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ABSTRACT

Introduction: This study aimed to evaluate the
utility of metagenomic next-generation
sequencing (mNGS) for the diagnosis of Pneu-
mocystis jirovecii pneumonia (PJP) in non-hu-
man immunodeficiency virus-infected patients.
Methods: We conducted a retrospective study.
A total of 60 non-human immunodeficiency
virus-infected PJP patients and 134 patients
diagnosed with non-PJP pneumonia were

included. P. jirovecii and other co-pathogens
identified by mNGS in bronchoalveolar lavage
fluid and/or blood samples were analyzed.
Using clinical composite diagnosis as the refer-
ence standard, we compared the diagnostic
performance of mNGS in PJP with conventional
methods, including Gomori methenamine sil-
ver staining and serum (1,3)-b-D-glucan. Modi-
fications of antimicrobial treatment for PJP
patients after the report of mNGS results were
also reviewed.
Results: mNGS reached a sensitivity of 100% in
diagnosing PJP, which was remarkably higher
than Gomori methenamine silver staining
(25.0%) and serum (1,3)-b-D-glucan (67.4%).
The specificity of mNGS (96.3%) significantly
surpassed serum (1,3)-b-D-glucan (81.4%).
Simultaneous mNGS of bronchoalveolar lavage
fluid and blood samples was performed in 21
out of 60 PJP patients, and it showed a concor-
dance rate of 100% in detecting P. jirovecii.
Besides, mNGS showed good performance in
identifying co-pathogens of PJP patients,
among which cytomegalovirus and Epstein-Barr
virus were most commonly seen. Initial
antimicrobial treatment was modified in 71.7%
of PJP patients after the report of mNGS results.
Conclusion: mNGS is a useful diagnostic tool
with good performance for the diagnosis of PJP
and the detection of co-pathogens. mNGS of
bronchoalveolar lavage fluid and/or blood
samples is suggested in patients with presump-
tive diagnosis of PJP. Blood samples may be a
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good alternative to bronchoalveolar lavage fluid
for mNGS when bronchoscopic examination is
not feasible.

Keywords: Diagnosis; Metagenomics; Next-
generation sequencing; Pneumocystis jirovecii;
Pneumocystis jirovecii pneumonia

Key Summary Bullet Points

Metagenomic next-generation sequencing
achieved a sensitivity of 100% and a
specificity of 96.3% for the diagnosis of
Pneumocystis jirovecii pneumonia.

Simultaneous metagenomic next-
generation sequencing of bronchoalveolar
lavage fluid and blood samples showed a
good concordance rate in Pneumocystis
jirovecii pneumonia patients.

Metagenomic next-generation sequencing
was advantageous to identify co-
pathogens in Pneumocystis jirovecii
pneumonia patients with mixed
infections.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14763081.

INTRODUCTION

Pneumocystis jirovecii pneumonia (PJP) is a com-
mon opportunistic infection in the immuno-
compromised population. It is caused by
infection of Pneumocystis jirovecii (P. jirovecii) and
remains a major threat in both human immun-
odeficiency virus (HIV) and non-HIV-infected
patients. While 70–90% of HIV-infected patients
undergo PJP for once or more, HIV-negative
patientswho are immunocompromised for other
reasons are also at high risk of PJP and usually

have a more progressive course and poorer
prognosis than the HIV-infected population [1].
Recently, the prevalence of PJP in the non-HIV
population has been increasing and drawn
intense attention [2].

Rapid and accurate diagnosis is critical for
clinical prognosis of PJP patients. Clinical
manifestations of PJP patients are non-specific,
including fever, cough and progressive hypoxia.
To date, P. jirovecii cannot be reliably grown
in vitro. The definite diagnosis of PJP can be
made only when the trophic cells and/or the
asci are observed under the microscope in res-
piratory tract specimens after conventional or
immunofluorescence staining. However, the
sensitivity of conventional staining is low, and
a negative staining report is far from enough to
exclude the diagnosis of PJP [3], while
immunofluorescence staining is not routinely
performed in many hospitals. Currently, the
polymerase chain reaction (PCR) method has
been widely used for detecting P. jirovecii
because of its good sensitivity (94–99%) and
specificity (89–93%) even in low-burden speci-
mens [4]. However, its diagnostic value is lim-
ited in identifying mixed infections, which is
common in immunocompromised PJP patients.
In addition, (1,3)-b-D-glucan (BDG) is a sensitive
but unspecific serologic biomarker of PJP [5].
Compared to HIV-infected patients, diagnosis
of PJP in the non-HIV immunocompromised
population is more difficult. It has been repor-
ted that PJP patients without AIDS have fewer
Pneumocystis organisms in the lung than those
with AIDS, potentially reducing the detection
rate of PJ in respiratory tract specimens [6].
Besides, while HIV-infected patients generally
present bilateral interstitial and alveolar infil-
trates in perihilar areas, radiologic features of
non-HIV-infected PJP patients are more variable
[2], which also increases the complexity of
diagnosis. Therefore, there is an urgent need for
exploring more accurate and efficient microbi-
ologic diagnostic tools for PJP in the HIV-neg-
ative population.

Recently, metagenomic next-generation
sequencing (mNGS) has been considered a
promising microbial identification technology
in infectious diseases [7]. Based on high-
throughput sequencing, mNGS detects
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microbial nucleic acids in a variety of specimens
and identifies a wide range of pathogens in a
single run [8]. mNGS is unbiased, rapid and
highly sensitive, making it a popular microbial
test in infectious diseases, especially for patho-
gens unidentifiable by routine diagnostic
methods [9]. Previously, the application of
mNGS has been reported in the diagnosis of PJP
in several case reports [10–12]. However, the
utility of mNGS for the diagnosis of PJP in non-
HIV-infected patients remains largely
unexplored.

Therefore, we evaluated the diagnostic per-
formance of mNGS in non-HIV-infected
patients with PJP in this retrospective study.

METHODS

Study Design and Subjects

In this retrospective study, we consecutively
enrolled 60 PJP patients who were admitted to
the Department of Respiratory Medicine of
Xiangya Hospital, Central South University
(Changsha, China), from 1 July 2018 to 30
November 2020. Patients were eligible for
enrollment if they met all the following criteria:
(1) immunocompromised conditions, including
but not limited to hematologic malignancies,
solid tumors, rheumatic diseases, long-term
systemic use of corticosteroids ([0.3 mg/kg/day
of prednisone equivalent for C 3 weeks), use of
immunosuppressive agents (including
chemotherapeutic agents for malignancies, but
not corticosteroids), solid organ transplantation
and hematopoietic stem cell transplantation;
(2) typical clinical manifestations of PJP,
including fever, cough, dyspnea, and progres-
sive hypoxemia; (3) radiologic findings sugges-
tive of PJP in bilateral lungs that newly emerged
on chest computed tomography (CT); (4)
bronchoalveolar lavage fluid (BALF) and/or
blood samples were collected for mNGS. In this
study, microbiologic tests for P. jirovecii inclu-
ded mNGS and direct microscopic examination
after Gomori methenamine silver (GMS) stain-
ing. Meanwhile, 134 patients who were admit-
ted to our department because of pulmonary
infections and subsequently confirmed as

having non-PJP pneumonia during the same
time interval were consecutively enrolled as
control. The clinical composite diagnosis of PJP
or non-PJP pneumonia was made by two senior
expert pulmonologists (LY and PP) after dis-
cussion with the healthcare team, based on
clinical symptoms, laboratory findings, chest
radiology, microbiologic tests and treatment
response. Patients were excluded if they met
any of the following criteria: (1) age\18 years
old; (2) HIV infection; (3) mNGS was not per-
formed; (4) medical record was incomplete.

Bronchoalveolar Lavage

Bronchoalveolar lavage was performed by
experienced bronchoscopists after local anes-
thesia with lidocaine in accordance with the
standard procedures at Xiangya Hospital.
Briefly, the sampling location was selected
based on chest CT images. Three 20-ml fractions
of sterile saline were instilled into the target
subsegmental bronchi. BALF was retrieved by
gentle syringe suction, put into sterile contain-
ers and immediately send for mNGS test and
GMS staining. The first 20 ml was usually dis-
charged to avoid contamination, whereas the
remaining samples were collected for detection.

Sample Processing and DNA Extraction
for mNGS

Briefly, 600 ll of BALF was taken from patients
and mixed with lysozyme and 1 g 0.5-mm glass
beads, and then the mixture was attached to a
horizontal platform on a vortex mixer and agi-
tated vigorously at 2800–3200 rpm for 30 min.
For nucleic acid extraction, 300 ll of super-
natant was transferred to a 1.5-ml centrifuge
tube. Volumes of 3–5 m of patients’ blood were
centrifuged at 1600g for 10 min at 4 �C for
plasma separation. For DNA extraction, 300 ll
of plasma was transferred to a 2-ml sterile tube.
DNA was extracted using the TIANamp Micro
DNA kit (Tiangen Biotech) according to stan-
dard procedures [13].
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Construction of DNA Library
and Sequencing

The DNA library was constructed by DNA frag-
mentation, end repair and PCR amplification
using MGIEasy Cell-free DNA Library Prep Set
(MGI Tech). Agilent 2100 (Agilent Technolo-
gies) and Qubit 2.0 (Invitrogen) were used for
library quality control. The double-stranded
DNA library was converted into single-stranded
circular DNA using DNA degradation and cir-
cularization. The DNA Nanoballs were gener-
ated by rolling circle amplification technology.
Qualified DNA Nanoballs were loaded on the
chip and then performed 20 M 50-bp single-end
sequencing on the MGISEQ-2000 sequencing
platform (BGI Genomics).

Bioinformatic Analysis

Bioinformatics analysis was performed on sam-
ples with raw data[10 million. By removing
low-quality [14], short reads (length\35 bp),
the human host sequence mapped to the
human reference genome (hg19) using Burrows-
Wheeler alignment [15] and low complexity
reads. The high-quality data were classified by
simultaneously aligned to four Microbial Gen-
ome Databases, including viruses, bacteria,
fungi and parasites. The databases were down-
loaded from NCBI (ftp://ftp.ncbi.nlm.nih.gov/
genomes/). It contains 1798 whole-genome
sequences of DNA viral taxa, 6350 bacterial
genomes or scaffolds, 1064 fungi related to
human infection and 234 parasites associated
with human diseases. The coverage ratio and
depth of each microorganism were calculated
using BEDTools [16]. Whole-blood samples
from healthy donors as a negative control used
the same protocol as each batch sample.

Clinically significant microbes were defined
as described in the previous study [17]. For
bacteria (excluding mycobacteria), fungi (ex-
cluding molds), viruses, parasites and other
atypical pathogens, a microbe was considered
clinically significant when its relative abun-
dance at the species level was [ 30%, and its
pulmonary pathogenicity has been proven in
the literature. Mycobacterium detected by

mNGS was considered clinically significant
when the stringently mapped read number
(SMRN) at the species level was[3. Molds with
literature-proven pulmonary pathogenicity
were considered clinically significant microbes
when the SMRN at the species level was[ 10.
Oral commensals were not considered clinically
significant microbes regardless of their abun-
dance. Subsequently, clinically significant
microbes were classified as putative co-patho-
gens if patients showed suggestive symptoms,
laboratory findings and/or radiologic
abnormalities.

Statistical Analysis

SPSS 25.0 software (IBM Corp., Armonk, NY,
USA) was used for statistical analysis. Continu-
ous variables are presented as medians and
interquartile ranges and categorical variables as
counts and percentages. The Mann-Whitney
U test was used for comparing the differences of
continuous variables between PJP and non-PJP
groups and the chi-square test for categorical
variables. Spearman’s test was performed to
analyze correlation between the SMRN of P.
jirovecii detected by mNGS and serum BDG
levels. Sensitivity, specificity, positive predict
value (PPV) and negative predict value (NPV)
were calculated using the clinical composite
diagnosis as the reference standard; 95% confi-
dence intervals for these proportions were
determined using Wilson’s method. Signifi-
cance was fixed at P\ 0.05.

Ethics Statement

This study was approved by the Institutional
Review Board and Ethics Committee of Central
South University and conducted according to
the Declaration of Helsinki. The ethics com-
mittee approved the waiver of informed con-
sent owing to the retrospective nature of the
review. All research data were de-identified and
anonymously analyzed.
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Table 1 Clinical characteristics, laboratory findings and radiologic features of PJP and non-PJP patients on admission

Characteristics (median
[IQR] or n [%])

PJP patients
(n = 60)

Non-PJP patients
(n = 134)

P value

Age (years) 53 (44–61) 59 (53–67) 0.019

Male 37 (61.7) 92 (68.7) 0.34

Clinical symptoms

Fever 43 (71.7) 90 (67.2) 0.532

Cough 39 (65.0) 113 (84.3) 0.003

Expectoration 32 (53.3) 98 (73.1) 0.007

Dyspnea 49 (81.7) 95 (70.9) 0.113

Hemoptysis 5 (8.3) 10 (7.5) 0.834

Chest pain 4 (6.7) 6 (4.5) 0.524

Immunocompromised conditions

Systemic use of corticosteroids 43 (71.7) 24 (17.9) \ 0.001

Use of immunosuppressive agents 39 (65.0) 15 (11.2) \ 0.001

Hematologic malignancies 10 (16.7) 1 (0.7) \ 0.001

Solid tumors 4 (6.7) 6 (4.5) 0.524

Rheumatic diseases 22 (36.7) 25 (18.7) 0.007

Solid organ transplantation 3 (5.0) 0 (0) 0.009

HSC transplantation 3 (5.0) 0 (0) 0.009

PaO2/FiO2 (mmHg) 143 (105–181) 155 (117–280) 0.35

White blood cells (9 109/l) 7.4 (5.3–10.9) 11.8 (8.0–16.4) 0.123

Neutrophils (9 109/l) 6.6 (4.5–9.7) 10.9 (6.6–15.5) 0.115

Lymphocytes (9 109/l) 0.5 (0.3–0.8) 0.5 (0.4–0.9) 0.648

Hemoglobin (g/l) 98 (83–117) 109 (88–122) 0.026

Platelet (9 109/l) 147 (71–215) 198 (130–265) 0.068

Serum BDG (ng/l)

C 80 31 (67.4 [n = 46]) 16 (18.6 [n = 86]) \ 0.001

C 500 13 (28.3 [n = 46]) 1 (1.2 [n = 86]) \ 0.001

LDH (U/l) 496 (338–736) 457 (266–702) 0.231

CRP (mg/l) 88.3 (35.8–159.0) 138.0 (33.2–217.0) 0.614

PCT (ng/ml) 0.30 (0.09–1.88) 0.76 (0.24–2.76) 0.138

Chest CT images

Ground-glass opacity 41 (68.3) 40 (29.9) \ 0.001

Patchy shadowing 45 (75.0) 81 (60.4) 0.05
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RESULTS

Clinical Characteristics, Laboratory
Findings and Radiologic Features of Non-
HIV-Infected PJP Patients

Patient characteristics on admission are sum-
marized in Table 1. A total of 60 non-HIV-in-
fected PJP and 134 non-PJP patients were
included in this study. The median ages (53 vs.
59 years old) and gender compositions of these
two cohorts were similar. The most common
symptoms of PJP patients included dyspnea
(81.7%), fever (71.7%) and cough (65.0%).
Compared to those with non-PJP pneumonia,
cough and expectoration were less frequently
seen in PJP patients. Rheumatic disease (36.7%)
ranked first, and hematologic malignancy
(16.7%) ranked second among the underlying
diseases of PJP. As expected, PJP patients had
various immunosuppressive conditions; 71.7%
of them received long-term systemic corticos-
teroids, 65.0% received immunosuppressive
agents. In contrast, these immunosuppressive
conditions were far less common in the non-PJP
cohort.

The median PaO2/FiO2 was 143 mmHg in PJP
patients, suggesting serious hypoxemia. The
white blood cell count, neutrophil count and
serum procalcitonin level of PJP patients
appeared lower than in non-PJP ones, but no
significance was observed. All PJP patients
showed lymphopenia with a median lympho-
cyte count of 0.5 9 109/l in peripheral blood
and had significantly lower hemoglobin levels

(98 vs. 109, P = 0.026) than the non-PJP cohort.
Elevated serum level of BDG (C 80 ng/l) was
observed in 67.4% of PJP and 18.6% of non-PJP
patients (P\0.001), respectively. Median
serum levels of lactate dehydrogenase (496 vs.
457 U/l) and C-reactive protein (88.3 vs.
138.0 mg/l) were remarkably increased in both
cohorts. Among PJP patients, the most fre-
quently seen radiologic findings on chest CT
were ground-glass opacity (68.3%) and patchy
shadowing (75.0%). Pleural effusion was signif-
icantly less common than in non-PJP patients
(13.3% vs. 47.8%, P\0.001).

Comparison of Diagnostic Performance
Among mNGS, GMS Staining and Serum
BDG in PJP

GMS staining is a classical method for microbi-
ologic diagnosis of PJP, and BDG is a widely
used serologic biomarker of PJP. Therefore, we
compared the diagnostic performance of mNGS
with GMS staining and serum BDG in 60 PJP
patients. As shown in Table 2, mNGS of BALF
and/or blood samples was performed in all
patients, GMS staining of BALF in 60 patients
(28 in PJP and 32 in non-PJP cohort) and serum
BDG in 132 patients (46 in PJP and 86 in non-
PJP cohort). Herein, diagnostic sensitivity and
specificity of mNGS were calculated using the
clinical composite diagnosis as reference stan-
dard. The sensitivity of mNGS was 100% (95%
CI, 94.0–100%), which was markedly higher
than that of GMS staining [25.0% (95% CI
10.7–44.9%), P\ 0.001] and BDG [67.4% (95%

Table 1 continued

Characteristics (median
[IQR] or n [%])

PJP patients
(n = 60)

Non-PJP patients
(n = 134)

P value

Interstitial patterns 20 (33.3) 41 (30.6) 0.704

Consolidation 20 (33.3) 46 (34.3) 0.892

Pleural effusion 8 (13.3) 64 (47.8) \ 0.001

Cystic changes 3 (5.0) 7 (5.2) 0.948

IQR interquartile range, HSC hematopoietic stem cells, PaO2 arterial partial pressure of oxygen, FiO2 fraction of inspired
oxygen, BDG (1,3)-b-D-glucan, LDH lactate dehydrogenase, CRP C-reactive protein, PCT procalcitonin, CT computed
tomography
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CI 52.0–80.5%), P\0.001]. Furthermore,
mNGS showed a good specificity of 96.3% (95%
CI 91.5–98.8%), which was comparable to GMS
staining [100% (95% CI 89.1–100%)] and sig-
nificantly higher than serum BDG [81.4% (95%
CI 71.6–89.0%)]. As a result, mNGS reached a
PPV of 92.3% and a NPV of 100%, which sur-
passed both GMS staining and BDG. Besides,
the SMRNs of P. jirovecii detected by mNGS in
BALF (R = 0.421, P = 0.004) and blood samples

(R = 0.432, P = 0.050) were positively correlated
with serum BDG levels (Fig. 1).

Detection of P. jirovecii in BALF and/
or Blood Samples by mNGS

In this study, mNGS of BALF samples was per-
formed in 53 PJP patients and mNGS of blood
samples in 28 PJP patients. Among them, 32
had sole mNGS of the BALF sample, 7 had sole

Table 2 Diagnostic performance of mNGS, GMS staining and serum BDG in non-HIV-infected PJP patients

Methods PJP
cohort

Non-PJP
cohort

Sensitivity (95%
CI)

Specificity (95%
CI)

PPV (95%
CI)

NPV (95%
CI)

mNGS ? 60 5 100% 96.3% 92.3% 100%

- 0 129 (94.0–100) (91.5–98.8) (83.0–97.5) (97.2–100)

GMS

staining ?

7 0 25.0%*** 100% 100% 60.4%***

- 21 32 (10.7–44.9) (89.1–100) (59.0–100) (46.0–73.5)

Serum

BDG ?

31 16 67.4%### 81.4%### 66.0%### 82.6%###

- 15 70 (52.0–80.5) (71.6–89.0) (50.7–79.1) (72.6–89.8)

GMS staining Gomori methenamine silver staining, BDG (1,3)-b-D-glucan, serum BDG C 80 ng/l was defined as positive,
CI confidence intervals, PPV positive predict value, NPV negative predict value
***P\ 0.001 when comparing GMS staining with mNGS
### P\ 0.001 when comparing serum BDG with mNGS

Fig. 1 Correlation analysis between the SMRN of P. jirovecii detected by mNGS and serum BDG levels. A mNGS of BALF
samples; B mNGS of blood samples
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mNGS of the blood sample, and 21 had both
(Fig. 2). Remarkably, P. jirovecii was detected by
mNGS in all the matched BALF and blood
samples, reaching a concordance rate of 100%.

Mixed Infections and Co-pathogens
Detected by mNGS

Mixed infections are common in PJP patients
because of incomplete immunity. Numbers of
cases with putative mixed infections detected
by mNGS are summarized in Fig. 3. Viruses and
bacteria were the most common co-pathogens
observed in PJP patients. Both P. jirovecii-virus
coinfection and P. jirovecii-virus-bacteria

coinfection were identified by mNGS in 15
(25.0%) of 60 patients (Fig. 3A). Top five co-
pathogens detected by mNGS included cyto-
megalovirus, Epstein-Barr virus, human her-
pesvirus 1, Candida and Torque teno virus
(Fig. 3B). Of note, Mycobacterium tuberculosis was
detected in seven PJP patients, indicating that
more attention should be paid to mixed infec-
tions of PJP and tuberculosis.

Impact of mNGS on Antimicrobial
Treatment of PJP Patients

Records of antimicrobial treatment which tar-
geted P. jirovecii and other pathogens during

Fig. 2 Detection of P. jirovecii by mNGS in BALF and blood samples obtained from PJP patients

Fig. 3 Mixed infections and co-pathogens identified by mNGS in 60 PJP patients. A number of PJP patients with mixed
infections; B number of PJP patients infected with various co-pathogens

1740 Infect Dis Ther (2021) 10:1733–1745



hospitalization were retrieved from 60 PJP
patients. Based on the mNGS results, initial
antimicrobial treatment was modified in 71.7%
of patients; 21.7% of patients had one or two
antimicrobial agents removed, 23.3% had the
antimicrobial spectrum reduced, and 26.7% had
one or two antimicrobial agents added
(Table 3); 36.7% of patients did not receive
trimethoprim-sulfamethoxazole (TMP-SMZ) of
therapeutic dose until the report of mNGS
results.

DISCUSSION

Herein, we conducted a retrospective study to
evaluate the diagnostic performance of mNGS
in HIV-negative PJP patients. We found that
mNGS had an excellent sensitivity and speci-
ficity in the diagnosis of PJP and was advanta-
geous to identify co-pathogens in pulmonary
mixed infections. Furthermore, mNGS of blood
and BALF samples showed a good concordance
in the detection of P. jirovecii.

PJP is a common opportunistic infection
which can be life-threatening in immunocom-
promised hosts. Currently, there is a growing

incidence of PJP in the non-HIV immunocom-
promised population due to the increasing
prevalence of immunosuppressive conditions,
such as hematologic malignancies, solid
tumors, systemic corticosteroid therapy,
immunosuppressive therapy and organ trans-
plantation [18]. In the non-HIV-infected popu-
lation, PJP usually progresses to respiratory
failure within a short time and causes a mor-
tality rate of 30–60%, which was significantly
higher than in the HIV-infected population [2].
Since effective anti-PJP treatment regimens
have been clearly defined, and TMP-SMZ is
recommended as the first-line antimicrobial
treatment [19], microbiologic diagnosis of PJP is
the ‘‘rate-limiting’’ step to achieve prompt
treatment and improve prognosis of patients. So
far, conventional staining, PCR and serum BDG
are widely used for the microbiologic diagnosis
of PJP. However, these methods have their own
limitations. Conventional staining requires a
heavy pathogen burden in the lung and expe-
rienced microbiologists to ensure the detection
rate of P. jirovecii under the microscope; thus, it
can be insensitive and biased. PCR has been
reported to be highly sensitive and specific in
detecting P. jirovecii, but it delivers little value to
identify mixed infections by a single run, espe-
cially for those rare or novel pathogens. Addi-
tionally, the non-specificity of BDG limits its
application in the diagnosis of PJP.

mNGS is a microbiologic diagnostic tool that
detects all nucleic acids of microorganisms
whose sequencing data were included in the
database library and allows for an unbiased
approach to the detection of pathogens [20].
Diagnostic performance of mNGS has been
highlighted in infections of the respiratory tract
[21, 22], blood stream [23], central nervous
system [24] and prosthetic joints [25]. Data
from recent studies supported its advantages in
detecting opportunistic pathogens and mixed
infections, especially in detecting uncultivable
pathogens [26, 27]. mNGS is highly sensitive to
identifying a very small amount of pathogens,
but its diagnostic performance in PJP remains
unclear. In the present study, our data revealed
the sensitivity of mNGS was 100% in non-HIV-
infected PJP patients, which was dramatically
higher than GMS staining and serum BDG.

Table 3 Impact of mNGS on antimicrobial treatment on
PJP patients

Modifications (n [%]) PJP patients (n = 60)

Remove 1 agent 10 (16.7)

Remove 2 agents 3 (5.0)

Reduce antimicrobial spectrum 14 (23.3)

Add 1 agent 13 (21.7)

Add 2 agents 3 (5.0)

Add TMP-SMZ 22 (36.7)

Add caspofungin 11 (18.3)

No change 17 (28.3)

TMP-SMZ trimethoprim-sulfamethoxazole; remove 1 (or
2) agent, the number of antimicrobial agent types reduced
by 1 (or 2) after the report of mNGS results; add 1 (or 2)
agent, the number of antimicrobial agent types reduced by
1 (or 2) after the report of mNGS results
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Furthermore, mNGS showed a good specificity
of 96.3%, which was comparable to GMS
staining and significantly better than serum
BDG. These results suggest that early applica-
tion of mNGS can facilitate the rapid and
accurate diagnosis of PJP.

Another distinct advantage of mNGS over
other microbiologic tests is the broad spectrum
of pathogen identification, which allows the
detection of mixed infections by a single run in
PJP patients. Therefore, patients with mixed
infections may be further benefited by this
technique. One tricky problem of interpreting
mNGS results is the lack of a standard method
and widely accepted threshold values. It is not
easy to decide whether microbes detected by
mNGS are clinically significant pathogens or
colonized microbes. So far, the SMRN and
abundance score of microbes have been fre-
quently used parameters among different
sequencing platforms. Clinically significant
pathogens must be classified based on compre-
hensive analysis of these parameters, clinical
characteristics and laboratory findings. Our data
showed that mixed infectious were detected in
80% of PJP patients, among which viral and
bacterial mixed infections were the most com-
mon. The unbiased broad-spectrum detection of
mNGS would further provide guidance for
effective antimicrobial treatment. In the present
study, initial antimicrobial treatments were
modified for 71.7% of patients after the report
of mNGS results. More importantly, 36.7% of
PJP patients did not receive TMP/SMZ and
18.3% did not receive caspofungin until the
report of mNGS results, demonstrating that
mNGS is useful for the diagnosis and proper
treatment of PJP.

It is worth noting that simultaneous mNGS
of BALF and blood samples obtained from the
same patient showed highly consistent results
in detection of P. jirovecii. In this study, a total
of seven patients who either could not tolerate
or declined bronchoscope examination were
diagnosed with PJP through mNGS of blood
samples. These encouraging results strongly
indicated that mNGS of blood samples could be
a good alternative for patients with presumptive
diagnosis of PJP when bronchoscopic examina-
tion was not doable. Furthermore, mNGS of

blood samples may be helpful in distinguishing
P. jirovecii colonization from infection. It is well
acknowledged that P. jirovecii resides in respira-
tory tracts of healthy humans, so the interpre-
tation of mNGS results of respiratory tract
specimens can be sometimes difficult, especially
when the SMRN of P. jirovecii is small. In this
condition, P. jirovecii identified by mNGS in
blood samples could be more convincing
because it should not exist in blood stream of
healthy humans [28]. Therefore, on the basis of
our data, we propose that BALF and blood
samples should be simultaneously collected for
mNGS when the diagnosis of PJP is considered.

This study has limitations. First, it is a single-
center retrospective study; thus, intrinsic bias
was unavoidable. Second, diagnostic perfor-
mances of mNGS and PCR were not compared in
this study because PCR of P. jirovecii was not
routinely performed in our hospital. This line of
query should be explored in future work. Finally,
mNGS has drawbacks while it offers numerous
advantages. It is difficult to distinguish P. jirovecii
colonization from infection because there are no
widely acceptedquantitative cutoffs or threshold
values for mNGS. Therefore, the definite diag-
nosis of PJPmust be based on the comprehensive
analysis of clinical characteristics, laboratory
abnormalities, radiologic findings and microbi-
ologic proofs rather than mNGS alone. Addi-
tionally, a single run of mNGS costs 500–600
dollars and takes 24–48 h to finish all procedures,
which may limit its application in clinical prac-
tice. To evaluate the diagnostic value ofmNGS in
PJP, comparative analysis between PCR and
mNGS must be done, and more studies are nee-
ded to explore potential cut-off or threshold
values for differentiating P. jirovecii infection
from colonization. Dynamic testing of mNGS in
PJP patients during the whole course of illness is
also of interest to investigate its potential utility
in predicting the efficacy of anti-PJP treatment
and clinical outcomes.

CONCLUSIONS

mNGS is a useful diagnostic tool for non-HIV-
infected PJP patients. It has a high sensitivity
and specificity in identifying P. jirovecii and
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outperforms other methods in detecting mixed
infections. mNGS of BALF and/or blood samples
is suggested in patients with presumptive diag-
nosis of PJP. mNGS of blood samples may be a
good alternative to BALF when bronchoscopic
examination is infeasible.
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