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Background: Unbiased metagenomic next-generation sequencing (mNGS) detects

pathogens in a target-independent manner. It is not well-understood whether mNGS has

comparable sensitivity to target-dependent nucleic acid test for pathogen identification.

Methods: This study included 31 patients with chickenpox and neurological symptoms

for screening of possible varicella-zoster virus (VZV) central nervous system (CNS)

infection. Microbiological diagnosing of VZV cerebrospinal fluid (CSF) infection was

performed on stored CSF samples using mNGS, quantitative and qualitative VZV-specific

PCR assays, and VZV IgM antibodies test.

Results: The median age was 30.0 [interquartile range (IQR), 24.3–33.3] years. 51.6%

of the patients were men. About 80.6% of the patients had normal CSF white blood cell

counts (≤5 × 106/L). VZV IgM antibodies presented in 16.1% of the CSF samples, and

nucleic acids were detectable in 16.1 and 9.7% using two different VZV-specific real-time

PCR protocols. Intriguingly, maximal identification of VZV elements was achieved by CSF

mNGS (p = 0.001 and p = 007; compared with qualitative PCR and VZV IgM antibody

test, respectively), with sequence reads of VZV being reported in 51.6% (16/31) of the

CSF samples. All VZV PCR positive samples were positive when analyzed by mNGS. Of

note, human betaherpesvirus 6A with clinical significance was unexpectedly detected in

one CSF sample.

Conclusions: Our study suggests that CSF mNGS may have higher sensitivity for VZV

detection than CSF VZV PCR and antibody tests, and has the advantage of identifying

unexpected pathogens.

Keywords: metagenomic next-generation sequencing, varicella-zoster virus, central nervous system infection,

polymerase chain reaction, nucleic acid test
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INTRODUCTION

Central nervous system (CNS) infections have led to a substantial
morbidity and mortality in clinical practice; however, the
etiologic agents remain undetermined in around half of the
cases (1, 2). The diagnostic challenge is that more than 100
infectious agents can cause encephalitis, and that the initial
neurological manifestations of many CNS infections are non-
specific (3–5). It is difficult to measure all the CNS pathogens
by traditional microbiological tests, such as morphological,
serological, molecular, and culture methods (5). An acceptable,
but not optimal, strategy is to target the most possibly causative
pathogens based on a clinical judgment. However, in this context,
the efficacy of pathogen discovery would largely depend on
the clinical experience of the treating physician. Moreover, the
etiologies of cases with atypical manifestations or caused by rare
pathogens are likely to be unconfirmed.

Unlike the traditional pathogen-detection methods, which
require a prior knowledge of the causative agents, the unbiased
metagenomic next-generation sequencing (mNGS) identifies
pathogens in a target-independent way (6). It has been reported
that cerebrospinal fluid (CSF) mNGS helps to detect known as
well as unexpected CNS pathogens (7–11). However, it is less
clear whether mNGS has comparable sensitivity as compared
with traditional pathogen-detection methods for diagnosing
a specific CNS infection. Clinicians may still want to know
whether pathogen-specific nucleic acid test is needed when an
mNGS reveals a negative result for the pathogen of interesting.
For the diagnosis of CNS Mycobacterium tuberculosis (MTB)
infection, studies have shown that mNGS has higher sensitivity
as compared with MTB-specific PCR (12, 13). Whether similar
finding could be found in viral encephalitis needs to be
further studied.

The sensitivity of CSF mNGS for pathogen detection may
be greatly influenced by the CSF pleocytosis which leads to
a substantial human DNA contamination (14). Since viral
encephalitis generally has less inflamed CSF compared with other
forms of CNS infections, the advantage of pathogen identification
by mNGS may be more prominent in viral encephalitis. In
the present study, we aimed to investigate the potency of CSF
mNGS for identification of the etiologic agent using a model of
varicella-zoster virus (VZV) CNS infection.

METHODS

Patients
This study included 31 patients with suspected VZV CNS
infection admitted to the second hospital of Nanjing, China,
from August 2018 to November 2020. In Nanjing, the second
hospital of Nanjing is the only designated hospital for managing
patients with primary VZV infection. Patients with characteristic
skin rashes suggestive of varicella and concomitant neurological
symptoms were hospitalized for screening of possible VZV CNS
involvement. Diagnostic procedures in routine clinical care for
those patients included a cerebral MRI and analysis of CSF cell
counts, chemistry, and bacterial culture. After obtained written
informed consent, additional CSF samples were collected and

stored at −80◦C until analysis for VZV IgM antibodies, VZV
PCR, and unbiased mNGS.

The medical records, such as epidemiological and
demographic data, medical history, underlying comorbidities,
clinical manifestations, laboratory tests, cerebral imaging
findings, treatments, and outcomes, were retrieved from an
electronic health record system. This study was approved by the
ethics committee of the second hospital of Nanjing (reference
number: 2020-LY-kt061).

Metagenomic Next-Generation
Sequencing
Cerebrospinal fluid samples were sent for PMSeq-DNA, a
commercially available service from BGI-Shenzhen, which
detects pathogenic microorganisms through mNGS. In this
study, 600 µl CSF sample was mixed with enzyme and glass
beads, and was vortexed vigorously at 2,800–3,200 rpm for
30min. Then, total DNA was extracted from 300 µl each
CSF sample using TIANamp Micro DNA Kit (DP316, Tiangen
Biotech, Beijing, China) according to the recommendation
of manufacturer. DNA libraries were constructed through
DNA-fragmentation, end-repair, adapter-ligation, and PCR
amplification. After quality control with Agilent 2100 (Agilent
Technologies, CA, USA), libraries were sequenced by BGISEQ-
50 platform. Low-quality sequence reads and sequence reads
mapped to the human reference genome (hg19) were removed.
The remaining data were classified by aligning to four Microbial
Genome Databases containing bacteria, fungi, viruses, and
parasites. The reference databases were downloaded from NCBI
(ftp://ftp.ncbi.nlm.nih.gov/genomes/) which contained 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.

Detection of VZV-IgM Antibodies
An ELISA kit (ESR104M, SERION, Friedrich-Bergius-Ring,
Würzburg, Germany) was used to measure VZV-IgM antibodies
in CSF samples. The ELISA procedure was done following
SERION ELISA classic CSF Diagnostics instructions with a
modification that the dilution factor of CSF samples was changed
from 1:20 to 1:10. As a CSF standard was not included in the
kit, the interpretation of ELISA results was based on average
optical density (OD) 450 values. The ELISA test was considered
negative if the average OD value from duplicate sample wells is
<0.1 or was <2-fold of that in the negative control. In our study,
CSF samples from nine patients with syphilis-seropositive were
used as negative control. Those nine patients were excluded from
neurosyphilis based on normal CSF cell counts and chemistry
tests, and negative CSF treponema pallidum particle agglutination
assays. The ELISA assay was considered positive if the average
OD value from each of the duplicate sample wells was≥2-fold of
that in the negative control.

Real-Time PCR Detection Assay
The VZV nucleic acid was detected by real-time PCR assay. For
the qualitative assay, 30 µl of total DNA was extracted from
200 µl CSF sample using TIANamp Micro DNA Kit (DP316,
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Tiangen Biotech). Then, the presence of VZV DNA was detected
using a commercially available VZV nucleic acid detection kit
following the instruction of manufacturer (D2211, Daan Gene,
Guangdong, China). Each sample was testes two times. The
following PCR program was run in the applied biosystems (ABI)
7500 Thermal Cycler (Applied Biosystems, MA, USA): 50◦C
for 2min; 95◦C for 15min; 45 cycles of 94◦C for 15 s; and
55◦C for 45 s. A cycle threshold (Ct) value of 38 or less was
considered positive.

In addition, the CSF samples were sent for absolute
quantification of the VZV viral load using an in-house real-
time quantification PCR test at a third-party diagnostic company
(New Jingpei Diagnostics, Shanghai, China). Then, 100 µl of
total DNA was extracted from 200 µl CSF sample using a
DNA/RNA extraction Kit (ZTLJB, Tianlong Biotech, Hangzhou,
China). Furthermore, 5µl DNA sample was added to the reaction
mix prepared following instruction of QuantiTect Probe PCR
Kit (204343, Qiagen, Germany). The primers and probe set for
VZV DNA amplification and detection were as follows: forward
primer: 5′-TGCAGGGCATGGCTCAGT-3′; reverse primer: 5′-
CCCAAGAACCACATGTCCAAC-3′; and probe: 5′-FAM-TCC
TCAGTGCGGTGGTTGCCCA-BHQ1-3′ (15). The following
PCR program was run in the applied biosystems (ABI) 7500
Thermal Cycler: 50◦C for 2min; 95◦C for 15min; 45 cycles of
94◦C for 15 s; and 60◦C for 40 s. Standard curve for absolute
quantification was generated by amplifying serial dilutions of
a plasmid containing VZV DNA segment. The lower limit of
detection as evaluated by the service provider was 500 copies/ml.

Statistical Analysis
Continuous variables were expressed as the medians and
interquartile ranges (IQRs). Categorical variables were shown
as the counts and percentages in each category. Comparison
between groups was done using McNemar’s test for categorical
variables, when appropriate. Statistical analysis was done by using
SPSS version 22.0 (IBM, NY, USA). A p < 0.05 is considered
statistically significant.

RESULTS

The Characteristics of the Patients
The characteristics of the 31 patients admitted for screening
of the VZV CNS infection were summarized in Table 1. None
of the patients previously received chickenpox vaccine or had
any evidence of immune deficiency. The diagnosis of primary
VZV infection was mainly based on the presence of typical
rashes morphologically resembling chickenpox. Serum VZV IgM
antibodies were positive in 66.7% (8/12) of the patients. The
median age was 30.0 (IQR, 24.3–33.3) years. About 51.6% (16/31)
of the patients were men, and 54.8% (17/31) patients had
contacted with chickenpox within 4 weeks. The median time
from onset of illness to admission was 4.0 (3.0–5.0) days, while
from onset of neurological symptoms was 2.0 (1.0–4.0) days.
The most common neurological symptom was headache (93.5%,
29/31), followed by nausea (45.2%, 14/31) and vomiting (19.4%,
6/31). Signs of meningeal irritation were not common, with
nuchal rigidity seen in 12.9% (4/31) of the patients and Kernig’s

TABLE 1 | Clinical, laboratory, and imaging characteristics of the 31 patients

hospitalized for screening of varicella-zoster virus (VZV) central nervous system

(CNS) infection.

Total (n = 31)

Demographics and clinical characteristics

Age, years 30 (24.3–33.3)

Sex, male 16 (51.6)

Comorbidity 2 (6.5)

Recently contacted with chickenpox 17 (54.8)

Time from chickenpox onset, days 4.0 (3.0–5.0)

Time from neurological symptoms onset, days 2 (1–4)

Headache 29 (93.5)

Neuasia 14 (45.2)

Vomitting 6 (19.4)

Mental Change 2 (6.5)

Difficulty urinating 2 (6.5)

Nuchal rigidity 4 (12.9)

Kernig’s sign 1 (3.2)

Brudzin ski’s sign. 0 (0)

Blood laboratory tests

White blood cell count, ×109/L 4.9 (3.9–7.0)

Lymphocyte count, ×109/L 1.3 (1.1–2.9)

Lactate dehydrogenase, IU/L 240.0 (202.5–289.5)

C-reactive protein, mg/L 10.8 (2.7–20.9)

Cerebrospinal fluid analysis

White blood cell count, × 106/L 2.0 (1.0–5.0)

Proteins, mg/L 261.4 (219.7–354.8)

Glucose, mmol/L 3.2 (2.9–3.8)

Lactate dehydrogenase, IU/L 17 (14–21)

Adenosine deaminase 2 (0.1–3.6)

Negative bacterial culture 31 (100)

Brain imaging

Abnormal magnetic resonance imaging 4 (12.9)

sign in 3.2% (1/31) of the patient. The majority of the patients
(80.6%, 25/31) had CSF white blood cell counts not more than 5
× 106 cells/L.

Diagnosis of VZV CNS Infection Through
CSF VZV IgM Detection, VZV PCR, and
mNGS
At the time of discharge, 41.9% (13/31) of the patients were
clinically diagnosed with VZV CNS infection. Of the 13 patients
with a clinical diagnosis of VZV CNS infection, 6 had CSF
pleocytosis (leukocytes >5 × 106 cells/L). The diagnosis of
VZV CNS infection in the remaining 7 patients with normal
CSF white blood cell counts was made by expert penal after
thoroughly evaluating the clinical course and imaging findings of
those patients. To explore the microbiological evidence of VZV
CNS infection, stored CSF samples were tested for VZV IgM
antibodies, VZV PCR, and unbiasedmNGS. VZV IgM antibodies
were presented in 16.1% (5/31) of the CSF samples.
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TABLE 2 | Diagnosis of VZV CNS infection.

CSF mNGSa

VZV detected

(n = 16)

VZV not detected

(n = 15)

Clinical diagnosed VZV CNS

infection

7 (43.8) 6 (40.0%)

Positive CSF VZV IgM antibodies 3 (18.8) 2 (13.3)

CSF VZV nucleic acid test

(qualitatively)

5 (31.5) 0 (0)

CSF VZV nucleic acid test

(quantitatively)

3 (18.8) 0 (0)

Abnormal cerebral MRI 1 (6.3) 3 (20)

CSF, cerebrospinal fluid; mNGS, metagenome next-generation sequencing; VZV,

varicella-zoster virus; CNS, central nervous system; MRI, magnetic resonance imaging.
aThe median [interquartile range (IQR)] sequence reads of CSF mNGS is 34.6 (28.8–

48.3) millions.

Varicella-zoster virus nucleic acids were detected in 16.1%
(5/31) and 9.7% (3/31) of the CSF samples, respectively,
when different real-time PCR reagents were used. VZV nucleic
acids were detected in three CSF samples by both qualitative
and quantitative VZV PCR. Two CSF samples, with negative
quantitative VZV PCR results, tested weak positive for VZV by
using qualitative VZV PCR with cycle threshold of 37.88 and
37.93, respectively. Intriguingly, maximal identification of VZV
elements was achieved by CSF mNGS (p = 0.001 and p = 007;
compared with qualitative PCR and VZV IgM antibody test,
respectively), with sequence reads of VZV being reported in
51.6% (16/31) of the CSF samples (Table 2). The VZV relative
abundance was provided in Supplementary Table 1. All the cases
with positive CSF VZV PCR results tested positive for VZV
sequence reads with CSF mNGS (Table 2).

Pathogens Unexpectedly Identified by
mNGS and the Clinical Significance
Of the 16 patients with VZVDNAdetected bymNGS, themedian
VZV read was 6 (IQR, 1–85) (Figure 1A); VZV was the only
reported pathogen in five CSF samples, and the remaining 11
CSF samples also detected other pathogens, most commonly
the CMV (5 CSF samples; range of sequence reads, 1–26)
(Figure 1B). Pathogens unexpectedly identified by mNGS in the
31 CSF samples were shown in Table 3; of which, 5 had HSV-
1 sequence reads (range, 1–155). The presence of CMV and
HSV-1 was evaluated by two real-time PCR based kits (Sansure
Biotech, Hunan, China), and none of the CSF sample showed
positive result.

A mNGS of the CSF sample revealed relatively high sequence
reads of human betaherpesvirus 6A (HHV-6A) and low sequence
reads of VZV (889 and 6, respectively). The patient was admitted
to the hospital because of fever and itchy blisters for 6 days
and difficulty urinating for 1 day. She had a close contact with
her son who was recently diagnosed with chickenpox. CSF
analysis demonstrated pleocytosis with leukocytes of 120 × 106

cells/L. A cerebral MRI showed multiple abnormalities in left
thalamus, cerebellar vermis, and left cerebral peduncles. At that
time, she was clinically diagnosed with VZV CNS infection, and

FIGURE 1 | Metagenomic next-generation sequencing (mNGS) of

cerebrospinal fluid (CSF) samples. Metagenomic next-generation sequencing

was performed on CSF samples from 31 patients with suspected

varicella-zoster virus (VZV) central nervous system (CNS) infections. VZV

sequence reads were the only sequence reads reported in 16.1% (5/31) of the

patients. VZV sequence reads and sequences reads of other pathogens were

both reported in 35.5% (11/31) of the patients (A). Of those 16 patients with

VZV being detected by CSF mNGS, variable numbers of VZV sequence reads

were reported (B).

was treated with acyclovir, intravenous immunoglobulin, and
dexamethasone. The clinical condition was gradually improved.
After hospitalization for 26 days, the patient was discharged
without obvious symptoms. The presence of HHV-6A in the
stored CSF sample, which was unexpectedly identified by mNGS,
was further confirmed by real-time PCR following the protocol
described by Gautheret-Dejean et al. (16).

DISCUSSIONS

Viral encephalitis accounts for 20–50% of microbiologically
confirmed cases of encephalitis, with herpes simplex virus
being the most common etiologic agent followed by VZV (17).
Detection of the specific viral IgM antibodies or nucleic acid in
CSF sample is regarded as a confirmation of viral encephalitis
(3, 17). As for the VZV encephalitis, those parameters have
variably diagnostic sensitivities, possibly due to different patients
being enrolled in the studies (18–21). In a study on VZV CNS
infections, VZV nucleic acid was detectable in the CSF only
in one-fourth of the patients (18). Since CSF VZV viral load
is correlated with the severity of VZV CNS infection (22, 23),
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TABLE 3 | Pathogens unexpectedly reported by the mNGS.

No. of

positive CSF

sample

No. of sequence

reads

Cytomegalovirus 5 1, 4, 5, 7, and 26

Herpes simplex virus-1 5 1, 1, 4, 8, and 155

Human polyomavirus-5 2 3 and 3

Candida albicans 2 4 and 10

Mycoplasma species 2 3 and 5

Others: human betaherpesvirus 6A,

human papillomavirus-5, Staphylococcus

aureus, Rickettsia felis, Aspergillus

fumigatus, Torque teno virus 28, human

papillomavirus-19, Epstein-Barr virus, and

molluscum contagiosum virus

1 for each

pathogen

889, 10, 4, 4, 4, 3, 3, 2

and 2, respectively

CSF, cerebrospinal fluid.

patients with mild neurological involvement may have extremely
low viral burden below the detection limit of VZV PCR. The
presence of VZV IgM antibody in CSF could be analyzed by using
the commercial ELISA kits. However, a CSF standard is generally
not provided by the manufacturers, which makes setting a cut-
off value complicated. This may be one of the reasons that
contributes to the low utility of this parameter in diagnosing VZV
CNS infection, although a study revealed a low sensitivity of CSF
IgM antibody for identification of VZV CNS infection (18).

For the above-mentioned reasons, a negative CSF VZV IgM
test or nucleic acid test does not necessarily rule out VZV
CNS infection. Therefore, in the present study, we did not
arbitrarily define “true positive” or “true negative” cases of
VZV CNS infection. In this context, the exact sensitivity of
each microbiological test for diagnosing of CNS infection was
not calculated. Instead, the magnitude of positive result was
compared. Our study showed that, compared with CSF VZV IgM
antibody test or CSF VZV PCR test, CSF mNGS identified much
higher number of cases with clues of VZVCNS infection. Of note,
all the CSF samples with positive VZV PCR results tested positive
for VZV sequence reads by using mNGS. Those findings suggest
that CSF VZV-specific PCR may not improve the sensitivity of
diagnosing VZV CNS infection when mNGS has already been
performed on CSF samples.

The mNGS focuses on the whole genome sequence of the
pathogen which is broken into small sequence segments that
are unbiasedly amplified and measured. Therefore, sequences
of a given pathogen are more likely to be detected by mNGS
targeting the whole genome of the pathogen, as compared with
pathogen-specific PCR which generally targets single or two
regions of the genome sequence (24). Moreover, in the case of
target gene mutation, pathogen-specific PCR may not be able to
amplify the target gene, which leads to a false negative result. The
abovementioned reasons could explain why, in our study, mNGS
performed better with regard to the detection of VZV sequences
compared with PCR methods. Finally, as shown in Table 1, the
level of CSF white blood cells infiltration is relatively low. In this
condition, the sensitivity of mNGS for pathogen detection may
be less impacted by human genome contamination.

The main advantage of mNGS is unbiased sampling which
enables broad identification of pathogens in a hypothesis-free
manner (6). Using this relatively novel strategy, others and we
have already diagnosed a number of unexpected or rare cases
with infectious etiologies (7, 9, 25–28). In the current study
on patients with suspected VZV CNS infection, HHV-6A was
unexpectedly identified by CSF mNGS from a patient with
obvious neurological symptoms. Since HHV-6A has been shown
to be related to neurological diseases (29–33), the presence of
HHV-6A in the CSF sample of our patient could be of clinical
importance. The finding re-emphasizes that agnostic mNGS is
a useful strategy for identification of the etiologic agent when
the treating physician is not familiar with the encountered
clinical situation.

The mNGS is not a perfect diagnostic strategy in clinical
microbiology. The unbiased sampling is not just an advantage
but also, to some extent, could be a drawback. First, clinical
samples are dominated by human host background. Unwanted
human DNA occupies the majority of sequence reads of the
mNGS which would limit the sensitivity of this strategy for
pathogen identification (6, 34). Second, sequence reads from
microorganisms not related to the clinical diseases can also be
reported, which complicates the interpretation of the mNGS
results. Those microbial contaminants, such as environmental
microbes and skin flora, could be generated during sample
collection and processing. Even the reagents used for processing
may be contaminated by microbial DNA (6, 34). Finally, mNGS
does not have the power to distinguish invasive infection from
colonization. In addition, it could not differentiate between
latent and active infections. In this condition, mNGS results
should be interpreted based on the clinical judgement of the
treating physicians.

As shown in Table 3, trace amounts of microbial nucleic acids,
most commonly the CMV and HSV-1, were reported. CMV
and HSV-1 are common human pathogens, both of which could
cause CNS diseases (3). The mNGS, itself, could not answer
whether those microbial DNAs really presented in the CSF
samples. Additionally, it is not possible to tell whether those
pathogens caused the neurological symptoms of our patients.
Those drawbacks of mNGS are not likely to be completely
resolved in the near future. At this point, it is advocated that
mNGS results are treated as a list of candidate etiological agents
which help to narrow the diagnosis. Only when the limitations of
the mNGS are fully understood, then the clinicians may properly
interpretate the mNGS results.

In conclusion, our study found that CSF mNGS was the most
sensitive microbiological test for diagnosing VZV CNS infection,
and could unexpectedly identify the causative agent that were
not recognized based on traditional diagnostic tests. Perhaps, for
the diagnoses of viral encephalitis caused by DNA virus, with
continuing improving the methodology of mNGS, pathogen-
specific PCR may not be needed when mNGS has already been
used for pathogen detection. Nevertheless, pathogen-specific
antibody detection may still be performed because it provides
different biological information. Finally, although the sensitivity
of mNGS can be further increased by technical innovation, the
specificity will continue to be a great concern. Clinical judgement
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of the treating physicians is very important for interpretating
the results.
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