy.

Other than above-discussed advantages, mNGS also has its limitations. For example, the technique is relatively
demanding and expensive, and thus typically, could not be implemented in community-level medical units or even in
some large tertiary medical centers. Moreover, currently, there is a lack of unified and standard mNGS detection
protocols and guidelines,*® making the application of mNGS even less convenient.

Furthermore, this study also evaluated the risk factors for recovery in SCAP patients. Understanding the risk factors
for recovery in SCAP patients can also facilitate the treatment and management of SCAP patients. Our analyses
identified IL-6, PCT, BUN, bacterial infection and hospitalization time to be the independent risk factors, while
mNGS detection status to be the independent protective factor, for SCAP patients. The “cytokine storm” theory suggests
that inflammatory factors, especially IL-6, play a crucial role in the development of many diseases. For instance, Tang
et al reveal that IL-6 level in peripheral blood can be used as an independent factor in predicting the progression of severe
COVID-19.%" These results support the notion in our study that IL-6 is an independent risk factor for SCAP patients. The
importance of PCT and prolonged hospital stay as risk factors has also been supported by other studies.*® These factors
can be used for the management and prognosis prediction of SCAP patients and may also be used as treatment targets,
which requires more in-depth mechanistic studies.
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Our study also has some limitations that need to be acknowledged. First, this is a single-tertiary medical center study
with a relatively small sample size. Second, due to the lack of external validation datasets, the generalization of the
nomogram to other cohorts may be unclear, and large cohorts of SCAP patients from multicenter, prospective studies
with different demographic characteristics are required to further evaluate the effectiveness and generalization of our
established nomogram. Finally, due to the small sample size in both the study and control groups (n = 79 for each group),
data from both groups were combined to establish the nomogram, which might cause bias of the nomogram. In our future
study, we will further expand the sample size, and establish the nomogram using patients from the study and control
groups separately.

Conclusions

In summary, mNGS can identify a wide spectrum of pathogens in a comprehensive way using easily accessible clinical
specimens from SCAP patients in a timely and accurate manner, and mNGS-guided treatment can reduce the mortality in
these patients, suggesting that mNGS can be used as an important etiological diagnostic method in clinics for SCAP
patients. Clinical factors, including levels of IL-6, PCT, and BUN, bacterial infection status and hospitalization time,
were independent risk factors, while mNGS detection status was an independent protective factor, for SCAP patients.
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