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Metagenomic sequencing in clinical virology: Chapter 1

Molecular viral diagnostics is based on sequential tests identifying up to a
handful of viruses at a time using polymerase chain reaction (PCR). However,
with over 1,000 virus species known to infect humans [1], it is impossible to test
all these viruses at once in a patient sample using this PCR method. And with
a total presence of 103" virus particles on earth [2] and novel or zoonotic viruses
potentially infecting humans [3], there is a great expectation for a one-test-
catches-all method. Viral metagenomic next-generation sequencing is such
a method, though some early studies have shown a lower sensitivity compared
to PCR [4.5]. The work performed in this thesis investigates the application and
possibilities of viral metagenomic sequencing, further enhancing the accuracy of
this test to make it suitable for application in a clinical setting.

This current chapter will first illustrate the relevance of infectious diseases as a
societal burden and provide a summary of the history of infectious diseases and
sequencing. Subsequently, several applications of sequencing will be explained
with a focus on their utilization in viral metagenomic sequencing.
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Background

Infections and pandemics

Infectious diseases have troubled humankind since recorded history. Tuberculosis
(TB) is perhaps the longest known [€], and the causative pathogen may have already
existed 15,000-20,000 years ago. Additionally, several types of infections have been
described by both Hippocrates and the ancient Egyptians [7], and one of the first
plagues described was the Athenian plague of 430 BC [81. More recent pandemics of
the last century with a large effect on society were the influenza pandemic between
1918-1920 resulting in approximate 50 million fatalities [9]1, and the outbreak of
HIV/AIDs in the ‘80s and up until present day leading to over 38 million deaths [10],
Currently, infectious diseases and pandemics are still a threat, with SARS-CoV-2 as
the causative agent of the latest large known outbreak.

All eukaryote cells harbour small pieces of bacterial DNA in their mitochondria,
demonstrating that infections as encounters between different cells have a very
long history [111, The human genome is composed of 8% viruses due to integration of
human endogenous retroviruses in our DNA [12]1, Additionally, the human microbiome
consists of about 10-100 trillion microbial cells that are permanent residents of the
human gastrointestinal tract [131. These symbiotic interactions with microorganisms
are often ignored until the moment we get afflicted by an infection that will give us
specific symptoms. Infectious diseases are part of our existence; we exist because
they exist, and they exist since we exist, as many of them use the Homo sapiens
species as a host. In addition, pathogen infection and replication are dependent
on population density, with pathogens becoming or remaining endemic in a highly
dense population [14,151, This was already known in ancient history with the Harappan
civilization, in the present day Pakistan, building a brick sewer system before 2000
BC, that probably was intended for proper sanitation [161, With the current increasing
urbanization of the world’s population and ever more travel movements we are more
at risk for infectious outbreaks [17,181,

There are over 1,000 virus species known to infect humans [11, and there are
currently 10% viral particles on Earth [2], of which a small number might be identi-
fied as infectious for humans in the future, and of which some might be zoonotic
viral infections that can potentially infect humans [31. Estimates indicate that up to
60% of human infectious diseases are from zoonotic origin [19], exemplified by the
recent outbreak of SARS-CoV-2 [20]1. Not only infectious diseases can directly affect
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an individual’s health, but they can also have broader consequences. What is often
overlooked is that infectious diseases have also shaped economic, political and social
aspects of our society. Black Death (Yersinia pestis in different forms) is an example
of an infectious disease that impacted society greatly. It was the largest catastrophe
to have ever happened to mankind, resulting in the death of one third of Europe’s
population around the 1300s [21,22], | arge outbreaks did not only have deleterious
effects but also resulted in improvements in health care, and pushed the need for
epidemiologic insight in prevention, immunity and antimicrobial treatment [8]l. The
SARS-CoV-2 outbreak also necessitated an urgent update of our surveillance of the
infection in all details, and therefore viral DNA sequencing needs [23-25],

Infectious disease burden

Worldwide, the leading cause of death is thought to be ischemic heart disease
with a crude death rate (CDR) of 115.3 per 100,000 individuals in 2019 [26] (Figure
1). However, when taking infectious and parasitic diseases into account and all
lower respiratory infections, the combined death rate is 100 per 100,000 individuals,
illustrating the impact of infectious diseases on human health. Underestimations of
infectious diseases have been common due to absent or inconsistent surveillance,
identification, and registration by healthcare organizations [271. This problem can
be larger in underdeveloped countries where infectious diseases are more frequent
than ischemic heart diseases. The latest disease burden statistics presented by
the WHO date from 2019, and are excluding an estimate of over six million deaths
worldwide due to the outbreak of SARS-CoV-2 [28], SARS-CoV-2 epidemiological
data published in 2021 showed a crude death rate of 81.7 per 100,000 individuals
in the Netherlands and 180.9 per 100,000 individuals in Belgium, further increasing
the infectious disease burden [29], Infectious disease are also part of the cause for
diarrhoeal diseases and can cause cancer, with estimates of approximately one in six
cancers having an infectious origin [301, With cancer having a combined total CDR of
120.6 [26], another 20.1 deaths per 100,000 would be linked to infectious disease for
a total of approximately 120 deaths per 100,000 -surpassing ischemic heart disease,
and illustrating the impact of infectious diseases have on human health and the
importance of studying this topic.

Microorganisms and metagenomics

In 1677, Dutch merchant Antonie van Leeuwenhoek wrote in his letters to the Royal
Society about ‘concerning little animals’ he observed in several materials using one
of his own custom-built microscopes [31], which must have been the first visuali-
sation of individual bacteria. After this first known recognition of microorganisms,
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it took two more centuries before Robert Koch developed new methods to grow
microorganisms. Koch isolated and pinpointed a bacterium to cause tuberculosis:
Mycobacterium tuberculosis [32,33]1 and formulated criteria for establishing the
causality of a microbe (Koch’s postulates) [341, Shortly afterwards, in 1898, Martinus
Beijerink, who received his doctorate at the University of Leiden, discovered
the tobacco mosaic pathogen. Martinus Beijerink called it a ‘virus’ and he is now
considered as one of the founders of virology [35I.

Ischaemic heart disease | 1153
Lower respiratary infections + infectious and parasitic diseases — 100,0
Stroke 804

Chronic obstructive pulmonary disease
Neonatal onditions
Trachea, bronchus, lung cancers

Alzhei i other
Diarrhaeal diseases

Diabetes mellitus |— 19,4

Kidney diseasas 173
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Figure 1. Disease burden worldwide: Top 20 causes of death worldwide.

Data adapted from World Health Organization, last presented for the year 2019 [26], therefore death cause
data excludes a majority of COVID-19 deaths. Crude death rate (CDR) associated with infectious diseases are
shown in red. CDR of lower respiratory infections and infectious and parasitic diseases is the total number
including the CDR of Tuberculosis and HIV/AIDS, therefore the CDR of these individual diseases are masked.

Another century later Carl Woese distinguished the different biological kingdoms
using the common 16S ribosomal RNA gene present in prokaryotes. Because
this region is quite well preserved amongst species, it is a good basis for phylo-
genetics [361, From this moment the prokaryotes were distinct in the tree of life and
later 16S amplicon sequencing was marked as the start of microbial sequencing.
This was achieved first by means of Sanger sequencing, simply by looking at short
limited sequences at once and later using next-generation sequencing looking
at a high number of sequences at once. In 1996 (Stein et al. 1996) sequenced
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Figure 2. Timeline with milestones in microbiology and sequencing.

Above: important events over time in microbiology, virology and metagenomics, and below: milestones in

molecular genetics and sequencing. Adapted from the timeline of the study of Escobar-Zepeda et al. [40]
Created using Biorender.com.



10

Metagenomic sequencing in clinical virology: Chapter 1

Hawaiian ocean water to look at all the genomes in a sample [37], pioneering the
field towards metagenomics, though the name metagenomic sequencing was coined
in 1998 when Jo Handelsman used the term metagenomics in one of her studies [38],
meaning sequencing all metagenomes present in a sample (see Figure 2). The first
metagenomic analysis of the uncultured viral community present in human feces
was studied in Breitbart et al. in 2003 [391,

History of sequencing

Just before Robert Koch isolated and pinpointed a specific disease-causing micro-
organism, Friedrich Mietscher was able to discover and isolate DNA from cells for
the first time in 1869. He first observed there was another structure with different
kind of characteristics [41]. James Watson and Francis Crick proposed that the DNA
structure consisted of a right-handed helix composed of two anti-parallel DNA
strands [42]. Rosalind Franklin in her fellow research on the molecular structure
of RNA/DNA and her X-Ray diffraction work provided insight in this structure that
enabled them to publish this work [431. Many attempts were undertaken to sequence
DNA to determine the order of nucleotides, and Robert Holley in 1965 sequenced the
first transfer RNA extracted from yeast [44l. Shortly after, in 1968, Crick published
the genetic code behind all the different amino acids [451.The first gene of which the
complete nucleotide code was deciphered was that of a virus, as in 1972 Walter Fiers
from Belgium sequenced the first gene of bacteriophage MS2. The first sequencing
protocol consisted of digesting the virus RNA into small pieces and then separating
them on a gel [46], Frederick Sanger in 1977 developed Sanger sequencing based on
a chain termination method that generates partially fragmented DNA, each fragment
with a radiolabelled termination, enabling the sequence to be constructed [47]
Sanger also used this method to sequence and determine the nucleotide order of
the first genome ever, a virus, bacteriophage PhiX174 [481, Up to this day, PhiX174 is
a virus that haunts genetic research in every sector, since one of the large sequence
companies, lllumina, advises to sequence this virus in every run for a quality control
check; indirectly leading to contaminated assembled genomes being uploaded to
public databases, including parts of this PhiX174 genome [49]. |t was also in the
group of Sanger where there was the first need for computer processing of DNA
data [501, whereas computer processing of biological data, bioinformatics, was
previously mainly still applied in the protein field with Margaret Dayhoff probably
being the first bioinformatician [501,

In 1985 Kary Mullis developed the PCR, a method we are still currently using [511,
Merely one year later Leroy Hood and Michael Hunkapiller automated the Sanger
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sequencing method making sequencing possible in a quicker way [521, In order to
expand sequence capacity, pyrosequencing was introduced in 1996 [531 as the first
high throughput or next-generation sequence method.

Next-generation sequencing (NGS)

The development of massively parallel sequencing contributed to the first drafts of
the human genome in 2000 and 2003 [54-56]1, Sanger sequencing was subsequently
used to sequence Craig Venter’'s genome for 100 million dollars, while resequencing
James Watson’s genome was less than 1 million dollars using NGS [54,571, Around
that time several other companies also started to use a similar method for NGS:
Solexa in 1998 (later acquired by Illumina); 454 in 2005 (acquired by Roche in 2007);
SOLID in 2007; and the lonTorrent system of Life Technologies in 2001 [581,

While NGS methods first aimed at sequencing short sequence fragments, the new era
of NGS sequencers focuses on single molecule sequencing, first described in 2009 [59],
With this technique performed now by Pacific Biosciences (PacBio) and Oxford
Nanopore Technology (ONT), a complete genome can be sequenced in one single run.
These longer sequence reads greatly improve assembling novel genomes [601. In 2015
a complete bacterial genome was assembled using the ONT method [611. And only in
this year, 2022, the complete human genome has been finally completely sequenced
by means of several different sequencing methods including Illumina, PacBio and ONT
filling in the last blanks of the human genome that still currently existed 621, Whereas
sequencing Watson’s genome first had a price of $1 million, in 2014 the 1000-dollar
human genome became available 631, Sequencing costs are still declining, and in
2020 the author of this thesis paid €300 for privately sequencing her whole genome
and since this year, 2022, the $100 human genome is available [641,

The need for informatics in biology: bioinformatics

With the growing number of sequence reads that need interpretation, bioinformatics
becomes of vital importance. Bioinformatics started with protein analysis [50], as
Margaret Dayhoff, ‘the mother and father of bioinformatics’, used punched-card
business machines to establish molecular energies of organic molecules as these
calculations could not be handled on regular calculators [651, Together with Robert
S. Ledley she developed a way to use computational resources in order to establish
protein structure. The software ‘COMPROTEIN’ running on a IBM7090 needed for
this was written in FORTRAN on punch cards (see Figure 3), and it bears resem-
blance to current de novo sequence assembly methods [66]1, She also developed the
one-letter amino acid codes that we still use today [671.

1
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Figure 3. The first bioinformatics software.

(a) Overview of COMPROTEIN. COMPROTEIN used peptide sequences as input and gave a consensus
protein sequence as output. Created using Biorender.com. (b) FORTRAN punch card. COMPROTEIN was
written in the language FORTRAN, only one line of code could be punched per punch card. (c) An IBM
7090 mainframe that could run COMPROTEIN.

Two decades later came the need to use computational methods to aid the analysis
of nucleotides for comparisons, calculations and matching patterns [68l. Roger
Staden wrote the first software to analyse DNA data from Sanger sequencing. His
software looked for overlap between gel reads, to join reads into contigs, and to
annotate sequence files [69], He also extended the DNA alphabet with codes for
when base calling could quantitatively not be correct, and this is now recorded in the
official nomenclature for unclear bases in sequences [70]1, Roger Staden’s software
can currently still be downloaded [71],

Next-generation sequencing in clinical settings

Nowadays, utilizing sequencing within a clinical setting is common practice within
human genetics and pathology, but its use in microbiology still lags behind. In
clinical genetics, the identification of the first disease causing mutations were
explored mid-20th century. Linkage analysis was suggested to make a connection
between a genome locus and a disease [72], for instance the Huntington disease
gene in 1983 [731, In 1986 the first gene CYBB was linked to a chronic granulomatous
disease without exactly knowing what the function of the gene was [741. In 2009,
an autosomal dominant mutation was found to be causal for Freeman-Sheldon
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syndrome [75]1. Shortly after, whole exome sequencing became common to find
causes for autosomal recessive diseases [761. Whole genome sequencing, having
a larger horizontal genome coverage of the entire human genome, is since 2010
also used for finding disease causes [771,

In microbiology, the first attempt for metagenomic sequencing in Hawaiian
ocean water was already undertaken in 1996 [37]1 and whole viral genomes were
sequenced in 2004 (78], Sequencing was not popular in a clinical setting, due the
wide availability of fast traditional methods to identify pathogens. In clinical virology,
viral culture, PCR, or serology testing were used to detect ‘known’ viral pathogens,
and later, multiplex PCR reactions were used to detect several viruses at once.
Viral metagenomics, investigating all viral nucleotides from an often uncultured
sample, made it possible to identify novel and unexpected but previously identi-
fied viruses [79,801, Viral metagenomics, testing in an unbiased and agnostic way,
has been suggested as a powerful tool for virus discovery in a clinical healthcare
setting [81], Viral identification and discovery are in great need, with a constant threat
of zoonotic virus transfer and an estimate of at least 320,000 mammalian viruses
that still need to be discovered [821. In the beginning of the recent pandemic, it was
a viral metagenomic technique that identified the disease-causing viral pathogen
directly from patients’ material, and established the genome at once [23,24],

Clinical viral metagenomics

Sequencing all genomes in a sample at once

Metagenomics enables detection of all the genetic material of organisms present ina
sample, making it a pathogen-agnostic approach for detecting common and rare or
novel pathogens that are not included in conventional testing. Beforehand, a clinician
does not need to have a hypothesis of what pathogen is expected, unlike tradi-
tional PCR testing. Another benefit is that this technique enables investigation of
multiple species at once (Figure 4). The first case reports on the identification of viral
pathogens in patients by means of metagenomics focused mainly on encephalitis
patients [83-95], Immunocompromised patients are of specific interest as they are at
increased risk of infections by unexpected and novel viruses and bacteria without
having regular symptoms [83,961, |[n 2019, two prospective clinical utility studies
were performed and published where viral metagenomics was used in parallel with
conventional diagnostics [97,98]. These findings demonstrated that viral enrichment
was beneficial for virus detection improving the potential for diagnostics [97,99-101],

13
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Figure 4. Overview of PCR and (targeted) metagenomic sequencing methods.

An overview of three methods for viral pathogen detection in a sample containing host cells and microor-
ganisms. a) Conventional singleplex PCR testing of just one virus target at a time, though in a multiplex
test several PCR tests can be combined to test multiple viruses at once b) Targeted viral metagenomics,
using viral probes to capture only certain viral sequences after library preparation, ¢) Sequencing all
genetic material in a sample using shotgun metagenomics, so all pathogens/species/genetic host material
is available after data analysis. Created using Biorender.com.
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While the genomes of viruses are sequenced, information about the type/subtype is
often additionally available as well as information about resistance mutations.Another
benefit of metagenomics is that a virus will not be missed due to mismatching
primer pair sequences in cases of virus mutations in the primer regions. Recently,
metagenomics has shown to be useful for the discovery and classification of the
SARS-Cov-2 virus directly from patient material [24,25],

Increase in diagnostic yield

The additional diagnostic yield of metagenomic sequencing reported in literature
is 28.73% (Cl 19.80-37.63), with diagnostic yield defined as finding a potentially
causative pathogen by means of metagenomic sequencing after initial/diagnostic
standard tests were negative for a pathogen. The numbers are based on a systematic
review and meta-analysis (Figure 5) performed by the author of this thesis and the
metagenomics group. Forty-seven studies were included for systematic review,
of which 27 studies were selected that targeted potential causative pathogens
by means of metagenomic sequencing after the initial or diagnostic testing was
negative in patients with a wide range of clinical syndromes [97,98,102-126],

Viral metagenomics laboratory protocol

For viral metagenomic sequencing, nucleotides are first extracted from a sample of
RNA, DNA or both. Then in most cases RNA is converted into DNA by means of cDNA
synthesis. In the beginning of the library preparation, genetic material is fragmented,
after which the sequences are end-repaired and ligated with adapters needed for
sequencing (Figure 6). The nucleotide sequences are ligated with barcodes to differ-
entiate samples after sequencing. Usually, library preparation protocols involve
amplification of the prepared libraries [83,97,98,128-132] \When no special filtering or
additional target probes are used, this is called shotgun metagenomics (Figure 4). If
required, steps can be undertaken to filter out more human cells, or ribosomal RNA
before the library prep either via centrifugation or additional prep kits [133-1371, After
the library preparation it is also possible to use a targeted probe kit designed to
capture specifically viral sequences [100,103,133,138]

The highly sensitive PCR procedure is the gold standard to establish whether a virus
is present in a given sample, and currently it is a challenge to establish a similar
sensitivity using metagenomics. Due to highly abundant host material and micro-
biome, viral pathogen sequences are like the proverbial needle in a haystack and
sensitivity remains to be improved. Additionally, it is common to detect contami-
nating microbial genetic material from reagents specifically used in test kits, the

15
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‘kitome’ [139,1401, The current protocols are expensive and time-consuming [141] and,
due to the complexity, not every lab can perform this method of sequencing [140,142],

Research was needed to further improve the viral metagenomic test sensitivity and
reduce the amount of background (host) sequences and contaminating sequences.
Due to the limited number of studies presenting data on the diagnostic yield of the
test, additional patient cohorts with specific clinical syndromes needed to be tested
to investigate the yield in different populations. In addition, the potential for virus
discovery straight from clinical samples, while utilizing viral metagenomics, had to
be tested for accuracy and applicability.
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Figure 5. Meta-analysis of studies using metagenomics as a diagnostic tool to detect
infectious diseases, in patients with a wide range of clinical syndromes.

Derived from author’s unpublished data of a systematic review on viral metagenomics and diagnostic yield.
A search in PubMed was conducted and reference lists were searched in December 2020, of which 644
studies were obtained. Of the 644 studies, microbiome/virome studies, technical validation studies,
reviews, opinion papers, studies in other languages than English, case reports, and studies with sample
number <7 were excluded. Forty-seven remained for systematic review, 27 identified potentially causative
pathogen by means of metagenomic sequencing after the initial or diagnostic testing was negative. A
random effects meta-analysis was performed given the heterogeneity of the 27 papers using JASP [127],
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Figure 6. Steps in our current metagenomics NGS protocol applicable in a clinical setting.

Library preparation protocol as performed in this thesis starts after extracting all nucleotides of a clinical
sample with enzymatic fragmentation, cDNA synthesis and 2nd strand synthesis. Next, A-tailing of the
sequences is carried out and adapters are ligated to the blunt ended A-tailed overhang. A PCR enrichment
step is carried out and sample specific barcodes are added to the sample.

To select viruses and minimize sequence reads of other (host) species, a viral probe enrichment can be
carried out, though samples could also be sequenced for a shotgun approach without probe enrich-
ment. Sequencing is carried out on an Illumina sequencer followed by bioinformatic data analysis using a
taxonomic classifier for virus identification. Created using Biorender.com.

Viral metagenomics data analysis

The large amount of data that needs to be handled after generation of sequence
reads is often a bottleneck, since specifically trained personnel, hardware (both
sequencing platform and computing methods) and software is required. Data
analysis of up to millions of sequence reads usually starts with removing bad quality
seqguence reads and sequence adapters. These adapters are DNA fragments that aid
sequencing but do not provide information about the original content of the sample.
It is optional to first filter out host material by means of mapping to the human
genome or to first assemble reads into genome parts called contigs. Thereafter, read
classification takes place by a taxonomic classifier to lay out the virome present
in a sample. If one is additionally interested to zoom in at the genome of specific
viruses that were detected, immediate mapping against the reference genomes can
be performed, followed by variant calling analysis if more specific characterization
is needed. If the user is interested in completely novel viruses, a de novo assembly
step can be performed after the first step.
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Bioinformatic sequence analyses tools are mainly orientated on human genetics
and most taxonomic classification tools have originally been designed for bacteria.
Therefore, analysis and optimization of sensitivity and specificity specifically for viral
metagenomic testing is needed. Furthermore, the impact of filtering out host reads
on accuracy needs to be investigated for viral metagenomics, and the possibilities
for quantification and typing by means of NGS.

Thesis aim

The research in this thesis has several aims. Firstly, establishing the diagnostic yield
of viral metagenomics in specific patient populations: patients suspected of enceph-
alitis and travellers returning with febrile illness. Secondly, the identification, typing
and quantification of viruses by means of viral metagenomics as a diagnostic tool is
evaluated. Another aim is to improve sensitivity and specificity of the wet and dry
(bioinformatic) lab components of viral metagenomics, in order to achieve a better
performance of the method in clinical practice.

Lastly, we investigated the best methods and approaches of performing genetic
analysis of just one viral genome.

Outline of this thesis

This thesis is focusing on diagnostic yield, clinical findings and enhancing technical
opportunities in viral metagenomics. Chapter 7 and 8 are devoted to whole genome
sequencing of one specific viral genome by means of metagenomics, and a
comparison of sequencing methods of SARS-CoV-2.

Chapter 2 is focused on the estimated diagnostic yield, the number of extra viruses
that can be found using metagenomics after traditional test remain negative in
cases of meningoencephalitis. In this invited review, the technical and bioinformatic
advances of viral metagenomics and the remaining challenges are explained.
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To further enhance sensitivity, shotgun metagenomic sequencing and sequencing
with viral capture probes was compared in a cohort of encephalitis patients with a
known virus in chapter 3. In this chapter, an additional cohort of adult and paediatric
hematological patients without etiologic agent detected by conventional assays was
assessed using metagenomic sequencing.

Chapter 4 describes a metagenomics protocol with viral capture probes that was
applied on a cohort of international travellers with febrile illness. We focus on
confirming and typing of the original positive test results, and on detection of viruses
that remained undetected using traditional assays.

Almost a billion sequence reads generated for 88 respiratory samples were used
to assess the performance of various bioinformatic taxonomic classification tools
based on the original gPCR results in chapter 5.

In chapter 6 a metagenomics protocol is applied to quantify the number of viruses
in transplant patients over the course of the disease. Thus, in addition to establishing
the type of virus, the number of viral particles was assessed.

In order to assess the performance of a metagenomic protocol for virus discovery
directly in a patient sample, viral metagenomic sequencing is performed on clinical
samples containing SARS-CoV, MERS-CoV and SARS-CoV-2 with viral databases
from the time of original discovery. In chapter 7, we explain the process, and the
steps taken for virus discovery in a clinical setting.

In chapter 8 it is described how SARS-CoV-2 samples were handled by one
metagenomic sequencing and four amplicon-based WGS protocols of three
different sequence platforms to assess the performance for analyses of this one
specific genome.

Chapter 9 contains the general discussion on the methodological breakthroughs,
remaining challenges in viral metagenomics and viral sequencing. In addition, the
future opportunities for metagenomic NGS in the future viral or molecular diagnostic
laboratories are discussed.
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