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Although considerable interest in metagenomic next-generation sequencing
(MNGS) has been attracted in recent years, limited data are available regarding
the performance of mNGS in HIV-associated central nervous system (CNS)
infection. Here, we conducted a retrospectively analyzing of the cerebrospinal
fluid (CSF) mNGS reports and other clinical data from 80 HIV-infected patients
admitted to the Second Hospital of Nanjing, China from March, 2018 to March,
2022. In our study, CSF mNGS reported negative result, mono-infection, and
mixed infection in 8.8, 36.2, and 55% of the patients, respectively. Epstein—Barr
virus (EBV), positive in 52.5% of samples, was the most commonly reported
pathogen, followed by cytomegalovirus (CMV), John Cunningham virus (JCV),
torque teno virus (TTV), cryptococcus neoformans (CN), toxoplasma Gondii
(TE), and mycobacterium tuberculosis (MTB). 76.2% of the EBV identification
and 54.2% of the CMV identification were not considered clinically important,
and relative less sequence reads were reported in the clinical unimportant
identifications. The clinical importance of the presence of TTV in CSF was
not clear. Detection of JCV, CN, or TE was 100% suggestive of specific CNS
infection, however, 60% of the MTB reports were considered contamination.
Moreover, of the 44 (55%) mixed infections reported by mNGS, only 4 (5%)
were considered clinical important, and mNGS failed to identify one mixed
infection. Additionally, except for MTB, CSF mNGS tended to have high
sensitivity to identify the above-mentioned pathogens (almost with 100%
sensitivity). Even all the diagnostic strategies were evaluated, the cause of
neurological symptoms remained undetermined in 6 (7.5%) patients. Overall,
our results suggest that mNGS is a very sensitive tool for detecting common
opportunistic CNS pathogen in HIV-infected patients, althoughiits performance
in CNS tuberculosis is unsatisfactory. EBV and CMV are commonly detected by
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CSF mNGS, however, the threshold of a clinical important detection remains

to be defined.
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Introduction

Central nervous system (CNS) opportunistic infection
remains an important cause of morbidity and mortality in
HIV-infected severely immunocompromised patients (Tan et al.,
2012; Bowen et al., 2016; Thakur, 2020). Timely and accurately
etiological diagnosis is crucial for improving the prognosis of CNS
opportunistic infections. However, for many reasons, this goal is
difficult to be reached. One of the diagnostic challenges is that
more than 100 pathogens could cause CNS infections with the
initial neurological manifestations being indistinguishable (Tunkel
etal., 2008; Granerod et al., 2010; He et al., 2016). Due to sample
volume restriction, it is unpractical to detect all the pathogens
through traditional diagnostic methods, which are generally
target-dependent and require a prior knowledge of the causative
agents. Stepwise targeting the most possible causative pathogens
may be an acceptable strategy. Nevertheless, the performance of
this strategy strongly relies on the clinical experience of the
treating physician. Even the most qualified physician may miss the
diagnosis when the clinical features are atypical or when the
patient is infected with a rare pathogen. Finally, shortage of
commercial diagnostic kits for many opportunistic pathogens
would further compromise the investigation of CNS infections in
HIV-infected patients.

Fortunately, the limitations of traditional microbiological tests
may be overcome by recently developed metagenomic next-
generation sequencing (mNGS). This novel strategy identifies
nucleic acids from clinical samples in a target-independent way,
and thus could theoretically detect all the pathogens in a single
run (Simner et al., 2018b; Gu et al., 2019). The clinical application
of mNGS has attracted great research interest. Accumulating
evidences have demonstrated that mNGS could assist with
etiological diagnosis including but not limited to CNS infections,
pulmonary infections, bloodstream infections, and bone
infections(Wilson et al., 2019; Huang et al., 2020; Zhang et al.,
2020; Chen et al., 2020b; Hogan et al., 2021; Jing et al., 2021; Zhu
et al,, 2022). Most of studies revealed that mNGS has sensitivity
similar to or even better than specific PCR tests, however, the
specificity varies depending on the samples used and the quality
control for avoiding contamination (Miller and Chiu, 2021; Jin
etal., 2022). Favorable specificity has been demonstrated in sterile
samples, such as mNGS of the CSE blood, and bone tissue samples
(Jing et al., 2021; Miller and Chiu, 2021). However, the specificity
for diagnosing pulmonary infections by mNGS of bronchoalveolar
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lavage fluid was poor (Wang et al., 2019; Chen Y. et al., 2021),
probably due to the contamination of oral flora and the difficult in
differentiation between colonization and invasive infection. The
unbiased mNGS is especially useful for identification of rare
pathogens, infections with atypical manifestations, and mixed
infections (Hu et al., 2018; Wang et al., 2019; Fang et al., 2020;
Chen et al., 2020a). Together, it is reasonable to hypothesize that
mNGS would substantially improve the microbiological diagnosis
of CNS infections in HIV-infected patients. Currently, the utility
of mNGS in this field is still incompletely understood.

A recently study suggested that CSF mNGS may be a useful
tool for the diagnosis of CNS infection among HIV-infected
patients (Chen J. et al., 2021). The study focused on the impact of
CSF mNGS results on the subsequent management decisions of
the treating physicians (Chen J. et al., 2021). In our study on a
population with more advanced immunodeficiency compared to
the former study (Chen J. et al., 2021), we aimed to explore the
diagnostic performance of mNGS for assisting etiological
diagnosis of specific HIV-associated CNS infection. We would
focus on the following questions: (1) which microorganisms were
reported by the CSF mNGS in HIV-infected patients; (2) was the
detection of the microorganisms a reflection of cross-
contamination? (3) did those reported microorganisms lead to the
neurological symptoms; and (4) did CSF mNGS miss clinical
important etiological agents?

Patients and method
Patients

This study included 80 HIV-infected patients hospitalized
at the department of infectious diseases in the second hospital
of Nanjing, China from March 2018 to March 2022. The setting
is a tertiary referral hospital and is a designated hospital that
provides HIV care. The inclusion criteria for this study were
hospitalized HIV patients: (1) with neurological symptoms; (2)
CD4 count less than 200 cells/pl; and (3) having CSF mNGS
reports. The patients were given conventional microbiological
tests. In addition, CSF samples were sent for PMSeq-DNA,
which is a commercial mNGS service targeting pathogens’ DNA
sequences offered by BGI-Shenzhen (BGI, 2016; Hu et al., 2018;
Zhu et al., 2022). Fresh CSF samples were transferred to the lab
with dry ice. If immediate sample transportation was not
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possible, CSF samples were stored transiently at —80°C in a
refrigerator until transportation. CSF samples were generally
analyzed within 24 h of sample collection. For each CSF sample,
BGI was blinded to the CSF laboratory tests, and gave a
diagnostic mNGS report containing a list of pathogens detected
as well as their corresponding sequence reads. Written informed
consents, regarding the commercial mNGS service, were
obtained from patients or their guardians. Retrospective
analysis of those patients’ data was approved by the ethics
committee of the second hospital of Nanjing (2020-LY-kt061).

Metagenomic next-generation
sequencing

Before nuclear acid extraction, CSF sample was mixed
with enzyme and glass beads, and was vortexed vigorously at
2,800-3,200 rpm for 30 min. Then, total DNA was extracted
from 300 pl CSF sample using TIANamp Micro DNA Kit
(DP316, Tiangen Biotech). DNA libraries were constructed by
DNA-fragmentation, end-repair, adapter-ligation, and PCR
amplification. After quality control with Agilent 2100, libraries
were sequenced by BGISEQ-50 platform. Low-quality
sequence reads and sequence reads mapped to the human
reference genome (hgl9) were removed. The remaining data
were classified by aligning to microbial genome databases
covering bacteria, fungi, viruses, and parasites. The reference
databases could be downloaded from NCBI' containing 4,945
whole genome sequences of viral taxa, 6,350 bacterial genomes
or scaffolds, 1,064 pathogenic fungi genomes, and sequences
of 234 parasites associated with human diseases (Zhu
et al., 2022).

Data extraction and clinical
interpretation

We collected the demographic, clinical, laboratory, and
imaging data of the patients from an electronic health record
system. The electronic report of CSF mNGS was provided by
BGI-Shenzhen, and pathogen list and the sequence reads were
extracted from each CSF mNGS report. The final diagnosis was
made by the expert panel through evaluation of the all-available
clinical data, including clinical features, conventional
microbiological tests, mNGS result, and the response to treatment.
The clinical interpretation of the mNGS report focused on: (1) did
a positive detection necessitates antimicrobial treatment? and (2)
did a negative report guaranteed the excluding of specific
CNS infection?
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Statistical analysis

Categorical variables were described as frequencies and
proportions. Continuous variables were expressed by medians
with interquartile ranges (IQR). Comparisons among different
groups were done using Mann-Whitney U test or Jonckheere-
Terpstra test, when appropriate. 95% ClIs for sensitivity, specificity,
positive predictive value, and negative predictive value were
calculated according to the Wilson intervals method described by
Lawrence D. Brown in 2001 (Brown et al., 2001). Statistical
analysis was done by using GraphPad Prism version 8.0 or R
version 4.1.3.> All reported p values were two-sided and the
significance level was set at 0.05.

Results
Characteristics of the patients

The clinical, laboratory, and imaging characteristics of the
patients were summarized in Table 1. The medium age of the 80
patients was 37 (IQR:31-49.0) yeas and the majority (90%) of the
patients were male. The enrolled patients were severely
immunocompromised with a median CD4 cell count of 29
(IQR:7-72) cells/pl and a medium HIV viral load of 94,500
(IQR:1,848-203,000) copies/ml. Thirty (37.7%) patients were on
antiretroviral therapy, and viral suppression (<50 copies/ml) was
achieved in nine of those patients. Three quarters of the patients
had fever. 76 (95%) patients presented with at least one CNS
symptom, whereas three patients underwent lumbar puncture for
abnormalities on brain imaging screening, and one was examined
for suspected brain metastases. The most common neurological
symptom was headache, occurring in 41 (51.2%) patients,
followed by confusion, decrease of muscle strength, and nausea.
Most of the patients (62/80, 77.5%) had abnormal brain images.

Pathogens detected by CSF mNGS

Of the 80 CSF mNGS tests, 7 (8.8%) gave negative report and
73 (91.2%) reported at least one pathogen. The presence of mixed
pathogens was identified in 42(52.5%) patients (Figure 1A).
Overall, 145 records of pathogen identification (from 28
pathogens) were reported by 80 mNGS reports. Of the 145
pathogen records, 108 (72.4%) belonged to the virus species
(Figure 1B). Epstein-Barr virus (EBV) was the most common
pathogen detected by CSF mNGS, being positive in 42 (52.5%) of
the 80 CSF samples. The next six common pathogens were
cytomegalovirus (CMV), John Cunningham virus (JCV), Torque
teno virus (TTV), Cryptococcus neoformans (CN), Toxoplasma
Gondii (TE), and Mycobacterium tuberculosis (MTB), which were
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TABLE 1 Clinical, laboratory and imaging characteristics of the

patients.
Variables Characteristics’
Age, years 37 (30.5-49.0)
Sex
Male 72 (90.0)
Female 8 (10.0)
ART status
Naive 50 (62.5)
ART<12w 11(13.8)
ART>12w 19 (23.8)
Fever 60 (75.0)
Headache 41 (51.2)
Confusion 24 (30.0)
Seizure 11 (13.7)
Dysuria 5(6.2)
Nausea 22 (27.5)
Vomiting 20 (25.0)
Decrease of muscle strength 35(43.7)
Neck stiffness 2(2.5)
CD#4 cell count, cells/pl 29 (7.0-72.0)
<50 53 (66.3)
>50,and <100 9(11.3)
>100 18 (22.5)
HIV viral load, copies/ml 94,500 (1848-203,000)
<50 10 (12.5)
Cerebrospinal fluid analysis
White blood cell count, 10°/L 3(1.0-15.0)
Proteins, mg/L 538 (405.0-900.0)
Glucose, mmol/L 2.5(2.2-3.2)
Lactate dehydrogenase, IU/L 26.5(17.0-42.3)
Adenosine deaminase, IU/L 3(1.2-4.0)
Abnormal brain imaging 62 (77.5)

!Categorized variables were expressed as 1 (%) and continuous variables were described
as medians (interquartile ranges).

detected in 24 (30.0%), 13 (16.3%), 12 (15.0%), 8 (10.0%), 6
(7.5%), and 5 (6.3%) of the 80 CSF samples, respectively
(Figure 1C).

Variable numbers of sequence reads were reported by CSF
mNGS, and seemed likely to be associated with the type of the
pathogen (Figure 1D). Although EBV was the most common virus
in the evaluated samples, it had much lower number of sequence
reads as compared with CMV [median (IQR) of 18 (6-66) vs. 75
(8-17,756), p=0.041] or JCV [median (IQR) of 18 (6-66) vs. 75
(8-17,756), p=0.002]. The number of sequence reads was similar
between EBV and TTV (p=0.914; Figure 1D). As shown in
Figure 1C, the fifth to seventh most common pathogens in the
evaluated CSF samples were CN, TE, and MTB. Very low number
of sequence reads of MTB [median (IQR) of 1 (1-9)] could
be detected from CSF samples using mNGS. In contrast, much
higher numbers of CN and TE sequence reads were detected from
CSF samples, with median sequence numbers of 82,977 (IQR:
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15,341-278,386) and 3,183 (IQR: 1,231-18,859; p=0.002 and
Pp=0.004, respectively). Finally, although VZV was only detected
in two patients, high numbers of VZV sequence reads were
detected in both patients.

Clinical evaluation of the detected
pathogens in the mNGS reports

Detection of EBV and TTV

Of the 42 patients tested positive for EBV DNA, 5 (11.9%) had
CNS lymphoma (two histologically confirmed; three clinically
suspected), 5 (11.9%) may possibly have EBV encephalitis (EBV
was the only pathogen reported by mNGS), and 32 (76.2%) were
not considered to have CNS diseases related to EBV infection.
There was a trend of decreasing number of EBV sequence reads
among patients with CNS lymphoma, EBV encephalitis, and
clinically unimportant EBV detections (Jonckheere-Terpstra test,
p =0.001, Figure 2A). Of these 12 patients tested positive for TTV
DNA, seven had co-existing CNS actively opportunistic infections
(four CMV encephalitis, one PML, one cryptococcal meningitis,
and one CNS tuberculosis) and one was considered as
cryptococcal immune reconstitution syndrome. The clinical
importance of the presence of TTV in CSF of HIV patients was
not clear.

Detection of typical CNS opportunistic
pathogens

Among the seven most common pathogens detected by CSF
mNGS, CMV, JCV, CN, TE, and MTB were all typical CNS
opportunistic pathogens (Bowen et al., 2016). Of the 24 patients
tested positive for CMV DNA, 11 (45.8%) had CMV encephalitis
(all had consistent clinical features; all CSF CMV PCR positive),
and 13 (54.2%) were not consider to have CMV encephalitis.
CMV sequence reads were much higher in patients with CMV
encephalitis compared with those without CMV encephalitis
[median (IQR) of 18,621(6,484-53,081) vs. 12 (5-25), p<0.001,
Figure 2B]. Of note, CSF mNGS falsely detected high number of
CMYV sequence reads (4,776) in a patient with transient headache.
Since neurological symptom of this patient resolved without
specific antiviral therapy, and CMV PCR tests of the plasma and
CSF samples were both blow the limit of detection (<500 copies/
ml), the detection of CMV sequences by mNGS was considered a
false positive.

Unlike the detections of CMV and EBV, of which the clinical
importance was associated with the number of sequences reads,
all positive detections of JCV, CN or TE by CSF mNGS were
clinically important. All 13 patients with JCV sequence reads and
six patients with TE sequence reads have characteristic brain
image abnormalities. Ten out of the 13 CSF samples with JCV
sequence reads were sent for detection of JCV by PCR, of which 8
(80%) were detected positive. Serum anti-Toxoplasma IgG
antibody was positive for the six patients with Toxoplasma Gondii
sequence reads. All the eight patients with Cryptococcus
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FIGURE 1
Pathogens detected by metagenomic next-generation sequencing. (A) The total number of pathogens presented per metagenomic next-
generation sequencing (MNGS) report. (B) The proportions of every species reported by mNGS. The “Others” category included Chlamydia
psittaci, Parachlamydia acan thamoebae, and Treponema pallidum (four positive identifications). (C) The proportion of each pathogen reported by
mNGS. (D) The numbers of sequence reads reported by mNGS in different pathogens.

neoformans sequence reads were confirmed to have cryptococcal
meningitis using CSF cryptococcal antigen lateral flow assay.
Molecular detection of MTB in the CSF is an important
strategy for diagnosing tuberculosis meningitis. The presence of
MTB DNA in CSF samples is suggestive of CNS tuberculosis
(Wilkinson et al., 2017). In the present study, five patients were
tested positive for MTB by using mNGS with number of

Frontiers in Microbiology

05

sequence reads ranged from 1 to 13. Only 2 (40%) cases were
true CNS tuberculosis. The remaining three cases were not
considered CNS tuberculosis because those patients did not
have other evidences supporting MTB infection and the clinical
condition resolved without anti-tuberculosis treatment. All
those three patients had only trace MTB (one sequence read)
reported by mNGS.
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FIGURE 2
The difference of sequence reads between different clinical evaluation and mixed infection of EBV, CMV, and TTV. (A) The difference of EBV
sequence reads among patients with CNS lymphoma, EBV encephalitis, and clinically unimportant EBV detections (p=0.001). (B) The difference of
CMV sequence reads among patients with CMV encephalitis and CMV detections without clinically unimportance (p<0.001). (C) Mixed infection of
EBV, CMV, and TTV. EBV denotes Epstein—Barr virus; CMV, cytomegalovirus; TTV, Torque teno virus.

Detection of other pathogens

The remaining 21 pathogens account for 35 positive
identifications in 22 patients (Figure 1C). Only five pathogens
(HSV-1, VZV, Treponema pallidum, Nocardia spp., and
Chlamydophila psittaci) had ever been considered the etiological
agents of CNS infections with 11 positive identifications in total.
Among these, only one of the two positive identifications of
Nocardia spp. was considered contamination. The other 16
pathogens were either considered as non-CNS pathogens (such as
HBV) or environmental pathogens.

Interpretation of mixed infections

As above-mentioned, CSF mNGS identified at least two
pathogens in 44 (55%) samples. Of the seven most common
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pathogens detected by CSF mNGS, the presence of 4 (JCV,
Cryptococcus neoformans, Toxoplasma Gondii, and MTB) in the
CSE regardless of the number of the sequence reads, were
generally considered as clinically important, if not contaminated
by other samples. Interpretation of the identification of EBV,
CMYV, and TTV was more complicated, since those viruses could
persist in healthy individuals (Strassl et al., 2018; Wen et al., 2018).
In our study, 58 (72.5%) CSF samples were positive for at least one
of these three viruses and mixed infection of these viruses were
detected in 17 (21.3%) CSF samples (Figure 2C). However, as
described before, detection of those viruses in the CSF did not
prove that they were the causes of neurological diseases. Mixed
infections were only considered in 5 samples through final clinical
diagnosis by experts panel, among which 1 was CMV and HSV-1
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mixed infection, 1 was JCV, Chlamydophila psittaci and HSV-1
mixed infection, 1 was Cryptococcus neoformans and CMV mixed
infection, 1 was Toxoplasma Gondii and HSV-1 mixed infection,
and 1 was JCV and CMV mixed infection (Figure 3). mNGS
correctly identified four of those five mixed infections, however,
mNGS failed to detection JCV sequences in one patient deemed
to have JCV and CMV mixed infection.

Clinically important pathogens not in the
MNGS report

In clinical practice, the question that, to what extent, a
negative report could exclude a specific infection is also important.
In our study, even though mNGS was introduced as complement
of the traditional microbiological methods, the causes of
neurological symptoms remained undetermined in 6 (7.5%)
patients. The finial composite diagnoses for the patients were
shown in Figures 3, 4, and the corresponding biological
parameters were listed in Table 2. Overall, CSF mNGS failed to
identify the etiological agent in six patients, in which two were
neurosyphilis, one was JCV infection, and three were CNS
tuberculosis. Consequently, the calculated sensitivities of CSF
mNGS for diagnosing of neurosyphilis, PML, and CNS
tuberculosis were 50% (2/4), 92.9% (13/14), and 40% (2/5),
respectively (Table 3; Supplemental Table 1). CSF mNGS was able
to identify all the cases of clinical important EBV and CMV
infection, toxoplasma encephalitis, and cryptococcal meningitis,
which equal to a sensitivity of 100%.

Discussion

HIV-infected patients are vulnerable to CNS opportunistic
infections, the most common disease among which are cerebral

10.3389/fmicb.2022.1055996

toxoplasmosis, progressive multifocal leukoencephalopathy,
tuberculous  meningitis, cryptococcal ~meningitis, and
cytomegalovirus encephalitis (Tan et al., 2012; Bowen et al., 2016;
Thakur, 2020). CNS lymphoma, although not an infectious
disease, has been associated with CNS EBV infection (Bossolasco
et al, 2002; Wang et al,, 2022). In the present study, those
pathogens were also the major contributors to CNS disorders,
suggesting that priority should be given to those pathogens when
making a differential diagnosis. Importantly, the sensitivity of
mNGS for identifying CNS virus infections (such as EBV, CMV,
and JCV) was very high in our study. It is possible that, with
continuing improvement of the methodology of mNGS,
traditional viral detection tests may not be needed for a diagnostic
purpose when mNGS has already been used for CSF pathogen
detection. However, detection of viral sequences from CSF sample
does not always confirm that the virus leads to CNS disorder. In
our study, the clinical important detection of CMV and EBV was
associated with the number of sequences reads reported by
CSF mNGS.

Asymptomatic carry of TTV is very common in healthy
individuals. Human pathogenicity of TTV has not been fully
established (Takahashi et al., 1998; Hino and Miyata, 2007;
Vasilyev et al., 2009; Focosi et al., 2020). The titer of TTV DNA
load is inversely correlated with CD4 cell count in HIV-infected
patients, and therefore could be a potential marker reflecting the
degree of immune impairment (Shibayama et al., 2001; Schmidt
etal., 2021). This virus has been identified in CSF samples from a
proportion of patients with variable neurological complications,
including HIV-infected patient with other coexisting CNS
opportunistic infections (Pou et al., 2018; Simner et al., 2018a;
Eibach et al., 2019; Neri et al., 2020; Perlejewski et al., 2020). In
our study, seven out of the 12 patients test positive for TTV DNA
had co-existing CNS opportunistic infections. It is difficult to
prove whether TTV directly contribute to the neurological

disorder or is just a mark of immune disturbance.

Neurosyphilis 5%

CNS lymphoma 6.25%

1 patient with PML
EBV encelphlisits? 6.25%

CNS tuberculosis 6.25%

JCV+ HSV-1+
Chlamydophila psittacosis

Mixed infection 6.25%

Toxoplasmic encephalitis 6.25%

No CNS disease 6.25%

FIGURE 3

Final composite diagnoses of the study patients. EBV, Epstein—Barr virus; CMV, cytomegalovirus; PML, progressive multifocal
leukoencephalopathy; CNS, central nervous system; JCV, John Cunningham virus; and HSV-1, herpes simplex virus 1.

PML 13.75%

[ 1 Disseminated NTM infection l
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Others 10%

CMV encelphalitis 10%

Cryptococcal meningitis 8.75%
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FIGURE 4
The proportion of final composite diagnoses. PML, progressive
multifocal leukoencephalopathy; EBV, Epstein—Barr virus; CMV,
cytomegalovirus; and CNS, central nervous system.

For a clinical perspective, detection of MTB, CN, and TE
sequences in the CSF samples is generally regarded as etiological
confirmation. In the present study, the sensitivity and specificity
of CSF mNGS for diagnosing CNS CN and TE diseases both reach
100%. However, diagnostic performance of CSF mNGS for CNS
TB was poor. The false positive detection of MTB sequences in
CSF samples implies that mNGS could be also subjected to cross-
contamination, a drawback that also has been encountered by
traditional molecular diagnostic tests. In HIV-seronegative
patients, the sensitivity of CSF mNGS for diagnosing tuberculosis
meningitis ranges from 58.8 to 84.44% (Wang et al., 1993; Yan
etal., 2020; Lin et al., 2021). Since MTB infection in HIV-infected
patients generally leads to more disseminated diseases (Lee et al.,
2000), the low sensitivity of mNGS for diagnosing HIV-associated
CNS TB in our study is a little counter-intuitive. Future study is
necessary to address whether this phenomenon is a reflection of
less severe meningeal involvement in HIV-associated CNS
tuberculosis. As a molecular diagnostic method, the sensitivity of
mNGS for pathogen identification is expected to be closely related
to the burden of that pathogen in clinical samples. Although CSF
mNGS detected Treponema pallidum in two patients with
neurological syphilis, the sensitivity for diagnosing neurological
syphilis was not satisfactory. Taken together, although mNGS may
be able to detect all kinds of pathogens from clinical samples, it
has variable sensitivity for pathogen identification depending on
the categories of the causative agents and the severity of
the diseases.

Several reasons could explain why the detection of JCV, VN,
and TE from CSF samples was much reliable for diagnosing the
related CNS diseases compared with that of the CMV and EBV. It
is well known that CMV and EBV could establish life-long
persistence and replicate at low subclinical levels in reservoirs
(Faulkner et al., 2000; Young et al., 2007; Goodrum, 2016). They
may even be detected in peripheral blood mononuclear cells of the
healthy blood donors (Larsson et al., 1998; Kanakry et al., 2016).
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TABLE 2 Microbiological parameters of final composite diagnosis.

1. EBV-associated disorder (10 patients)

Etiological diagnosis: two histologically confirmed CNS lymphoma
Clinical diagnosis: three clinical suspected CNS lymphoma and five EBV
encephalitis.

Five CSF EBV PCR positive'

2. CMYV encephalitis (11 patients)

Etiological diagnosis: all 11 patients CSF CMV PCR positive.

3. Progressive multifocal leukoencephalopathy (14 patients)
Etiological diagnosis: nine patients CSF JCV PCR positive’

Clinical diagnosis: five patients had typical clinical manifestation and
consistent brain MRI features

4. Toxoplasma encephalitis (six patients)

Clinical diagnosis: all six patients had positive serum anti-Toxoplasma IgG and
consistent brain MRI features.

5. Cryptococcal meningitis (eight patients)

Etiological diagnosis: all CSF cryptococcal antigen positive.

6. CNS tuberculous (five patients)

Etiological diagnosis: two CSF GeneXpert MTB/RIF positive’

Clinical diagnosis: three had confirmed tuberculosis in other organs and

consistent brain MRI features that responded to antituberculosis treatment.

EBV, Epstein-Barr virus; CMV, cytomegalovirus; CNS, central nervous system;

PCR, polymerase chain reaction. 'CSF EBV PCR was performed in six patients. *CSF
JCV PCR was performed in 11 patients. *CSF GeneXpert MTB/RIF was performed in
five patients.

The related clinical disorders tend to occur in patients with higher
blood viral loads (Spector et al., 1998; Kanakry et al., 2016). In
HIV-infected patients, detection of EBV DNA in CSF sample
doses not prove EBV associated neurological diseases, although
high CSF EBV DNA level is associated with CNS lymphoma
(Wang et al., 2022). The low number of sequences CMV or EBV
reads reported by CSF mNGS, in our study, may be a reflection of
CMV or EBV persistence other than active diseases. Moreover,
since both of the CMV and EBV are common human pathogens,
the risk of cross contamination should not be underestimated. on
the contrary, none of the JCV, VN, and TE have been thought to
persist in healthy individuals, and the detection of pathogen DNA
from sterile material generally proves clinical diseases (Luft and
Chua, 2000; Lewinsohn et al., 2017; Donnelly et al., 2020). In
addition, active infection with JCV, VN, or TE is relatively
uncommon disease in China. The mNGS platform handle only
limited samples in one run, and therefore the risk of cross
contamination by JCV, VN, or TE is low.

Unbiased mNGS enables the detection of unexpected
pathogens; however, it also detects environmental microbes
contaminating the clinical samples. In our study, 28 pathogens
were reported from 80 CSF samples. Most of the pathogens were
not considered clinically important, and detection of those
pathogens would complicate the clinical interpretation of the
mNGS reports. In our study, if all the detected pathogens were
considered clinically important, about half of our patients could
be interpretated as CNS mixed infections. However, after
discussion by the expert panel through which clinically
unimportant detection and microbial contamination were
evaluated, CNS disorders were considered to be related to mixed
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TABLE 3 Diagnostic performance of CSF mNGS for common
opportunistic CNS diseases!.

Sensitivity  Specificity PPV NPV
(95%CI)  (95%CI)  (95%CI) (95%CI)
EBV- 100 NA® NA 100
associated (72.25-100) (90.11-100)
CNS disorder’
CMV 100 NA NA 100
encephalitis (74.12-100) (92.87-100)
PML 92.86 100 100 98.36
(68.53-98.73) (93.98-100) (77.19-100) (91.28-
99.71)
CNS 40 97.1 50 95.71
tuberculosis (11.76-76.93) (90.03-99.20) (15.00- (88.14—
85.00) 98.53)
Toxoplasma 100 100 100 100
encephalitis (60.97-100) (94.65-100) (60.97-100)  (94.65-100)
Cryptococcal 100 100 100 100
meningitis (67.56-100) (94.50-100)  (67.56-100)  (94.50-100)

CSE cerebrospinal fluid; mNGS, metagenomic next-generation sequencing; PPV,
positive predictive value; NPV, negative predictive value; EBV, Epstein-Barr virus; CMV,
cytomegalovirus; PML, progressive multifocal leukoencephalopathy; and CNS, central
nervous system. 'For the purpose of illustration, all six patients with undetermined
causes of neurological symptoms had been excluded from analysis. Finally, diagnostic
performance of CSF mNGS was calculated from 74 samples. 2CNS lymphoma or EBV
encephalitis. ’EBV and CMV were commonly detected by CSF mNGS. Some of the
positive detections were not associated with CNS disorder, and also could not

be considered as false positive either. Therefore, the specificity and PPV were not
calculated.

infection only in 5 (6.25%) patients. At present, there is no
consensus standard for clinical interpretation of mNGS results.
This process is not always objective and would inevitably introduce
bias. For example, a recent study unexpectedly identified
Aspergillus spp. from CSF samples in two HIV-infected patients
(ChenJ. etal., 2021). Although the two patients also had CNS VZV
and TBM infections, respectively, both of the positive detection of
Aspergillus spp. was considered clinically important (Chen J. et al.,
2021). The authors did not provide additional microbiological
evidence to support CNS Aspergillus spp. infection, and therefore
whether Aspergillus spp. truly caused CNS disorder was unclear. At
this point, it is difficult to completely avoid the risk of involving
additional unnecessary diagnostic investigations and unnecessary
treatment associated with the application of mNGS.

Our study was limited by retrospective design and relatively
low sample size for specific CNS infection. The calculated
sensitivity and specificity of CSF mNGS for diagnosing CNS
infection should be interpreted with prudence. Due to the
shortage of commercial diagnostic kits and the CSF sample
volume restriction, it was not possible for us to validate every
mNGS report with pathogen-specific PCR or other certified
traditional microbiological tests. For those reasons, interpretation
of the mNGS results is still challenging. Finally, the unbiased
mNGS in our study only targeted the DNA elements mainly due
to the high cost of mNGS, and therefore it may miss the
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identification of some RNA virus in the CSF samples. Whether
adding RNA sequencing (for example, the commercially available
PMseq-RNA) to improve the diagnostic performance needs to
be further explored. Despite those limitations, the finial diagnoses
were clear for the vast majority (> 90%) of the cases when CSF
mNGS was integrated into diagnostic panel. This finding suggests
that CSF mNGS is a promising microbiological diagnostic test for
CNS infections in HIV-infected patients.

Metagenomics sequencing analysis is a “finding the needle in
a haystack” screening technique and may be the most complex
among all known laboratory-developed tests. It is a long road to
standardization in a real clinical context, but to achieve better
quality and higher reproducibility, efforts could be made in simple
and easy wet-lab manipulations, for example, using library prep/
PCR in one-tube techniques. Barcoding the library samples with
unique dual-index combinations to minimize cross-talking,
especially to protect those uncertain samples from reads generated
by significant infectious samples. Make sure process controls are
always included to further examine “kitome;” and “splashome”
contamination batch by batch. It is recommended to monitor the
variations of lab environmental microbiomes (air, water, surface,
etc.) in the mid or long-term. Additionally, to improve the test’s
predictive value, a well-curated clinical microbe’s database and
joint interpretation by an expert panel (lab technicians,
bioinformaticians, microbiologists, pathologists, and clinical
physicians) are also needed.

In conclusion, CSF mNGS is a very sensitive tool for detecting
common opportunistic CNS pathogen in HIV-infected patients;
however, its performance in CNS tuberculosis is unsatisfactory.
CMYV and EBV are commonly detected by CSF mNGS from CSF
samples in HIV-infected patients, the clinical importance of which
is likely to be associated with the burden of the viruses. Clinical
interpretation of CSF mNGS results is still challenging because of
sample  cross-contamination,  environmental — microbial
contamination and lack of consensus standard for distinguishing
carrier state/colonization and infection. Those obstacles need to
be addressed in future studies.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material; further inquiries can
be directed to the corresponding authors.

Author contributions

ZH and ZP conceived and designed the study. YunZ, WZ, XY,
and XL collected the data. CC, YC, HW, and ZH were involved in
clinical interpretation of mNGS results and the clinical
management of the patients. YunZ, WZ, XY, YuaZ, XW, and YW
analyzed the data and drafted the manuscript. All authors
contributed to the article and approved the submitted version.

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1055996
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Zhu et al.

Funding

This study was funded in part by the National Key Research
and Development Program of China (2019YFC1200500 and
2019YFC1200501) and Nanjing Medical Science and Technique
Development Foundation (ZKX21037). The funders had no role
in study design, data collection and analysis, decision to publish,
or preparation of the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

BGI (2016). PMSeq® high-throughput genetic detection of pathogenic
microorganisms. Available at: https://en.genomics.cn/en-medical-PMSeqs.html

Bossolasco, S., Cinque, P,, Ponzoni, M., Vigano, M. G., Lazzarin, A., Linde, A,
et al. (2002). Epstein-Barr virus DNA load in cerebrospinal fluid and plasma of
patients with AIDS-related lymphoma. J. Neuro-Oncol. 8, 432-438. doi:
10.1080/13550280260422730

Bowen, L. N., Smith, B., Reich, D., Quezado, M., and Nath, A. (2016). HIV-
associated opportunistic CNS infections: pathophysiology, diagnosis and treatment.
Nat. Rev. Neurol. 12, 662-674. doi: 10.1038/nrneurol.2016.149

Brown, L. D., Cai, T. T, and DasGupta, A. (2001). Interval estimation for a
binomial proportion. Stat. Sci. 16, 101-117. doi: 10.1214/ss/1009213286

Chen, H., Fan, C., Gao, H, Yin, Y., Wang, X,, Zhang, Y., et al. (2020a).
Leishmaniasis diagnosis via metagenomic next-generation sequencing. Front. Cell.
Infect. Microbiol. 10:528884. doi: 10.3389/fcimb.2020.528884

Chen, Y., Feng, W,, Ye, K., Guo, L., Xia, H., Guan, Y, et al. (2021). Application of
metagenomic next-generation sequencing in the diagnosis of pulmonary infectious
pathogens from bronchoalveolar lavage samples. Front. Cell. Infect. Microbiol.
11:541092. doi: 10.3389/fcimb.2021.541092

Chen, H., Yin, Y., Gao, H., Guo, Y., Dong, Z., Wang, X., et al. (2020b). Clinical
utility of in-house metagenomic next-generation sequencing for the diagnosis of
lower respiratory tract infections and analysis of the host immune response. Clin.
Infect. Dis. 71, $416-5426. doi: 10.1093/cid/ciaal516

Chen, J,, Zhang, R,, Liu, L., Qi, T., Wang, Z., Song, W., et al. (2021). Clinical
usefulness of metagenomic next-generation sequencing for the diagnosis of central
nervous system infection in people living with HIV. Int. J. Infect. Dis. 107, 139-144.
doi: 10.1016/j.ijid.2021.04.057

Donnelly, J. P, Chen, S. C., Kauffman, C. A., Steinbach, W. J., Baddley, J. W,,
Verweij, P. E., et al. (2020). Revision and update of the consensus definitions of
invasive fungal disease from the European Organization for Research and Treatment
of cancer and the mycoses study group education and research consortium. Clin.
Infect. Dis. 71, 1367-1376. doi: 10.1093/cid/ciz1008

Eibach, D., Hogan, B., Sarpong, N., Winter, D., Struck, N. S., Adu-Sarkodie, Y.,
etal. (2019). Viral metagenomics revealed novel betatorquevirus species in pediatric
inpatients with encephalitis/meningoencephalitis from Ghana. Sci. Rep. 9:2360. doi:
10.1038/541598-019-38975-z

Fang, M., Weng, X., Chen, L., Chen, Y,, Chi, Y., Chen, W,, et al. (2020). Fulminant
central nervous system varicella-zoster virus infection unexpectedly diagnosed by
metagenomic next-generation sequencing in an HIV-infected patient: a case report.
BMC Infect. Dis. 20:159. doi: 10.1186/s12879-020-4872-8

Faulkner, G. C., Krajewski, A. S., and Crawford, D. H. (2000). The ins and outs of
EBV infection. Trends Microbiol. 8, 185-189. doi: 10.1016/S0966-842X(00)01742-X

Focosi, D., Spezia, P. G., Macera, L., Salvadori, S., Navarro, D., Lanza, M., et al.
(2020). Assessment of prevalence and load of torquetenovirus viraemia in a large
cohort of healthy blood donors. Clin. Microbiol. Infect. 26, 1406-1410. doi: 10.1016/j.
cmi.2020.01.011

Goodrum, E. (2016). Human cytomegalovirus latency: approaching the Gordian
knot. Ann. Rev. Virol. 3, 333-357. doi: 10.1146/annurev-virology-110615-042422

Frontiers in Microbiology

10

10.3389/fmicb.2022.1055996

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1055996/

full#supplementary-material

Granerod, J., Cunningham, R., Zuckerman, M., Mutton, K., Davies, N. W.,,
Walsh, A. L., et al. (2010). Causality in acute encephalitis: defining aetiologies.
Epidemiol. Infect. 138, 783-800. doi: 10.1017/50950268810000725

Gu, W, Miller, S., and Chiu, C. Y. (2019). Clinical metagenomic next-generation
sequencing for pathogen detection. Annu. Rev. Pathol. 14, 319-338. doi: 10.1146/
annurev-pathmechdis-012418-012751

He, T., Kaplan, S., Kamboj, M., and Tang, Y. W. (2016). Laboratory diagnosis of
central nervous system infection. Curr. Infect. Dis. Rep. 18:35. doi: 10.1007/
$11908-016-0545-6

Hino, S., and Miyata, H. (2007). Torque teno virus (T'TV): current status. Rev.
Med. Virol. 17, 45-57. doi: 10.1002/rmv.524

Hogan, C. A, Yang, S., Garner, O. B,, Green, D. A., Gomez, C. A., Dien
Bard, J., et al. (2021). Clinical impact of metagenomic next-generation
sequencing of plasma cell-free DNA for the diagnosis of infectious diseases: a
multicenter retrospective cohort study. Clin. Infect. Dis. 72, 239-245. doi:
10.1093/cid/ciaa035

Hu, Z., Weng, X., Xu, C,, Lin, Y., Cheng, C., Wei, H., et al. (2018). Metagenomic
next-generation sequencing as a diagnostic tool for toxoplasmic encephalitis. Ann.
Clin. Microbiol. Antimicrob. 17:45. doi: 10.1186/s12941-018-0298-1

Huang, Z., Li, W,, Lee, G.-C., Fang, X., Xing, L., Yang, B., et al. (2020).
Metagenomic next-generation sequencing of synovial fluid demonstrates high
accuracy in prosthetic joint infection diagnostics: mNGS for diagnosing PJI.
Bone Joint Res. 9, 440-449. doi: 10.1302/2046-3758.97.BJR-2019-
0325.R2

Jin, X, Li, J., Shao, M., Lv, X., Ji, N., Zhu, Y,, et al. (2022). Improving suspected
pulmonary infection diagnosis by Bronchoalveolar lavage fluid metagenomic next-
generation sequencing: a multicenter retrospective study. Microbiol. Spectr. 10,
€02473-€02521. doi: 10.1128/spectrum.02473-21

Jing, C., Chen, H., Liang, Y., Zhong, Y., Wang, Q,, Li, L., et al. (2021). Clinical
evaluation of an improved metagenomic next-generation sequencing test for the
diagnosis of bloodstream infections. Clin. Chem. 67, 1133-1143. doi: 10.1093/
clinchem/hvab061

Kanakry, J. A., Hegde, A. M., Durand, C. M., Massie, A. B., Greer, A. E.,
Ambinder, R. E, et al. (2016). The clinical significance of EBV DNA in the plasma
and peripheral blood mononuclear cells of patients with or without EBV diseases.
Blood 127, 2007-2017. doi: 10.1182/blood-2015-09-672030

Larsson, S., Soderberg-Naucler, C., Wang, E-Z., and Moller, E. (1998).
Cytomegalovirus DNA can be detected in peripheral blood mononuclear cells from
all seropositive and most seronegative healthy blood donors over time. Transfusion
38,271-278. doi: 10.1046/j.1537-2995.1998.38398222871.x

Lee, M. P, Chan, J. W. M,, Ng, K. K. P, and Li, P. C. K. (2000). Clinical
manifestations of tuberculosis in HIV-infected patients. Respirology 5, 423-426. doi:
10.1111/j.1440-1843.2000.00287.x

Lewinsohn, D. M., Leonard, M. K., LoBue, P. A., Cohn, D. L., Daley, C. L.,
Desmond, E., et al. (2017). Official American Thoracic Society/Infectious Diseases
Society of America/Centers for Disease Control and Prevention clinical practice
guidelines: diagnosis of tuberculosis in adults and children. Clin. Infect. Dis. 64,
el-e33. doi: 10.1093/cid/ciw694

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1055996
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1055996/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1055996/full#supplementary-material
https://en.genomics.cn/en-medical-PMSeqs.html
https://doi.org/10.1080/13550280260422730
https://doi.org/10.1038/nrneurol.2016.149
https://doi.org/10.1214/ss/1009213286
https://doi.org/10.3389/fcimb.2020.528884
https://doi.org/10.3389/fcimb.2021.541092
https://doi.org/10.1093/cid/ciaa1516
https://doi.org/10.1016/j.ijid.2021.04.057
https://doi.org/10.1093/cid/ciz1008
https://doi.org/10.1038/s41598-019-38975-z
https://doi.org/10.1186/s12879-020-4872-8
https://doi.org/10.1016/S0966-842X(00)01742-X
https://doi.org/10.1016/j.cmi.2020.01.011
https://doi.org/10.1016/j.cmi.2020.01.011
https://doi.org/10.1146/annurev-virology-110615-042422
https://doi.org/10.1017/S0950268810000725
https://doi.org/10.1146/annurev-pathmechdis-012418-012751
https://doi.org/10.1146/annurev-pathmechdis-012418-012751
https://doi.org/10.1007/s11908-016-0545-6
https://doi.org/10.1007/s11908-016-0545-6
https://doi.org/10.1002/rmv.524
https://doi.org/10.1093/cid/ciaa035
https://doi.org/10.1186/s12941-018-0298-1
https://doi.org/10.1302/2046-3758.97.BJR-2019-0325.R2
https://doi.org/10.1302/2046-3758.97.BJR-2019-0325.R2
https://doi.org/10.1128/spectrum.02473-21
https://doi.org/10.1093/clinchem/hvab061
https://doi.org/10.1093/clinchem/hvab061
https://doi.org/10.1182/blood-2015-09-672030
https://doi.org/10.1046/j.1537-2995.1998.38398222871.x
https://doi.org/10.1111/j.1440-1843.2000.00287.x
https://doi.org/10.1093/cid/ciw694

Zhu et al.

Lin, A, Cheng, B, Han, X., Zhang, H., Liu, X., and Liu, X. (2021). Value of next-
generation sequencing in early diagnosis of patients with tuberculous meningitis. J.
Neurol. Sci. 422:117310. doi: 10.1016/j.jns.2021.117310

Luft, B. J., and Chua, A. (2000). Central nervous system toxoplasmosis in HIV
pathogenesis, diagnosis, and therapy. Curr. Infect. Dis. Rep. 2, 358-362. doi: 10.1007/
$11908-000-0016-x

Miller, S., and Chiu, C. (2021). The role of Metagenomics and next-generation
sequencing in infectious disease diagnosis. Clin. Chem. 68, 115-124. doi: 10.1093/
clinchem/hvab173

Neri, L., Spezia, P. G., Suraci, S., Macera, L., Scribano, S., Giusti, B., et al.
(2020). Torque Teno virus microRNA detection in cerebrospinal fluids of
patients with neurological pathologies. J. Clin. Virol. 133:104687. doi: 10.1016/j.
jcv.2020.104687

Perlejewski, K., Pawelczyk, A., Bukowska-Osko, I, Rydzanicz, M., Dziecigtkowski, T.,
Paciorek, M., et al. (2020). Search for viral infections in cerebrospinal fluid from patients
with autoimmune encephalitis. Open Forum Infect. Dis. 7:0faa468. doi: 10.1093/ofid/
ofaa468

Pou, C., Barrientos-Somarribas, M., Marin-Juan, S., Bogdanovic, G., Bjerkner, A.,
Allander, T., et al. (2018). Virome definition in cerebrospinal fluid of patients with
neurological complications after hematopoietic stem cell transplantation. J. Clin.
Virol. 108, 112-120. doi: 10.1016/j.jcv.2018.09.014

Schmidt, L., Jensen, B. E. O., Walker, A., Keitel-Anselmino, V., di Cristanziano, V.,
Boéhm, M., et al. (2021). Torque Teno virus plasma level as novel biomarker of
retained immunocompetence in HIV-infected patients. Infection 49, 501-509. doi:
10.1007/s15010-020-01573-7

Shibayama, T., Masuda, G., Ajisawa, A., Takahashi, M., Nishizawa, T., Tsuda, F,
et al. (2001). Inverse relationship between the titre of TT virus DNA and the CD4
cell count in patients infected with HIV. AIDS 15, 563-570. doi: 10.1097/
00002030-200103300-00004

Simner, P. J., Miller, H. B., Breitwieser, E. P,, Pinilla Monsalve, G., Pardo, C. A.,
Salzberg, S. L., et al. (2018a). Development and optimization of metagenomic next-
generation sequencing methods for cerebrospinal fluid diagnostics. J. Clin.
Microbiol. 56, e00472-e00518. doi: 10.1128/JCM.00472-18

Simner, P. J., Miller, S., and Carroll, K. C. (2018b). Understanding the promises
and hurdles of metagenomic next-generation sequencing as a diagnostic tool for
infectious diseases. Clin. Infect. Dis. 66, 778-788. doi: 10.1093/cid/cix881

Spector, S. A., Wong, R., Hsia, K., Pilcher, M., and Stempien, M. J. (1998). Plasma
cytomegalovirus (CMV) DNA load predicts CMV disease and survival in AIDS
patients. J. Clin. Invest. 101, 497-502. doi: 10.1172/JCI1101

Strassl, R., Schiemann, M., Doberer, K., Gorzer, 1., Puchhammer-Stéckl, E.,
Eskandary, E, et al. (2018). Quantification of torque Teno virus viremia as a
prospective biomarker for infectious disease in kidney allograft recipients. J. Infect.
Dis. 218, 1191-1199. doi: 10.1093/infdis/jiy306

Takahashi, K., Hoshino, H., Ohta, Y., Yoshida, N., and Mishiro, S. (1998). Very
high prevalence of TT virus (TTV) infection in general population of Japan revealed
by a new set of PCR primers. Hepatol. Res. 12, 233-239. doi: 10.1016/
$1386-6346(98)00068-0

Frontiers in Microbiology

11

10.3389/fmicb.2022.1055996

Tan, L. L., Smith, B. R, von Geldern, G., Mateen, E. J., and McArthur, J. C. (2012).
HIV-associated opportunistic infections of the CNS. Lancet Neurol. 11, 605-617.
doi: 10.1016/S1474-4422(12)70098-4

Thakur, K. T. (2020). CNS infections in HIV. Curr. Opin. Infect. Dis. 33, 267-272.
doi: 10.1097/QC0.0000000000000652

Tunkel, A. R,, Glaser, C. A., Bloch, K. C,, Sejvar, J. ., Marra, C. M., Roos, K. L., et al.
(2008). The management of encephalitis: clinical practice guidelines by the Infectious
Diseases Society of America. Clin. Infect. Dis. 47, 303-327. doi: 10.1086/589747

Vasilyev, E. V., Trofimov, D. Y., Tonevitsky, A. G., Ilinsky, V. V., Korostin, D. O.,
and Rebrikov, D. V. (2009). Torque Teno virus (TTV) distribution in healthy Russian
population. Virol. J. 6:134. doi: 10.1186/1743-422X-6-134

Wang, S., Chen, Y., Wang, D., Wu, Y., Zhao, D., Zhang, J., et al. (1993). The
feasibility of metagenomic next-generation sequencing to identify pathogens
causing tuberculous meningitis in cerebrospinal fluid. Front. Microbiol. 2019:10.

Wang, J., Han, Y., and Feng, J. (2019). Metagenomic next-generation sequencing
for mixed pulmonary infection diagnosis. BMC Pulm. Med. 19:252. doi: 10.1186/
s12890-019-1022-4

Wang, Y., Yang, J., and Wen, Y. (2022). Lessons from Epstein-Barr virus DNA
detection in cerebrospinal fluid as a diagnostic tool for EBV-induced central nervous
system dysfunction among HIV-positive patients. Biomed. Pharmacother.
145:112392. doi: 10.1016/j.biopha.2021.112392

Wen, L., Qiu, Y., Cheng, S., Jiang, X., Ma, Y. P,, Fang, W,, et al. (2018). Serologic
and viral genome prevalence of HSV, EBV, and HCMV among healthy adults in
Wubhan. J. Med. Virol. 90, 571-581. doi: 10.1002/jmv.24989

Wilkinson, R. J., Rohlwink, U., Misra, U. K., van Crevel, R., Mai, N. T. H.,
Dooley, K. E., et al. (2017). Tuberculous meningitis. Nat. Rev. Neurol. 13, 581-598.
doi: 10.1038/nrneurol.2017.120

Wilson, M. R, Sample, H. A., Zorn, K. C,, Arevalo, S., Yu, G., Neuhaus, J., et al.
(2019). Clinical metagenomic sequencing for diagnosis of meningitis and
encephalitis. N. Engl. J. Med. 380, 2327-2340. doi: 10.1056/NEJMo0a1803396

Yan, L., Sun, W, Lu, Z., and Fan, L. (2020). Metagenomic next-generation
sequencing (mNGS) in cerebrospinal fluid for rapid diagnosis of tuberculosis
meningitis in HIV-negative population. Int. J. Infect. Dis. 96, 270-275. doi: 10.1016/j.
jid.2020.04.048

Young, L. S., Arrand, J. R,, and Murray, P. G. (2007). “EBV gene expression and
regulation,” in Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis. eds. A.
Arvin, G. Campadelli-Fiume, E. Mocarski, P. S. Moore, B. Roizman, R. Whitley,
et al (Cambridge: Cambridge University Press), Chapter 27. Available from: https://
www.ncbi.nlm.nih.gov/books/NBK47431/

Zhang, Y., Cui, P, Zhang, H.-C., Wu, H.-L,, Ye, M.-Z,, Zhu, Y.-M.,, et al. (2020).
Clinical application and evaluation of metagenomic next-generation sequencing in
suspected adult central nervous system infection. J. Transl. Med. 18, 1-13. doi:
10.1186/512967-020-02360-6

Zhu, Y., Xu, M., Ding, C., Peng, Z., Wang, W., Sun, B,, et al. (2022). Metagenomic
next-generation sequencing vs. traditional microbiological tests for diagnosing
varicella-zoster virus central nervous system infection. Front. Public Health
9:738412. doi: 10.3389/fpubh.2021.738412

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1055996
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.jns.2021.117310
https://doi.org/10.1007/s11908-000-0016-x
https://doi.org/10.1007/s11908-000-0016-x
https://doi.org/10.1093/clinchem/hvab173
https://doi.org/10.1093/clinchem/hvab173
https://doi.org/10.1016/j.jcv.2020.104687
https://doi.org/10.1016/j.jcv.2020.104687
https://doi.org/10.1093/ofid/ofaa468
https://doi.org/10.1093/ofid/ofaa468
https://doi.org/10.1016/j.jcv.2018.09.014
https://doi.org/10.1007/s15010-020-01573-7
https://doi.org/10.1097/00002030-200103300-00004
https://doi.org/10.1097/00002030-200103300-00004
https://doi.org/10.1128/JCM.00472-18
https://doi.org/10.1093/cid/cix881
https://doi.org/10.1172/JCI1101
https://doi.org/10.1093/infdis/jiy306
https://doi.org/10.1016/S1386-6346(98)00068-0
https://doi.org/10.1016/S1386-6346(98)00068-0
https://doi.org/10.1016/S1474-4422(12)70098-4
https://doi.org/10.1097/QCO.0000000000000652
https://doi.org/10.1086/589747
https://doi.org/10.1186/1743-422X-6-134
https://doi.org/10.1186/s12890-019-1022-4
https://doi.org/10.1186/s12890-019-1022-4
https://doi.org/10.1016/j.biopha.2021.112392
https://doi.org/10.1002/jmv.24989
https://doi.org/10.1038/nrneurol.2017.120
https://doi.org/10.1056/NEJMoa1803396
https://doi.org/10.1016/j.ijid.2020.04.048
https://doi.org/10.1016/j.ijid.2020.04.048
https://www.ncbi.nlm.nih.gov/books/NBK47431/
https://www.ncbi.nlm.nih.gov/books/NBK47431/
https://doi.org/10.1186/s12967-020-02360-6
https://doi.org/10.3389/fpubh.2021.738412

	Metagenomic next-generation sequencing for identification of central nervous system pathogens in HIV-infected patients
	Introduction
	Patients and method
	Patients
	Metagenomic next-generation sequencing
	Data extraction and clinical interpretation
	Statistical analysis

	Results
	Characteristics of the patients
	Pathogens detected by CSF mNGS
	Clinical evaluation of the detected pathogens in the mNGS reports
	Detection of EBV and TTV
	Detection of typical CNS opportunistic pathogens
	Detection of other pathogens
	Interpretation of mixed infections
	Clinically important pathogens not in the mNGS report

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	 References

