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The human mind treats a new idea
the same way the body treats
a strange protein; it rejects it.

Peter Medawar, in “The Art of the Soluble”, 1960
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Viral metagenomic next-generation sequencing (mMNGS), an approach to potentially
identify all viral genomes in a sample at once, is a promising contribution to the
current virus diagnostic repertoire in modern health care. With already more than
1,000 virus species known to be able to infect humans [1], a densely populated
civilization and a constant threat of zoonotic infections [2], it is a worthwhile
addition to the current methods in which either one virus is tested (traditional
PCR test), or a limited number of viruses when combined PCR tests are used. This
discussion will initially focus on the applications, diagnostic yield and potential
of viral metagenomic sequencing. Further, mMNGS diagnostic test accuracy
advancement, both within the wet laboratory and using bioinformatics, will then
be discussed. Additionally, in-depth advances in the genetics analysis of whole
genome sequencing of a single-virus genome will be explained. An in-depth view
on the limitations of metagenomic sequencing and an outlook on the future of
molecular diagnostics will be presented in the last two sections.



General discussion

Implementing viral metagenomic sequencing

Viral metagenomics improves diagnostic yield

With various viruses that can infect humans and many undiagnosed cases [3-7],
implementing metagenomic sequencing in a clinical setting will potentially lead to
the identification of more viruses and an increased number of patients diagnosed
with a viral infection. One of the aims of the research of this thesis was to assess the
improved diagnostic yield using metagenomics: the proportion of additional potential
pathogenic viruses that can be found after initial testing remained negative. In
chapter 2, a systematic review and meta-analysis was conducted and an additional
10.88% (95% CIl 4.6-17.15%) of viruses were detected that were not identified by
traditional diagnostic testing in patients suffering from meningoencephalitis [8-171,
A selection of reports on patients from (sub)tropical climate regions revealed an
additional diagnostic yield of 21.61% (95% CI 12.16-31.07%) partially since the initial
test spectrum was more limited, the decreased vaccine administration in this region,
and an increased risk of mosquito born viral diseases that are more frequent in (sub)
tropical climates. In chapter 3, a cohort of hematologic patients suffering from
encephalitis was tested and a corresponding additional diagnostic yield of 12.2%
(95% Cl 2.2-22.2%) was observed.

In chapter 4, patient sera were tested from a cohort of international travellers
returning with febrile illness, resulting in 6.3% (95% CI -2.4-17.2%) of cases where
additional pathogenic viruses were detected. This number seems comparable to the
result of a similar study on travellers with febrile illness where in three out of 40
patients (7.5%) extra pathogenic viruses were detected based on mNGS results [18],

Longitudinal testing of transplantation patients by means of metagenomic
sequencing is present in chapter 6. In this study, BKV, CMV, and HHV6B were
additionally detected by mNGS in three out of six patients (50%), and all additional
findings were confirmed either by gPCR or supported by auxiliary bioinformatic
analysis.

A systematic review and meta-analysis presented in chapter 1 showed a relatively
high number of additional viral findings -28.73% (CI [19.80, 37.63]) -when assessing
studies of diverse patient types that were negative during initial testing and mNGS
was used as a second step approach. In the research of this thesis, additional
findings were found in 6.3% (95% CI [-2.4, 17.2]) of returning travellers with febrile
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illness. Two prospective papers describing metagenomics in a clinical setting identi-
fied 13 out of 58 central nervous system infections by means of metagenomics that
were not found by PCR (22%) [10], and an additional 24 (23%) pathogenic virus infec-
tions in 105 patients in a tertiary diagnostic unit [111. The research of this thesis and
available literature show that the use of metagenomics as a second step approach
when initial testing is negative improves the diagnostic yield. This accounts for
patients suffering from encephalitis where metagenomics can detect a neuroinva-
sive pathogen [10], for travellers returning with febrile illness, and for immunocom-
promised patients where unexpected viruses can be detected.

Viral capture probes increase diagnostic test sensitivity

Most previously published studies focused on metagenomics and the test accuracy
for the detection of bacteria, with a significant knowledge gap concerning viruses.
Two systematic review studies have been published on the overall test performance,
with one focusing on metagenomic sequencing for all pathogens including studies
prior to August 2020 (note: including papers published before this date) [19], and
one focusing on lower respiratory tract infections [201, A combined overview of two
papers focusing (partly) on viruses is shown in Table 1. Wilson et al. [10] showed a
relatively low sensitivity of 0.55; however, when looking more into detail in the virus
diagnoses missed by mNGS, most of these were found positive in IgM by serology
testing while when followed up by gPCR testing these also remained negative.
Only two out of 204 results were positive by means of gPCR due to low pathogen
titers [101, In the manuscript by Parize et al., a single viral pathogen was undetected
by means of mMNGS, attributable to the different sample type that was used: a sample
positive human cytomegalovirus (CMV) was identified in whole blood, and for mNGS
only plasma was used. When testing the plasma by means of gPCR, CMV was not
detected, as CMV probably was residing in leukocytes and not accessible for ampli-
fication. Amending this finding would lead to a sensitivity of 100% in this particular
study when incorporating only virus data [21], In the study by Hong et al., a sensitivity
of 0.74 was found; however, the portion of mMNGS samples resulting negative were
found positive only by serological testing [22],

Viral pathogens originally detected by means of PCR were confirmed by viral
metagenomics as described in chapter 3 and 4, due to the usage of a more sensitive,
capture probe-based enrichment, instead of solely performing shotgun metagen-
omics. In chapter 6, a 100% sensitivity was indicated; all initial positive gPCR results
were positive by mNGS. Collectively, the majority of published studies and our
findings illustrate the high sensitivity of mNGS to identify viruses in samples.
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The results of an extensive comparison of shotgun metagenomics with metagen-
omics using viral capture probes are described in chapter 3. Data showed that
with shotgun metagenomics several pathogens were marked as false negative,
after having a positive diagnostic PCR result. In contrast, metagenomics with viral
capture probes performed in a much more sensitive manner, with 1,283-38,749,926
sequence reads per pathogenic virus was found positive by means of PCR. The viral
capture probe metagenomic method not only resulted in a sensitivity of 100%, but
yielded 100-10,000-fold more sequence reads compared to shotgun metagenomics.
An overview of technical aspects of protocols of the few European centres that
offer viral metagenomics in a clinical setting is presented in chapter 2. It shows
that these diagnostic laboratories offering viral metagenomics services are aiming
at increased sensitivity by either using viral metagenomic probes, or by performing
shotgun metagenomics in parallel for both DNA-based and RNA-based organisms. In
chapter 4, travellers returning with febrile illness were tested by viral capture probe
metagenomics, and all earlier positive PCR test results were confirmed resulting
in a sensitivity of 100% of the mMNGS method. Transplantation patients that were
longitudinally sampled and sequenced using mMNGS had positive mNGS results for
the viruses that initially tested positive by means of gPCR (cytomegalovirus (CMV),
Epstein-Barr virus (EBV), BK polyomavirus (BKV), adenovirus (ADV), parvovirus B19
(B19V), and torque teno-virus (TTV)), resulting in a sensitivity of 100%, as it is shown
in chapter 6.

Amino acid-based taxonomic classifying

tools perform the most accurate

Taxonomic classifiers for virus identification are widely available and use different
underlying algorithms [34,351, A ring trial in Switzerland [361 reported that the
chosen algorithms influenced the overall performance of mNGS, more than the
chosen reference databases. Only a limited number of studies report bench-
marking ‘dry lab’ protocols, despite bioinformatic protocol validation being equally
important to wet laboratory validation for accurate performance. Many tools were
specifically designed for bacterial detection - such as Kraken [37]1 and CLARK [38]
-and it is especially important to validate these tools for virus identification prior
to use for that aim. The limited amount of benchmark publications have focused
more on bacterial analysis [39-45]1 mostly only performing in silico analysis of artifi-
cial sequence data [39,46,47] or NGS data for mock samples that are typically less
diverse compared to real clinical samples [39,48],
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Bioinformatic taxonomic classifiers were benchmarked, as described in chapter 5.
Up to a billion sequence reads of 88 respiratory samples were used for bench-
marking of five classifiers for performance based on results of 1,144 PCR tests used
as the gold standard. Sensitivity and specificity of the classifiers tested ranged from
83% to 100% and 90% to 99%, respectively, and was dependent on the classifica-
tion level and data pre-processing. The bioinformatic tool reaching the highest sensi-
tivity was the Kaiju tool [40]1 with k-mer classification based on amino acids. Exclusion
of human reads generally resulted in increased specificity. Normalization of read
counts for genome length resulted in a minor effect on overall performance, however
it negatively affected the detection of targets with read counts around detection
level.

In a benchmark of the European network of next-generation sequencing [49], datasets
from real clinical metagenomic samples (tested positive for viral pathogens) were
distributed to thirteen collaborating centres. The optimal performing tool, both for
sensitivity and specificity was the MetaMix classification tool [49,501, This tool, like
Kaiju [40] performing the most optimal in chapter 5, is based on amino acid identi-
fication which, due to lower mutation rates of amino acid compared to DNA/RNA,
results in a higher sensitivity, mainly for highly divergent viruses [39,401, To distin-
guish contamination from real clinical findings and to further enhance specificity,
respectively, tools for removal of sequences detected in negative control samples
can be used [51,52], and extra mapping/alignment steps can be added to assess the
distribution of sequence reads over the viral genome.
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Table 1. Overview of sensitivity and specificity from reports on (viral) metagenomics.
Study Type of sample Sequencing Gold standard Sensitivity Specificity
technique
Hong Cerebrospinal Illumina PCR 0.74 0.66
et al. [22] fluid MiSeq
Miller Cerebrospinal Illumina Conventional laboratory 0.89 0.99
et al. [23] fluid HiSeq results and additional
molecular testing
Wilson Cerebrospinal Illumina Conventional laboratory 0.55 0.98
et al. [10] fluid HiSeq results and additional Higher for
molecular testing only viruses
Blauwkamp Plasma (cfDNA) Illumina Conventional laboratory 0.93 0.63
et al. [24] NextSeq 500 results and additional
molecular testing
Parize Plasma lon Proton Culture, serological 0.63 0.71
et al. [21] diagnosis and PCR 1.0 (virus only)
Somasekar Serum Illumina PCR 0.96 1
et al. [25] HiSeq
Rossoff Plasma Illumina Clinical review 0.92 0.64
et al. [26] NextSeq 500
Schlaberg Respiratory Illumina Culture, serological 0.90 0.64
et al. [27] HiSeq 2500 diagnosis and PCR
Doan Intraocular fluid Illumina PCR 0.87 0.78
et al. [28] HiSeq 4000
Langelier TA Illumina Clinical microbiologic 1.00 0.88
et al. [29] HiSeq 4000 testing
Wang Pulmonary biopsy | NA Conventional tests 0.97 0.63
et al. [30] and BALFs
Van Rijn Nasopharyngeal Illumina PCR 0.96 0.98
et al. [31] samples NextSeq 500
Huang Lung tissue, BGISEQ-100 Culture, microscopic 0.88 0.81
et al. [32] BALF, and PSB examination
Van Boheemen | Nasopharyngeal Illumina PCR 0.83 0.94
et al. [33] washings, sputa, HiSeq 4000
BALF, bronchial and
washing and NextSeq 500
throat swab

Adapted table of data of two papers focusing on test accuracy and only including papers focusing on

viruses or when more than >1 virus found. [19,20]

Abbreviations; BALF, broncho-alveolar lavage fluid; NA, not applicable; PSB, protected specimen brushes;
TA, tracheal aspirate. cfDNA, cell free DNA. Clinical review indicates that an organism was classified as
clinically relevant by a treating physician, and if unclear was determined by a 2nd paediatric infectious
disease (ID) physician, finally relying on the opinion of a third physician in case of discrepant opinions.
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Further advantages of metagenomics

A characteristic advantage of metagenomics is that it is a pathogen-agnostic test
(Figure 1). No specific pathogen needs to be expected in contrast to a PCR test, or
a multiplex of PCR tests. Additionally, mutations occurring in evolving viruses in the
primer target regions lead to a false-negative PCR test result whereas viral metagen-
omic diagnostics would potentially pick up viruses with mutations. In addition, the
host transcriptome can be interpreted straight from sequence data after certain
shotgun metagenomic protocols.

Metagenomic sequencing results in information about the nucleotide sequences of
virus species presented in a given sample, and these sequences can be used for
typing and for phylogenetic analyses for these viruses. In chapter 4, subsequent
typing of viruses detected in the serum samples of travellers resulted in characteri-
zation of serotypes and genotypes of the detected viruses, and enabled phylogenetic
analysis of the Dengue viruses detected in the serum samples of travellers directly
from the metagenomic test results. These results illustrate that viral metagenomic
analysis is not only suitable in the detection of extra viruses, but additionally, viruses
can be correctly typed, further aiding phylogenetic analysis. Once the nucleotide
sequences are established, this information can be used for finding resistance
mutations as well.

Figure 1. Pathogen-agnostic and unbiased testing using metagenomics versus PCR, testing
only known pathogens.

Metagenomic sequencing giving information about all species present in a sample, versus PCR where
one or a handful known viruses are tested on being present in a sample. Created using Biorender.com.
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Quantification by means of metagenomic sequencing

Quantification of viral load is possible based on metagenomics data. The precision
of this greatly depends upon correct classification of the viral pathogen. After
sequencing of clinical samples positive for various viruses, normalizing the sequence
reads for total read count and genome length, a quantitative correlation between
gPCR and metagenomic target reads was found of 62.7% (chapter 5). The coefficient
of determination varied per bioinformatic tool, data pre-processing, and per virus, and
R? ranged 15.1-63.4%, with 63.4% scored by amino acid-based classifier. Divergent
viruses such as rhinoviruses were the most challenging in assessing correlation of
sequence reads with Ct-values. Only a limited number of rhinoviruses are present in
the underlying RefSeq database and it could be that precision was decreased as a
result, as previously observed in the study of Menzel et al. [40], In chapter 6, longitu-
dinal plasma samples from six patients and qPCR positive for transplantation-related
DNA viruses were tested using mNGS in combination with calibration samples. Viral
loads as determined based on mNGS results correlated with the gPCR results, with
inter-method differences in viral loads per virus ranging from 0.19 log10 IU/mL for
EBV to 0.90 log10 copies/mL for ADV. The patterns of viral loads of patients tracked
over time based on the metagenomic classifying results resembled that of the loads
established by means of gPCR. This was in line with a mNGS report using calibration
samples, where identical challenges with torque teno virus (TTV) quantification are
discussed as in our study since there was no calibration material available [531. The
results that this paper of Shah et al. describes further imply that viral metagenomic
sequencing can be used in a quantitative manner where viral loads are identified
straight from metagenomic sequence data [531,

Discovery of viruses directly from clinical samples

Viral metagenomics played a major role in the discovery of SARS-CoV-2 and the charac-
terization of the viral genome when there were several patients in Wuhan presenting
with fever and respiratory failure, and screening routine respiratory pathogens for
these patients gave negative results [54-561, Chapter 7 illustrates that metagenomic
sequencing in a clinical setting can be successfully used for virus discovery directly
from patient samples. Mimicking virus discovery, using only viruses present in databases
from before the discovery of SARS-CoV, MERS-CoV and SARS-CoV-2, revealed that
these viruses could be labelled as indicative for a novel coronavirus. Bioinformatic tools
Centrifuge and Genome Detective [571 showed classification of reads to the closest
relative of the emerging coronavirus. Contig genome assemblies with lengths ranging
from 2,503 to 30,097 nucleotides, created out of the patient sequence data, could be
linked with low nucleotide identity to coronaviruses present before the emerging virus
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by means of BLAST [581, These results validate discovery of these novel viruses direct
from clinical respiratory samples. Capture probes designed before the emergence of a
virus can aid positive discovery findings, supported by the mismatches that are allowed
during capture enrichment, or the presence of many homologic regions in a known
closely related virus, resulting in effective virus discovery as long as a virus from the
same genus or family is present in the probe Kkit.

Whole genome sequencing (WGS) of SARS-CoV-2 for surveillance
The genomic surveillance of SARS-CoV-2 is of great importance for monitoring
and detection of variants of concern, and for developing diagnostic, therapeutic
and preventative strategies [59-611, The most sequenced pathogen for surveillance
currently is SARS-CoV-2 and worldwide consensus sequences can be uploaded to
GISAID [62] guiding phylogenetics of a given sample, not only in local test sets but
additionally in relation to sequences from globally. This kind of surveillance is mostly
performed via WGS of patient samples targeting one specific virus.

In chapter 7, sequencing of two SARS-CoV-2 genomes using both a shotgun
and a viral metagenomic capture probe method is described, and an increase in
genome coverage when using capture probes is demonstrated. Few comparisons
have been published, though WGS comparisons are usually limited to a single
type of sequencing principle [63-651 whereas only two benchmark studies dealt
with cross-platform protocols [66-671, However, these studies for the most part
indicate that amplicon-based methods yield the highest genome coverage. A more
extensive comparison including viral probe metagenomic sequencing and several
amplicon-based WGS protocols designed for SARS-CoV-2 is shown in chapter 8.
Amplicon-based WGS protocols gave an overall median genome coverage of
81.6-99.8% (samples with CT-values of 30 and lower), with custom primers for
Oxford Nanopore Technology (ONT) performing the lowest, and Illumina Ampliseq
protocol resulting in the highest coverage. Amplicon distribution signatures differed
across methods, illustrating the need to acquire coverage statistics when interested
in certain genes or domains. Phylogenetic clustering of consensus sequences were
independent of the workflow used, though in some cases it resulted in clustering per
method when using settings where gaps were masked.

The usage of viral metagenomic probes showed an 86.7% median genome coverage,
demonstrating that this method can indeed be of aid for limited surveillance when
no specific genome amplicon kits are yet available, for instance when concerning
novel or emerging viruses.
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Challenges in viral metagenomics

General limitations

One of the challenges of current viral metagenomics protocols is the required
turnaround time and costs of the NGS technique. Even with the current decline in
seguencing costs, metagenomic sequencing is still more expensive compared to
testing with PCR. Additionally, whereas PCR can provide results in only less than
an hour, metagenomic sequencing takes approximately 2-6 days, depending on
the protocol. However, diagnostic departments are becoming less reluctant to use
more expensive and time-consuming NGS methods since the pandemic presented
them with a great necessity for WGS for surveillance, spending more money on a
metagenomic test could save money in other health care departments [68], due to an
increased diagnostic yield.

For implementation in clinical settings, standardization of protocol validation is
limited, although first attempts for establishing standardized guidelines have been
reported [34,691, Another limitation of metagenomic sequencing is the impairment of
the data due to the high abundance of host cell material, and the potential threat of
contamination, although contamination can partially be controlled for by sequencing
an environmental control.

The research described in this thesis does not include bacterial, fungal or any other
pathogenic classification of microorganisms, therefore it presents an overview of
viruses and lacks a broader perspective that yields a higher diagnostic potential
when looking at all organisms at once. Another general characteristic to take into
account is that metagenomic sequencing can lead to incidental findings, such as
the hepatitis C virus finding in the cohort of travellers described in chapter 4 of
this thesis, and the HIV findings in a Swiss study [111, Even though these findings
may not always be clinically expected based on the patient’s syndrome, when using
metagenomic sequencing, clinicians should be aware that there is always a possi-
bility of finding unexpected viral pathogens as bystander infections.

Platform-specific sequence errors

The metagenomic sequencing in this thesis was performed using Illumina
sequencing, a platform in which index hopping - the swapping of sample indexes
leading to incorrect assignment of reads to a neighbouring sample -can occur. Other
sequence platforms not impaired by index swapping were not evaluated in this thesis.
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Though this effect can be limited by using dual indexing, adding unique barcodes at
both ends of the sequencing reads [701. lllumina platforms are also known to have a
median error rate of 0.109% for the NovaSeq 6000, 0.429% for the NextSeq 500 and
0.613% for the MiniSeq, of which Novaseq6000 and MiniSeq were included in the
WGS comparison in chapter 8. [711 These error rates might impair a correct establish-
ment of nucleotides, potentially leading to incorrect typing and mutation calling. One
of the platforms currently most suited to determine minor variants would be PacBio,
resulting in reliable sequenced long reads enabling detection and phasing of variants
that are only present in low percentages in a sample [721, Additional platforms can be
used as well, ideally in combination with unique molecular identifiers applied during
the library preparation, resulting in a unique label per every single molecule and
allowing for amplification error filtering in subsequent bioinformatic analyses [731,
Alternatively, other sequence protocols for labelling unique molecules can be used,
for instance single molecule molecular inversion probes [74,75],

Bioinformatics: always a challenge

The performance of metagenomic sequencing is greatly dependent on accurate
data analyses after the sequence reads are obtained from the sequencer. Various
tools and pipelines exist, though standardized validation formats are lacking. As
mentioned above, the majority of tools for classification and assembly are initially
built for other organisms than viruses, rendering validation specifically for viruses
of the utmost importance. Benchmarks are scarce or based on in silico data sets
or mock samples with low abundance of the background sequences [39,46-48]
Misclassification of human genome sequence reads has been reported for several
taxonomic classifiers [39], which is in line with our findings (chapter 5). This is most
likely due to the presence of human genomic host reads in microbial assemblies
uploaded to reference databases [76,77]1, Other species can also lead to inaccurate
uploads to GenBank, for instance the Illumina control phage PhiX174 that is present
in many uploaded assemblies [78,791, This viral phage is often used as a control for
Illumina sequence runs and not always completely filtered out of sequence data [801],
Database curation should be improved when the database is used for metagenomic
analyses, ideally by admitting only iterative assemblies based on long reads and by
applying automated scripts to control for host material and contamination since
research has shown that over 2,000,000 entries in Genbank contain cross-kingdom
contamination [811, Despite the high number of virus genome sequences available
publicly, the list is incomplete and many virus genomes, especially those of bacte-
riophages, need to be sequenced and assembled to be added to public databases.
Lower numbers of reference genomes available for specific targets lead to decreased
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sensitivity and specificity [401, To expand databases, the viral dark matter needs to
be identified. Viral dark matter is sequence data resembling viruses though currently
not immediately identified by regular classifiers 82,831, Further bioinformatic issues
may arise from the fact that many microbial laboratories lack bioinformaticians or
lack the access to a high-performance computing cluster. With several cloud- or
web-based user-friendly software tools for viral metagenomic analysis [57,84-86],
local removal of human host reads is required before uploading the data, as even
with viral metagenomic target probes as with amplicon WGS protocols there are
usually human reads present in a sample after sequencing (chapter 8).

The future of viral metagenomic sequencing

Viral metagenomic as an add-on test for

difficult to diagnose cases

Applying viral metagenomic sequencing, as described in this thesis, resulted in
additional viral pathogenic findings, from 6.3 and 10.88% in two of our own cohorts
of patients to 28.73% (95% CI [19.80-37.63]) in a systematic review as described in
the introduction. To identify causes of infections in, for instance, the 20-62% [87-89]
of patients suspected for acute respiratory infection where no microbial agent is
detected, or in the up to 63% of encephalitis patients that remain without a causal
pathogen [3], viral metagenomics can aid as an add-on test to the current diagnostic
repertoire of clinical testing. In the formal diagnostic algorithm of the Dutch Society
of Medical Microbiology (NVMM) for the paediatric patients suffering from acute
hepatitis in 2022, viral metagenomics is officially advised on biopsies (and plasma or
feces) in cases where other results are inconclusive [20]1, The use of viral metagen-
omics may be additionally justified in severely affected infectious patients where
no causal pathogenic viral pathogen is found by traditional testing methods.
Metagenomic sequencing currently is more expensive compared to traditional tests
when including lab costs only; however, recurrent or sequential negative test results
in the microbiology department lead to extra costs elsewhere in the health care
system. A cost analysis performed on the detection of infectious diseases by mNGS
in cases with pyrexia of unknown origin justified implementation of metagenomic
sequencing minimally as a second line investigation [68],
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Sensitivity rates of pathogen detection have been published of >83% and often
>90% (Table 1), and the 100% sensitivity in our research (chapter 3, 4 and 6)
using viral capture probes indicates that this technique is becoming a trustworthy
method to begin to implement in diagnostics. With limits of detection between
10-1,000 copies/ml, viral pathogens do not need to be highly abundant in a patient
sample to be detected. With the additional information that can be retrieved from
the metagenomic sequencing data for typing, resistance, phylogenetic information
and virus discovery, it provides extra information for antiviral treatment, outbreak
monitoring and surveillance.

Overcoming technical challenges

Sequencing costs constantly decline, and as of this year the sequencing of a
full human genome is possible for $100 [911. Workflows for WGS library prepa-
ration have been made faster by adding sequence adapters in a two-step ampli-
fication protocols. However, for shotgun libraries such advances still have to be
developed, and these protocols currently take six hours hands-on time (chapter 8).
Sequencing instruments are becoming much faster in sequencing: whereas the first
NGS machines were running for days, Illumina NextSeq 500 now has a minimum
runtime of 12 hours, MiSeq minimally four hours, and a recent paper shows that
pathogens can be detected from the ONT platform in combination with real-time
analysis 30-38 minutes after the start of the Minion sequencer for highly abundant
pathogens [92,93], Besides being fast, ONT sequencers are handheld devices that
are relatively cheap for laboratories compared to the investment needed for other
sequence platforms. The size is also compact making them more even suitable for
remote locations and -in the future - for patient bedside sequencing.

A challenge in metagenomic sequencing is the background level of host sequence
reads, and with proper enrichment for viruses or depletion of host material it is easier
to detect a potential viral pathogen. Centrifugation, filtration, and DNase treatment
have not proven to be effective in every case [32,34,35,95], Ribosomal RNA depletion
and poly-A tail enrichment is sometimes used, though the latter may lead to false
negative results in detection of viruses in a non-replicative state or those that
translate without poly-A tail [341. Another comparison of human genome depletion
methods has been performed in a microbiome study where selective lysis of cells and
endonuclease digestion worked well, and where benzonase increased metagenomic
sequencing coverage [951. However, sizeable benchmarks of host depletion methods
are lacking specifically for viral metagenomics.
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‘Virome in a bottle’ as a validation sample

Other aspects currently lacking with regard to the implementation of viral mMNGS are
uniform metagenomic validation samples. Only benchmark samples with limitations,
such as cultured mock samples with limited sample sizes, or only in silico samples,
are available. However, widely available and uniform benchmark samples resembling
backgrounds reflecting real patient samples and containing several viral pathogens
with different established viral loads are needed. Such benchmark material, like the
“Genome in a Bottle” samples [96] is available for clinical genetics and used for
validation in clinical genetic laboratories around the world, would be of great benefit
to the metagenomics community [96-98], The Genome in a Bottle materials are
reference samples sold as vials containing human DNA. These samples contain an
entire human genome, and even a combination of three human genomes can be
bought, of which every known SNP and indel is additionally available in several
different file formats. This allows a true reference so that every single mutation
found in the lab’s diagnostic process can be accurately checked. An initiative like
creating a uniform ‘microbiome/virome in a bottle’ (Figure 2) is greatly needed in the
microbiology field, also making benchmarks more comparable within the field.

Figure 2. ‘Virome in a bottle’.

Example of a uniform mNGS benchmark sample containing different
kinds of viruses. Created using Biorender.com.

Solving computational challenges and

solving challenges computationally

Concerning bioinformatics, the microbiology community would benefit from training
a higher number of more specialized bioinformaticians or data analysts, not just to
only work on microbiology, but also to educate them on FAIR principles [99], and
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on privacy issues. Laboratory technicians could be trained in performing simple
data analysis using a graphical user interface. Departments should not limit their
focus on implementing the wet lab part of NGS, but they should additionally think
about the hardware, and the costs of running and storing of analysis data. Long read
sequencing will aid in distinguishing viral quasi-species, the same species of virus
being present in a sample but with variating genomes due to high mutation rates.
Bioinformatic tools like haplotype aware variant callers can aid this detection, though
these are designed for human genomes and need to be benchmarked for detection
of viral quasi-species. High quality quasi-species detection can additionally aid in
tracking and surveillance of recombination in viruses [100],

Figure 3. ‘Viral dark matter’ and relatively few viruses identified.

The coloured viruses represent the identified viruses, the dark grey coloured viruses represent the viruses
that show resemblance to the viruses that we already are aware of and are present in our reference
databases. The light grey faded viruses represent the viral dark matter, unidentified sequences that make
op 40-90% of certain sample types [83], Expanding databases and methods for detection are needed to
further identify these. Created using Biorender.com.

Viral dark matter

Viral dark matter (Figure 3), the uncharacterized sequences, should be explored more
to expand public databases, since there are still many sequences resembling viral
genetic material though sequences are not directly identified as a virus 82,831, There
is a lot about the microbial world that remains unknown. Creation of databases and
tools to identify the unknown are needed, however, some of this information could
already be supplied from existing data. We now have unravelled almost all species
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and substances on land, and humans even explored deep oceans and even space,
though a large part of the microorganisms right in front of us and in our bodies are
still unidentified. In some samples, 40-90% of the sequences remain unidentified [83]
and are thought to make up the viral dark matter, as these sequences resemble viral
material though they do not match the reference sets. Detection of these viral dark
matter sequences can be performing using a tool called VirSorter [101], detects viral
signals based on viral protein resemblance in assembled contigs without sequence
data directly matching a known virus family though not with a large resemblance
percentage. Many sequences that resemble viruses that are already present in our
reference databases are most likely undiscovered bacteriophages. The tools needed
for deciphering this data are based on virus discovery tools, though an extensive
benchmark for these discovery tools is currently lacking.

Expanding virome databases

Investments would be beneficial to create reference databases of the virome of
healthy and affected individuals in various sample types, and this can aid the differ-
entiation between pathogenic and non-pathogenic viruses. This can be partly done
based on sequence material that is publicly available and of which the raw data
are shared within the science community. Using such a methodology, novel corona-
viruses were recently found [102], and for blood a DNA virome [103]1 and cell free
DNA virome [104] js already assembled, still leaving a variety of sample types to
be explored. Another opportunity is to classify viral sequences of available data at
the cancer genome atlas (TCGA) database [105] or in other public databases with
sequence data of cancer patients to find associations between certain types of
cancers and viruses [106,107],

Artificial intelligence aiding viral health care

State-of-the-art artificial intelligence (Al) implementation in virology has greatly
increased since the SARS-CoV-2 pandemic started. Al models are used for
outbreak epidemiology: to provide information on the infection rate, number of
cases, transmission dynamics and predicting the development and outcome of an
outbreak [108,109], | ow-income countries lacking PCR data could even use mobile
health technology [1101 by applying Al on survey and sensor data from smart devices
to predict the number of positive virus as was done for COVID-19 cases [111,112],
Extensive research has been performed on how Al can aid COVID-19 diagnosis, with
a review reporting an accuracy as high as 70.00-99.92% in 46 studies on Al-assisted
diagnosis. This included an accuracy of 74.4-95.20% on prognosis of critical
COVID-19 patients [108], Al can additionally be applied for developing therapeutics
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and vaccines strategies. In the recently published review, an overview of eight
studies using Al on COVID-19 is provided, mainly focusing on drug discovery or drug
redirecting [108], One study utilized reverse vaccinology and machine learning to find
a vaccine for COVID-19 [108,113]1 while another study used the data of the GISAID [62]
database to find vaccine targets [114], These Al-assisted methods can be trans-
lated to potentially other viruses and outbreaks in the future. Likely, Al techniques
may additionally be used for mutation prediction, further exploring and identifying
viruses and viral dark matter, and perhaps to predict clinical outcome of pathogens
present in metagenomic samples.

Collaborations within the field of diaghostic microbiology

Within the field of microbiology, collaboration is needed with partners worldwide to
bridge the gaps that currently exist due to insufficient virome databases, the lack
of a suggested validation ‘virome in a bottle’ sample and to establish a standard-
ized validation approach for NGS protocols. At the beginning of the SARS-CoV-2
pandemic, surveillance in the Netherlands was slightly behind when compared to the
UK and Denmark, where a larger number of samples were sequenced compared to the
proportion of cases. Currently, a relatively similar number of samples are sequenced
in the Netherlands compared to the UK, Iceland, Denmark or Australia [61,115], The
organization of sequencing was scattered early in the pandemic: sequencing largely
depended on local initiatives mainly organised by University Medical Centres. On one
hand it was positive that these centres thrived in such a fast way, as it was needed to
sequence extensively for surveillance. On the other hand, the efficiency of the imple-
mentation was questionable since centres were individually testing, optimising and
validating a WGS SARS-CoV-2 lab protocol and creating a bioinformatic pipeline for
analysis, while better collaboration could have saved time and effort.

The metagenome aiding personalized medicine

Within hospitals, interdisciplinary laboratory departments can combine standard-
ized approaches for isolating nucleotides and sequencing. This type of collaboration
can also be applied in bioinformatics, since a variety of tools used in microbiology
originate from the human genetics field. There is a variety of clinical information
present in patients with samples when looking at the metagenome (Figure 4). One
of the potential collaborations based on this approach would be with the pharmacy
department for utilizing the pharmacogenetic data to predict an individual's drug
response on both a pharmacokinetic level, for instance predicting the metabolising
enzyme capacities of an individual, and pharmacodynamic level [1161, Currently, there
are already collaborations between microbiology and pharmaceutics departments/
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companies for the development of vaccine and anti-viral treatments, though pharma-
cogenetics is not implemented in daily clinical decision making. With sequencing
more samples of patients with infectious diseases, the pharmacogenetics [1171 should
not be forgotten to facilitate future prescribed drugs in a diagnostic setting: joint use
of NGS data can aid in not only selecting drugs targeting specific pathogens, but can
additionally be based on genetic variations in the drug-metabolising enzyme genes
of the human host for personalized medicine [117],

A pathogen-agnostic test for both pathogens

and pathogenic host gene variants

It would be useful to ascertain disease severity and investigate why certain people
get more severely ill compared to others with joint insight from human genetics and
metagenome sequencing. For instance, genetic variation in the ACE2 gene of the
human genome is associated with disease severity in individuals with SARS-COV-2
infection [118-1201  gnd most likely many other associations are yet to be found.
Genome-wide sequencing revealed that immunity genes are under pathogen-
imposed selection pressure [1211, and some differences resulted from specific
outbreaks like tuberculosis [122],

Since the course of infection can be influenced by (inherited) autoimmune or autoin-
flammatory disorders, it would be of great value to have the combined knowledge on
both the infection of a patient and any hereditary disorder present interfering with
the patient’s immune system. Regarding metagenomics, it would be, for instance,
beneficial when using a shotgun metagenomics approach for undiagnosed but
suspected cases of encephalitis in young patients, to additionally diagnostically
screen for genetic pathogenic variants for immunological disorders. Coexistence
between autoimmune encephalitis and other systemic auto immune diseases have
been previously described [123]1, This type of dual application of metagenomics can
be used in various kinds of infectious diseases and sample types. Research has
already shown that using NGS in severely diseased infants for detection of heredi-
tary mutations will lead to lower morbidity and mortality [124-126]_ A more expanded
approach, taking into account both the genome of the individual and the metagen-
omic sequence data, could in the future also lead to similar reduction of morbidity
and mortality.

The field of clinical genetics is leaning to a genome-first approach, where
genetic variants of interests are agnostically linked to the associated phenotype.
Metagenomic sequencing as a combined agnostic test for both pathogens and
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pathogenic host variants could be the next step in molecular diagnostics (Figure 4).
In the future, the wide availability of shotgun metagenomic sequence data of many
different sample types and locations that are tested can be of help to the clinical
genetics field as well. This is particularly relevant for mosaic mutations. Mosaic
mutations are present in very minor fractions in whole blood, but fully penetrant in
certain body parts. These mutations can perhaps be earlier detected when testing
different sample types from different locations, instead of only testing DNA isolated
from whole blood samples, the common utilized sample type in clinical genetics

research. [74,75],
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Figure 4. One sequence combination test for all departments: metagenomic sequencing as
a potential combined clinical application.

Sequencing the complete metagenome, all the genetic material present in a sample, enables identification
of pathogens and in addition provides detailed information used for the typing, surveillance and identifi-
cation of resistance mutations. This metagenomic test can be used for virus discovery and microbiome/
virome analyses. The host-pathogen interaction can be interpreted from transcriptome data, providing
information about what genes are activated or repressed. In collaboration with other health care depart-
ments, hereditary mutations can be identified in a combined agnostic test for both pathogens and patho-
genic variants in the host genome as the next step in molecular diagnostics. Drug metabolizing enzyme
information can be retrieved, and the cell-free DNA (cfDNA) can be used as a biomarker for tumour
detection, and in addition for the identification of congenital infections. Created using Biorender.com.
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Metagenomic sequencing aiding tumour detection

Cell-free DNA (cfDNA) sequenced in the metagenomic sequencing process is useful
to detect congenital infection in the fetal cfDNA, especially CMV [127] and parvo-
virus [104,128]  Sequencing of cfDNA, also considered a liquid biopsy, is additio-
nally a potential biomarker for detecting cancerous tumours within patients for the
pathology field. Patients with fast dividing tumour cells have cfDNA in large propor-
tions in serum or plasma as a result of cellular necrosis and apoptosis [129-132],
The detection of cancerous small DNA particles is based on finding specific
mutations in the circulating tumour DNA that are not present in the DNA of white
blood cells [133-137], The viral target enrichment panel used in the research in
this thesis (chapter 3 and 4) can be further enriched using probes of the Cancer
Personalized Profiling (CAPP-Seq) sequencing kit, a method proven to be successful
in finding and identifying the circulating tumour DNA particles in the cfDNA liquid
biopsies [129,138],

Time to update Koch’s postulates

With a growing number of viruses detected by means of viral metagenomics and
other sequencing techniques, modern thoughts about causality have to be explored
as viruses can be found that are not always known to be causal for disease. Around
1880, Robert Koch postulated criteria to establish a causal relationship between a
microbe and a disease [139,140]1, Qver the years these criteria have been updated to four
criteria (Figure 5) [141-144] a5 inoculating an organism with the potentially pathogenic
microorganism was not included in the original postulates [139,140]1, However, some of
Koch’s postulates are hard to bring into research practice. Some pathogens cannot
be grown in pure culture and Koch’s criteria to have “no abundance of the disease-
causing organism in healthy individuals” is difficult to prove as per identified virus it is
difficult to test many healthy patients efficiently, shortly after the moment a novel or
unexpected virus is detected using viral metagenomics. Furthermore, it will be difficult
to receive medical ethical approval to follow up in humans on criteria 3 by introducing
the cultured disease-causing microorganism into a healthy individual. Additionally,
multi-factorial causes, like host health circumstances and dose of infection, play an
additional role, and make it harder to rule out any confounding factors.

To investigate microorganism prevalence in the sequence era, it is required to
create virome databases that are made publicly available and that can be filtered
on abundance of microorganism for clinical syndrome and sample types. In the
data that is currently publicly available in sequencing databases, the virome infor-
mation can also be retrieved [102-104], |n human genetics, mutations are checked
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for abundance in databases such as GNOMAD I[145,146] 1000 genomes [147] and
GoNL 481, as genetic disease can never be present in large percentages of healthy
individuals. The microbiology community needs similar databases with both preva-
lence and disease information in order to enable a better differentiation between a
healthy and unhealthy microorganism population, and it is recommended that the
microbiology community get these in place to be ready for the future.

diseased organism - healthy
. organism
1) Microorganism must be present in LN
abundance in all diseased organisms, T’ .2-' k
not in healthy organisms - - -
—~—— l ~—
’

2) Microorganism must be isolated
from diseased organism and grown in
a pure culture

3) Cultured microorganism should
cause disease after inoculation of
healthy organism

4) Suspected pathogenic ‘ ) &
microorganism should be reisolated A .« g ..'- f % ST
h CF &5
:ﬁp : 7,/ =
—

from inoculated (host) organism, and
identified as being similar to original
causative agent of step 1 and 2

Figure 5. Koch’s postulates from the 19th century.

The expanded criteria of the outdated Koch’s postulates. The four criteria were designed to establish
a causal relationship between a microorganism and a disease. In diseased organisms the suspected
microorganism must be found in abundance, and not in healthy organisms (1), and the suspected micro-
organism must be isolated and grown in pure culture (2). The cultured microorganism, when inoculated
into a healthy organism, should cause disease (3) and after infection and disease the suspected patho-
genic microorganism had to be reisolated and identified as the original causative agent (4). Created using
Biorender.com.

When analysing NGS data from metagenomic sequencing, host-pathogen interactions
and virus activity within a host can be investigated to find proof of causality and
virulence directly from the available metagenomic sequence data. Some RNA library
protocols can differentiate between plus and minus strands, thus providing informa-
tion about viral activity [1491, Virus transcription is known to differ between stages of
infection [150-152] and with this information virus activity can be taken into account in
the diagnosis of a patient. Additionally, with transcriptomic sequence read analyses the
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differential and co-expression of the host immune transcriptome can be mapped [1531,
In this way, transcriptomics will give information on viral gene activity and a host
response [154-156], |dentifying pathogens using viral metagenomics, retrieving informa-
tion on prevalence in sequence databases and investigating virulence will lead to novel
sequence proof of Koch’s postulates (Figure 6). The evaluation of the activity of a virus
and corresponding host response will result in an evolution of viral molecular diagnos-
tics. Most likely simply stating if a virus is present or absent and in what quantity
will in the future be outdated by novel findings, when precise viral and host immunity
activity can be predicted in an infection site based on metagenomic sequencing.

a) Identify potential
pathogen

b) Identify potential
co- pathogens

c) Search future databases
for infectious disease

~— A . causing association in
y &3 @ ¢ specific sample type
d) Check future databases
that pathogen is not highly
v | abundant in healthy
S

individuals

e) Analyse host
transcriptome for pathogen
specific immune response

o f) Analyse pathogen read
oy prbscpsdoh il - depths for infection stage

Figure 6. The updated Koch’s postulates for the ‘next-generation sequencing era’.

When applying the updated Koch’s postulates directly on metagenomic NGS data to establish a causal
relationship between a microbe and a disease, the first step is to identify a pathogen (a) and to rule out
any other potential pathogen within a sample (b). After these steps, future databases should be checked
to see if this pathogen is linked to disease-causing symptoms (c), and whether the pathogen is present
in the same sample type in healthy individuals (d). In the future, the host-pathogen interaction can be
followed by looking at the immune response in a host by analysing the host transcriptome (e) and the
pathogen activity and infection stage can be tracked (f). Created using Biorender.com.
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Concluding remarks

In the near future of diagnosing infectious diseases, metagenomic sequencing will
be implemented at larger scale as a secondary test to evaluate all organisms present
at once, by sequencing all available genetic material in a sample. This is the patho-
gen-agnostic way of identifying a virus that might be pathogenic. Though currently
an expensive and time-consuming test, metagenomic sequencing will ultimately
improve the diagnostic yield and potentially lead to lower costs when other
diagnostic and treatment areas are included in the consideration of costs. Sensitivity
of mMNGS can be increased by the use of capture probes and more optimal taxonomic
classifications tools. With the information available on resistance mutations and
typing, metagenomic sequencing provides useful data for virus surveillance. Viruses
can be discovered directly from patient samples as exemplified in the beginning of
the SARS-CoV-2 pandemic. In the future, sequencing protocols are expected to be
faster and more applicable, and with improved filtering of genetic host sequences
and addressing causation problems, disease-causing viruses can be differentiated
from the regular virome.

A combined metagenomic sequencing test can be used to detect infecting
organisms, but can be additionally useful for looking at pathogen activity, pathogen
resistance, host transcriptome activity, host pharmacogenetics, genetic inherited
pathogenic defaults of a host, and tumour surveillance. By combining all these data
from metagenomic sequencing, this test has the promise to function as a multidi-
mensional future diagnostic test aiding multiple clinical disciplines.
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