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Abstract

Introduction: Meningoencephalitis patients are often severely impaired and
benefit from early etiological diagnosis though many cases remain without
identified cause. Metagenomics as pathogen agnostic approach can result in
additional etiological findings, however the exact diagnostic yield when used as a
secondary test remains unknown.

Areas covered: This review aims to highlight recent advances with regard to wet
and dry lab methodologies of metagenomic testing and technical milestones that
have been achieved. A selection of procedures currently applied in accredited
diagnostic laboratories is described in more detail to illustrate best practices.
Furthermore, a meta-analysis was performed to assess the additional diagnostic
yield utilizing metagenomic sequencing in meningoencephalitis patients.
Finally, the remaining challenges for successful widespread implementation of
metagenomic sequencing for the diagnosis of meningoencephalitis are addressed
in a future perspective.

Expert opinion: The last decade has shown major advances in technical
possibilities for using mNGS in diagnostic settings including cloud-based analysis.
An additional advance may be the current established infrastructure of platforms
for bioinformatic analysis of SARS-CoV-2, which may assist to pave the way for
global use of clinical metagenomics.

Highlights

- The additional diagnostic yield of metagenomic sequencing for pathogen
detection when used as a secondary test after conventional testing is 5-20%
and is dependent on the endemic pathogens in combination with the available
diagnostic facilities.
Best metagenomic practices for wet lab procedures include virus enrichment by
means of depletion of ribosomal RNA and probes capturing vertebrate viruses
Best practices for bioinformatic analysis of metagenomic data include
algorithms to minimize false positive findings and to assist interpretation, for
example using post-probability scores
Future comparisons of metagenomic protocols with regard to sensitivity,
specificity, feasibility in terms of laborious workflows, and turn-around time are
needed. Recently, the ENNGS has initiated the sharing and comparison of viral
metagenomic protocols in the project METASHARE.
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Introduction

Meningoencephalitis is a severe inflammation of the brain tissue and meninges, with
an overall mortality of 30% and long-term residual sequelae in the majority of the
patients that survive [11. All age groups can be affected and immunocompromised
patients are at higher risk of infection with unexpected and novel viral pathogens [2],
Disease outcome improves with a proper and timely diagnosis and correct identi-
fication of disease etiology [31. Strikingly, more than 30% of cases remain without
identified etiologic agent [4]. A wide range of causative agents can be involved, and
besides host immune status, the etiology is also dependent on geographical location,
as exemplified by tick-born encephalitis, Toscana virus encephalitis and Japanese
encephalitis. The clinical severity of the disease in combination with frequently
negative routine qPCR panel results and wide range of causative agents makes this
type of patients attractive candidates for metagenomic next generation sequencing
(mMNGS), as mNGS can detect all pathogens, including rare and novel pathogens not
included in conventional testing.

Over the past decade, an increasing number of studies has been published on
metagenomic sequencing in cases of meningoencephalitis of unknown cause, using
mainly cerebrospinal fluid and sporadically brain tissue (Figure 1). Most reports are
on individual clinical cases with either novel viruses or known viruses not previously
associated with a specific clinical syndrome. A growing but still modest number
of prospective evaluations have been reported on the application of metagenomic
seguencing in routine diagnostic settings. This review aims to summarize findings
with regard to the diagnostic yield of viral metagenomics in meningoencephalitis
patients with negative conventional test results, to highlight milestones and share
technical details of a selection of viral metagenomic methods that have been imple-
mented in routine diagnostic laboratories as examples of best practice. Finally,
remaining technical challenges for implementation of viral mMNGS are addressed.
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Figure 1. The increasing number of reports in literature (PubMed) on metagenomic
sequencing in meningoencephalitis of unknown cause.

Date of access 2021 April 20, query [encephalitis AND metagenomic OR metagenomics]

Additional diagnostic yield of mNGS in

cases of meningoencephalitis

Appropriate management of patients with meningoencephalitis is dependent on
timely identification of the etiological agent. The distinction between infection and
inflammatory causes is of importance since inflammatory meningoencephalitis
is typically treated with anti-inflammatory drugs, which can have counter-effec-
tive results in patients with active virus replication. Viral mNGS provides a broad
and untargeted approach to identify all pathogenic viruses from the differential
diagnosis and beyond in one single test. Metagenomics for pathogen detection is
currently used in a growing number of laboratories as secondary test for difficult
to diagnose cases with negative conventional diagnostic test results. To analyze the
added value of MNGS in the clinical setting the additional diagnostic yield in patients
with meningoencephalitis as reported in literature was reviewed, and a meta-
analysis was performed. The additional diagnostic yield was defined as the propor-
tion of extra etiological agents identified by conducting mMNGS as a secondary test
compared to conventional testing. The included papers consisted of studies applying
metagenomic next-generation sequencing (MNGS) in meningoencephalitis patient
cohorts, suspected of an infectious aetiology and negative by conventional testing.
Only studies using mNGS for pathogen detection were included using the search
strategy, search terms, and exclusion criteria described in Supplementary Table 1.
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Additional relevant studies were selected by screening the reference lists of the
included studies. Two authors (IB, ECC) independently reviewed and extracted data
from the included manuscripts [51-[141, From the cohort studies investigating mNGS
for pathogen detection, the additional diagnostic yield was determined by analysis
of the proportion (%) of meningoencephalitis patients with additional findings by
mNGS. Next, diagnostic yield data was analysed using JASP statistical software [15]
based on the R package Metafor [16], for a study with an estimator of O [10] the
95% confidence interval was calculated with Clopper-Pearson exact. A restricted
maximum likelihood meta-analysis was performed to summarize the results of all the
studies included, followed by subgroup analysis based on patient origin. The forest
plot of the additional metagenomic yield is shown in Figure 2.

.
1
1
Study E Viral yield [95% Cl]
|
Carbo et al. (2020) P 12.20[2.19,22.21]
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Saha etal. (2019) i = 28[10.40, 45.60]
Turner etal. (2017) H L 21.05[2.72,39.38]
Kawada et al. (2016) ; ' 18.75 [-0.37,37.87]
Smits et al. (2013) : ' 16.67 [-4.42,37.75]
1
T
RE model USA/EU [ 5.36[0.35, 10.37]
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Figure 2. Forest plot of the diagnostic yields of the included cohort studies using mNGS for
pathogen detection in cases of meningoencephalitis of unknown cause.

Additional viral yield is shown as percentage per study including the 95% confidence interval (Cl). Viral
yield is defined as the percentage of additional diagnoses that are being made due to the utilization of
metagenomic NGS, compared to only using conventional tests. Total RE model and RE models specified
on patient origin are included.

The studies included show significant heterogeneity in design, geographic location
and causative agents. Therefore, a restricted maximum likelihood model was used,
which lead to an overall additional viral diagnostic yield by mNGS of 10.88% (95% CI
4.6-17.15). The viral diagnostic yield in moderate climate zones (USA, EU) was 5.36%
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Figure 3. Pie chart of all pathogenic viruses detected by mNGS in cerebrospinal fluid in the
reports included in the current meta-analysis.

(95% CI 0.35-10.37), generally lower than (sub)tropical climate zones: 21.61% (95% CI
12.16-31.07). Additional pathogenic virus yield in (sub)tropical climate zones included
mosquito born viral disease viruses such as CHIKV [, An additional factor for a
higher yield was the detection of pathogens part of a vaccination program present
in western but absent in non-western countries, like mumps [111. An overview of the
additional viruses detected is depicted in Figure 3. These viruses can be categorized
as known viruses that were not included in the conventional testing panel since they
were rarely or previously not detected in meningoencephalitis. It must be noted that
no novel viruses were published as part of these cohort studies. Detection of novel
viruses has been mainly described in case reports, from which no data on propor-
tionality could be deducted for meta-analysis. The above described rate of additional
yield of 5.36% in moderate climate zones was based on studies that included all
idiopathic meningoencephalitis patients based on clinical, biological and radiological
data. However, when selecting cases with potentially high risk of viral infection the
yield was higher: 12.2% additional mNGS yield in hematological adult and pediatric
patients with meningoencephalitis [51. A Swiss study with a 17,65% yield reported
that in the majority of patients (>67%) an infectious disease specialist was consulted
to select patients with higher suspicion for viral etiology [8l. It must be noted that
the yield will increases when bacterial and other pathogens are taken into account.
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With these additional diagnostic yield percentages and an annual incidence of over
500,000 meningoencephalitis cases worldwide [3.17]1, widespread implementation of
mNGS diagnostics is expected to lead to a substantial increase in the number of
identified etiologies and correctly diagnosed cases.

Technical advances in the wet lab: viral enrichment

A diversity of mNGS library preparation and sample pre-treatment methods is in
use for diagnosing patients with meningoencephalitis. In contrast to viral menin-
gitis, viral infection of the brain usually does not result in high virus concentra-
tion in the cerebrospinal fluid (CSF). Most diagnostic laboratories receive CSF for
virus diagnostics, while the higher viral loads in brain biopsies are better suited
for metagenomic sequencing assays. A recent benchmarking study [18] under-
scores that sensitivity remains a challenge in the presence of abundant background
host sequences. Table 1 provides an overview of a selection of technical wet and
dry lab methodologies currently implemented in diagnostic settings or extensively
prospectively validated for clinical diagnostic use. Viral enrichment before extrac-
tion of nucleic acids, by centrifugation and filtration and in some protocols using
DNase treatment can be beneficial but is not readily automatized and furthermore
has not consistently been reported as effective [19,20,21,22], Enrichment of RNA virus
sequences is commonly performed either by removal of ribosomal RNA depletion
or enrichment by poly A tail binding of mMRNA. The mRNA of eukaryotic viruses is
usually poly A tailed, in addition to the genome itself in some viruses (e.g. picor-
naviruses) [19,23,24], Some viruses initiate translation in the absence of poly A tail
by using functional analogues (e.g. hepatitis C viruses, rotaviruses) and viruses
that are in a non-replicative phase may be missed when using this type of selection
method 191, After nucleic acid extraction, reverse transcription and library prepa-
ration is commonly performed using separate library preps for RNA and DNA
viruses, though a one-tube protocol can be used as cost-effective alternative [21,22],
Enrichment after library preparation using capture probes specific for all known
vertebrate viruses resulted in a significant improvement in sensitivity and 100-10,000
fold increase in virus read counts [5,19,25,26], Despite these enrichment techniques,
sensitivity remains an issue to be addressed in the validation phase when imple-
menting viral metagenomic sequencing in routine diagnostic settings as shown in
recent benchmarking studies [18,27]1, Some methods have resulted in sensitivities
comparable to PCR, but not all protocols have been proven equally efficient for
detecting DNA viruses in various types of patient samples. A validation study should
include the different sample types selected for application in combination with the
selected wet and dry lab protocol [18],
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Detection of DNA viruses in brain biopsies tends to be more sensitive due to higher
abundance of virus material, but is not often performed as it is an invasive method [21.
Sequencing of tissue biopsies can be hindered by large amounts of host sequences
as compared to analysis of cerebrospinal fluids 281, DNA derived from Formalin-
Fixed Paraffin-Embedded (FFPE) material can be impaired due to the required
specimen processing workflow [291 leading to sequence artifacts [301, |t is advised to
follow the evidence-based practices for e.g. formalin fixation time, storage condition
and extraction methods [31], Due to sequence artifacts the use of molecular tags
or unique molecular identifiers should be considered. In this way, each molecule
prior to library prepping is labeled and can be analyzed by additional bioinformatic
tools [32,33],

Advances in bioinformatic analysis and cloud-based analysis

The performance of metagenomic methods is heavily dependent on accurate bio-
informatic analysis, and both the classification algorithms as well as the databases
are crucial determinants of the overall performance of available pipelines. A wide
range of metagenomic pipelines and taxonomic classifiers have been developed,
often for the purpose of biodiversity studies analyzing the composition of the
microbiome including the virome in different samples and cohorts [281, In contrast,
when applying mNGS for patient diagnostics, potential false-negative and false-
positive bioinformatic classification results can have significant consequences for
patient care. Reports on specific bioinformatic tools for metagenomic analysis for
virus diagnostics typically describe algorithms and validations of single pipelines
developed and used by the authors themselves, stressing the need for high
quality validation and comparison studies [28], The development of guidelines and
recommendations on mMNGS bioinformatic analysis methods and reporting will
assist the implementation of MNGS in diagnostic laboratories, ensuring the validity
of results and thus optimizing patient management [341, A recent benchmark of
bioinformatic tools and pipelines conducted by the ESCV Network on NGS [18], where
datasets from clinical samples including CSF and brain biopsies from patients with
viral meningoencephalitis were analyzed, showed that virus infections with Ct-values
of = 28 were challenging for most tools and pipelines. The tools/pipelines with the
combination of highest sensitivity and selectivity were metaMix [35], Centrifuge [361]
and VirMet [371, An extra correction for increasing the specificity can be made with
additional tools for deduction of contamination or the ‘kitome’ [38,39] or align the
sequence reads to a potential given specie, like in GenomeDetectivel40], to see
whether reads are evenly distributed to avoid artifacts.
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Processing of mNGS data can be done via command line tools compiled by bio-
informaticians, or by user-friendly interfaces containing tools and pipelines. Potent
computer hardware can be situated locally in the format of high-performance
computing (HPC) cluster, or remotely via cloud computing. Cloud-based platforms
usually have web front-end interfaces which facilitate direct uploading of the
raw files from sequencing instruments and direct downloading of the final
output analyses from the server [28]1, Galaxy [41]1 and BlueBee [42] are examples of
web-based platforms with user-friendly interfaces for hosting in-house tools and
pipelines. Recently, several web-based, user-friendly, and complete pipelines for viral
metagenomic analyses have become available, including DNASTAR [43], Genome
Detective [40], One Codex [44], Taxonomer [45], and IDbyDNA [46], the latter including
library preparation and sequencing. The availability of these complete analyses as
a service package, enables laboratories with no access to a HPC cluster or with
limited bioinformatic knowledge, to analyze mNGS datasets, which can be consid-
ered a milestone. These service packages should be validated locally to assure
accurate identification and classification of potential target viruses, and to analyze
the limit of detection and variation. Common practice is in silico validation using a
selection of viral RNA and DNA sequences, single stranded and double stranded,
followed by a validation of the entire workflow using well-characterized patient
samples. Precision, recall, and the F1 score as a combination of these, are the
measures applicable when using patient samples since in practice it is impossible
to subject every negative metagenomic finding to PCR. It is expected that imple-
mentation of these software packages will be beneficial for broader implementa-
tion of metagenomic sequencing, especially in the new in vitro diagnostic regulated
(IVDR) era.

Remaining challenges for implementation

Several challenges remain and hamper the widespread implementation of viral mMNGS
for meningoencephalitis cases in routine diagnostic laboratories. These challenges
can be found in both wet and dry lab procedures. There is no optimal and highly
sensitive procedure for library preparation for viral metagenomic detection yet. Lack
of standardization has impact on the ability of labs to select a procedure that is
easily introduced into the routine diagnostic testing process with a time to result
within a clinically relevant timeframe. Clearly, there is a need for future compari-
sons of wet lab protocols with regard to sensitivity, specificity, feasibility in terms
of laborious workflows, and turnaround time. Recently, the ENNGS has initiated the
sharing and comparison of viral metagenomic protocols in the project METASHARE.
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With regard to the remaining dry lab challenges, bioinformatic analysis software and
bioinformaticians have not typically been part of the infrastructure of the diagnostic
microbiological lab in the past decades and cloud-bases analyses have only recently
been introduced for metagenomics for pathogen detection. The validation procedure
for bioinformatic analysis has yet not been standardized and the IVDR may stimulate
manufacturers to implement and share further standardization of the process of
validation of the pipelines and software updates. The IVDR may prove to be useful
for mNGS (end-)users in this aspect: it requires that users will have access to infor-
mation on the validation process of the pipeline and updated versions. Agreements
will need to be in place to cover details on the storage and access of sequence data,
results and logging. Sharing databases and pipelines for comparison will support
laboratories during their mNGS protocol selection process. User-friendly access to
databases and metagenomic pipelines provided with information on their sensitivity,
specificity and clinical usage in a user-friendly way will be an impactful factor for
the widespread implementation of viral metagenomics in diagnostic laboratories.
Furthermore, in the coming years, some efforts are expected on the interpretation of
the reports, possibly provided with post-probability scores in a user-friendly format,
as the consultant benefits most from binary results that can guide a clinical course
of action. It is anticipated that further development of interpretation algorithms may
be beneficial here.

Expert commentary

A pro-con debate on viral metagenomics as a frontline approach was organized at the
last Molecular Virology Workshop by the Pan American Society for Clinical Virology.
It was an effective platform to contrast views on the challenges to the integration
of viral metagenomics as a frontline diagnostic approach. Approximately half of the
participants estimated that within the next 10 years clinical metagenomics would
be implemented as frontline diagnostic approach, at least for a significant part of
clinical cases. It remains to be seen whether this time-frame is sufficient to gather
all the evidence for clinical utility in different patient populations and, importantly,
to achieve cost effectiveness. Although sequence costs are rapidly decreasing,
the manual workload and turn-around time are currently the main drawbacks and
both have to be reduced to compete with rapid syndromic PCR panel testing with
increasing numbers of target pathogens.

Whereas one decade ago the predominant question raised was whether metagen-
omic sequencing could be integrated in diagnostic laboratories for use in clinical
care at all, now clinical metagenomics is being implemented in an increasing
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number of specialized diagnostic laboratories within the scope of their accredita-
tion. The time-frame for widespread implementation is currently largely dependent
on technical development: index hopping, ‘kitome’ sequences [471, low sensitivity
and inaccurate quantification of target viruses are technical challenges that are
expected to be resolved within the next decade. Algorithms are being developed
to correct for factors interfering with pathogen detection and quantification such
as background reads and contaminants [38,391, Importantly, the momentum of the
COVID-19 pandemic is in place and embodies the ultimate example of the value of
metagenomic surveillance for detection of emerging and novel viruses. Additionally,
the infrastructure for SARS-CoV-2 analysis and variant detection is being improved
and extended. In a recent WHO meeting global accessibility to pipelines for
SARS-CoV-2 variant analysis was discussed. Today’s established infrastructure of
platforms for bioinformatic analysis of SARS-CoV-2 can technically in the future also
be used for harboring metagenomic pipelines and may pave the way for global use
of clinical metagenomics.

The last decade has shown major advances in technical possibilities for using
mNGS in diagnostic settings. A growing number of commercial parties is interested
in providing cloud-based services for metagenomic bioinformatic analyses and
seems to be preparing for IVD and FDA regulations. Hopefully, the next decade will
be characterized by progress in technology and clinical implementation, perhaps
resulting in one of the ultimate applications of the implementation of viral metagen-
omics: patient bed-side virus discovery.
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Table 1.

Technical aspects of a selection of wet and dry lab methodologies currently in

use in settings where viral metagenomic sequencing on cerebrospinal fluid has been imple-
mented or prospectively validated for clinical diagnostics and reported.

Year, author

Library prep

Enrichment

Internal controls

2019 Wilson et
al. [71

Separate RNA and DNA
libraries: Nextera XT DNA
library prep kit (Illumina),
sequenced pooled

DNase treatment of extract
for RNA libraries, removal
of CpG-methylated host
DNA for DNA libraries (NEB
Microbiome Kit)

T1 and MS2 Escherichia coli
bacteriophages, for resp.
DNA and RNA viruses

2020 2021

Rodriguez et
al. [49,50,51]

Separate RNA and DNA
library Nextera XT library
and Stranded Total RNA
pooled in the same run

No enrichment

No internal control. DNA
and human RNA are used to
verify quality of extraction.

2019, Kufner et
al.[81

Separate library prep for
RNA and DNA viruses:
NexteraXT DNA library
preparation kit (Illumina)
RNA and DNA sequenced
separately

Pre-extraction:
Low-speed centrifugation,
filtration (0.45 um)

MS2 Escherichia coli
bacteriophage for

RNA viruses, T1 E. coli
bacteriophage for DNA
viruses in establishment

Brown et al. 2016,
2017 [18,53-55]

RNA: ROCHE Hyperprep kit,
and the riboerase depletion
kit for tissues.

DNA: NEBNext ULTRA Il FS
DNA Library Prep Kit for
Illumina

RNA-seq: ribodepletion
(ROCHE Hyperprep
RiboErase)

DNA enrichment uses
the NEBNext Microbiome
Enrichment Kit

RNA-seq: Enterobacteria
phage MS2

DNA-seq: not applicable
(explanation: were using
Lambda DNA up until
February but there were
issues and hence it was
dropped)

2020, Carbo et
al. 5]

Single library prep for RNA
and DNA viruses: NEBNext
Ultra Il DNA library prep with
adaptation

Post-library prep: Capture
probes targeting known
vertebrate viruses

Equine arteritis virus
(EAV) for RNA and phocid
herpesvirus-1 (PhHV-1) for
DNA viruses

Alawi et al., [57]
Christopeit et
al., [58]

RNASeq: SMARTer Stranded
Total RNA-Seq Kit v2-Pico
Input Mammalian (Takara Bio
Europe)

No enrichment

No internal control

NEB; New England Biolabs. NA; not analyzed
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Controls Sequencer Pipeline Threshold determination Limit of detection
for reporting pathogens

No template control: | lllumina HiSeq, | Modified Receiver-operator curve DNA virus (CMV): 14

elution buffer, 5-10 million SURPI+ in-house | (ROC) analysis based copies/ml

positive control: reads pipeline [48] on clinical samples with RNA virus (HIV) 313

RNA and DNA established pathogens copies/ml

pathogen mixture (7

organisms)

Environmental NextSeq MetaMIC Above background: <3 log copies/ml

control: sterile water | 500 in-house environmental control for DNA and RNA

Positive control: (2*150 bp) pipeline 491 viruses. Bacteria,

ZymoBiomics (Zymo | >20 millions fungi, parasites quite

Research)

(30/40millions
mean)

similar to culture
or PCR

No template: Illumina MiSeq VirMet in-house | >=3 reads distributed over NA
PBS (included average 7 pipeline [52] the genome with high
in nucleic acid million reads/ coverage score and not
extraction) sample detected >100 times in NC or
(1*150 bp) other samples (carry-over)
RNA-seq: Total Brain | lllumina metaMix 23 regions, >10 reads [13,56]1 | Similar to PCR in
RNA spiked in with NextSeq500 in-house posterior probability & bayes | CSF for both RNA
feline calcivirus (2*81 bp) pipeline [35] factor and DNA viruses.
100 million In tissue, for DNA
DNA-seq: Human reads viruses approx.
genomic DNA spiked 100-fold reduced
in with cowpox DNA
No template control: | Illumina Genome ROC analysis based on RNA virus 10-60
elution buffer NovaSeq Detective clinical samples with copies/ml
6000, commercial established pathogens, DNA virus 100-1000
10 million reads | pipeline [401 Coverage >=3 distant copies/ml [28]
(2*150 bp) genome locations
No template control | Illumina DAMIAN Contig assembly approach; Assembly is
NextSeq Pipeline contigs > 400bp are independent of host
150PE (Alawi et al, [571 reported reads/background

5-10 Mio reads

See Alawi et al., [57]

reads; minimum of
250 reads necessary
for contig assembly
Fischer et al., [59]
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