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“Omics” Era: Genomics

* Microbiome analyses Genomic analysis of uncultured marine 2002
. . .. . viral communities
* Environmental / animal / clinical metagenomics e e el e e s e

* Pathogen discovery

* Public health disease surveillance (outbreak
investigation) Dt ey

vinsses. The virsl hits included tequences from all of the major

famiben of diDNA taded phages. 5 well a5 some sigal viruses.

* Massively multiplex testing applications (detection

of adventitious agents in food/water; blood

screening) | 2019

* Clinical infectious disease diagnosis by Clinical Metagenomic Sequencing
metagenomic next-generation sequencing (MNGS)  for Diagnosis of Meningitis and Encephalitis
* metagenomic sequencing, unbiased sequencing, M.R. W : : Ne
agnostic sequencing, non-targeted sequencing,
shotgun sequencing
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Clinical metagenomic sequencing (MNGS)

* Metagenomics is sequencing all DNA and RNA in a sample
* Don'’t need to know what to look for

* Any virus, bacteria, fungi, parasite in one shot

* Can detect unusual, unexpected, divergent pathogens

* mNGS is increasingly being used in virology laboratories for difficult to
diagnose cases
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Clinical metagenomic sequencing (MNGS)

* Meningitis / Encephalitis: 40-60% unknown cause
* Pneumonia: 15 —-25% unknown cause
* Fever / Sepsis ~20% unknown cause

* Failure to obtain a timely diagnosis leads to delayed / inappropriate
therapy, increased mortality, and excess healthcare costs

* Current main clinical application of mMNGS is meningitis / encephalitis,
but considered useful in a growing number of other clinical syndromes
(pneumonia, sepsis, etc.)
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Diagnostic approach

Single target Syndromic panels mNGS

HSV-1, 2; VZV; ENV, HHV-6...  Gastro panel
(IS): CMV, ADV, EBV, JCV, Respiratory panel All pathogens
Flu, Mumps/Measles Parvo/Rubella/Paraecho

25+ targets, Sufficient specimen? One sample for all
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Astrovirus Encephalitis revealed by mNGS

HAstV-VA1 now a recognized cause of encephalitis in immunocompromised
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“Encephalitic” Astrovirus Clade in Humans
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Neuroleptospirosis revealed by mNGS

* 14y.0. Male, SCID “ ——— ”

* Fever, headache

* 3 hospitalizations in 4 months Actionable Diagnosis of Neuroleptospirosis

*  Progressed to hydrocephalus, by Next-Generation Sequencing
status epilepticus ‘ i)

* 44 daysinICU

* Brain biospsy, induced coma

* >100 tests (inconclusive)

*  mNGS in CSF: : nmie prmo ey
Leptospira santarosai ‘ ‘.,.1 CAE ‘J.J‘, - o=
Leptospira borgpetsrsent e noemom ~ -
g Magpng of 475 Leptospws Reads
unclassified ot

Chromosome | [1.7% total coverage) (n bt cverng

Leptospira interrogans

ks
Propionibacterium acnes : Jhmllhmlﬂdmuldh Lul,uul ulm‘ Lu

Neciostide Pesion long Loptepks bergpetarani Serova n.ngom..c.m
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ENNGS from 2018 to date

* Workshop on viral metagenomics

e 2018: Leiden, NL European Society for Clinical Virology
e 2019: Valencia, ES

« 2020: cancelled due to COVID pandemic = ENNGS

* 2021: cancelled due to COVID pandemic £5CV NETWORK ON NEXT-GENERATION SEQUENCING

* 2022: Antalya, Turkey

* Recommendation paper Part | on wet lab procedures:
Lopez-Labrador et al. J Clin Virol 2021

« Recommendation paper Part Il on dry lab procedures:
de Vries et al. J Clin Virol 2021

* Benchmark of metagenomic pipelines for viral pathogen detection:
de Vries et al. J Clin Virol 2021
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Journal of Clinical Virology 134 (2021) 104691

Contents lists available at ScienceDirect

Journal of Clinical Virology

journal homepage: www.elsevier.com/locate/jcv
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Recommendations for the introduction of metagenomic high-throughput

sequencing in clinical virology, part I: Wet lab procedure

F. Xavier Lopez-Labrador %P Julianne R. Brown °, Nicole Fischer“, Heli Harvala®,
Sander Van Boheemen, Ondrej Cinek %, Arzu Sayiner ", Tina Vasehus Madsen’, Eeva Auvinen’,
Verena Kufner ¥, Michael Huber ", Christophe Rodriguez | Marcel J onges ™", Mario Hénemann °,
Petri Susi”, Hugo Sousa >, Paul E. Klapper ", Alba Pérez-Cataluna*, Marta Hernandez ",

Richard Molenkamp f Lia van der Hoek ™", Rob Schuurman *, Natacha Couto **%,
Karoline Leuzinger *+”, Peter Simmonds “, Martin Beer”, Dirk Hoper ”, Sergio Kamminga *,
Mariet C.W. Feltkamp %, Jesiis Rodriguez-Diaz ", Els Keyaerts ©, Xiaohui Chen Nielsen’,

Elisabeth Puchhammer-Stockl”, Aloys C.M. Kroes E Javier Buesa”, Judy Breuer “, Eric C.

J. Claas ", Jutte J.C. de Vries *, on behalf of the ESCV Network on Next-Generation Sequencing
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Facility / floor plan: requirements for diagnostics

1 Physical separation of reagent preparation, pre

amplification and post-amplification library
preparation.

preparation).
Physical separation of metagenomic library

preparation from sample preparation of series of
positive samples (e.g. for typing), e.g. by using a
dedicated biosafety cabinet (BSC) with restricted use

for metagenomic workflows.

regularly performed for molecular assays.

= ENNGS

Dedicated materials and reagents for each process
(sample processing, library preparation, post-library

Extensive cleaning of materials and surfaces with 10%
sodium hypochlorite and/or ammonium compound
before and after processing, more frequently than
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- (m)HTS and PCR
reagent storage

- Preparation of PCR - RNA/DNA extraction L}
master mix for (TS and PCR 3

- Negative and internal g
control preparation g
]

L}

(]

- Pre-PCR mHTS
library preparation
(ds DNA synthesis,
fragmentation,
adapter ligation)

- Pre-PCR sequence
capture by probes

Lépez-Labrador et al. J Clin Virol 2021
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- Addition of external
positive controls
(working dilution)

- Series of positive
samples for targeted
WGS (e.g. typing)

- Pre-PCR preparation
of series of positive
samples for targeted
WGS (e.g. typing)

- Sequencing

= (m)HTS library
amplification - Library re-

- Regular PCR amplification
amplification - Post-PCR sequence
capture by probes

- Nested PCR

= Gel electrophoresis
of products.

- Virus/bacterial
cultures

- Cloned DNA

— Separate room

= = = Separate workspace

Increase in NA concentration
to he considered
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Sequencing platform: which one?

5 Choice depending on the application and intended use
(metagenomics, whole genome sequencing,
fieldwork).

6 Restrict low output sequencers use for a limited
number of specimens (due to their lower throughput
and multiplexing and deep sequencing capacity).

7 Consider the number of < 1mples per run in relation
with batch-wise sequencing and consequences for turt

round-time
be carefully considered with attention to quality,
safety, transparency and flexibility to desired adapta-
tions of the protocol.

Outsourcing of parts of the process may
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iSeq 100

NextSeq 550 Series ©
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MiniSeq MiSeq Series ©
|
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NovaSeq 6000

PacBio Sequelll

JTRRER,

Assay design and development

8 DNA and RNA can be co

1

extracted or isolated sepa
rately, with HTS results (sensitivity,

coverage), and separaie protocols should be validated

Npact ¢

individually.
9 Avoid the use of high concentrations of carrier RNA
during extraction for RNA mHTS.

10 Advantages of target enrichment should be weighed
against the potential bias introduced by the specific
protocol.

11 SISPA and MDA should not be used when performing

viral metagenomics aiming at quantification of viral
species, since this may result in over- and
underrepresentation of the true proportions for
certain viruses.

12 The minimum number of post-ligation ai catio
cycles should be used, in order to minimize amplifi-
cation bias. \
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DNAseq improves

p plors-sensors

detection of DNA viruses

(and bacteria / fungus / parasite)

Validate enrichment
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Assay design and development

13 The library size distribution should be checked for the p——
expected fragment size, to discard degraded libraries
(excess short fragments) or incomplete fragmentation L A
(excess long fragments). Accurate library b, e

i
[«
'
quantitation ensures adequate library pooling in the .
sequencing run.

14 A no-template control that will undergo all steps from
sample extraction to sequencing should be used in

every individual sequencing run. . . . .
15 More DEOATHERaHvE COnE oM are recommended to Reagents contain multitudes of (bacterial) contaminants

identify sources of potential contamination, such as a Normalize to eliminate background:

library preparation buffer and a pathogen-negative ( Ratio of Patient / NTC )
sequence controls (e.g. phage lambda prepared with
different reagents).

Low / no reads in spiked-in controls =
Low reads (< 5M)

Inadequate DNA data / high background
Inadequate RNA data / degradation?

16 To control for the success of NA extraction,
preparation and sequencing, clinical samples should
be spiked with encapsidated RNA or DNA viruses that
do not infect humans (vertebrates), e.g.
bacteriophages.
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Validation and accreditation

17 The following wet lab parameters in the validation

process should be included in the validation: sample Validation for each sample type: Volume, extraction,
type, sample volume, extraction protocol, library |Ibra|’y prep

preperation protocol.
18 The following sequencing parameters should be

included in the validation process: precision. Sequencing: precision, sensitivity, specificity, LOD
wccuracy of sequence output, sequence depth,
analytical sensitivity, specificity, limit of detection. “/"7“‘\‘

19 Result interpretation: a cut-off for defining a positive N~ (direct dsﬁ:z::)?:g;F testing) (direct o‘;:gtlJ?nICD;;lesﬂnQ)
result (read count, coverage) should be determined Pos Neg Pos Neg

1 on validar iata, e.g. comparison with PCR
, using j | ses. For defining a posi- Pos 32 3 °°'l‘;:t'i‘:‘i;“a' Pos | 27 1*

tive result, use a threshold of tiiree distinctly covered mNGS (direct detection
renome regions after background subtraction based Neg | 8 164 CSFtesting)  Neg | 13 | 164
on negative controls.

20 An external quality assessment programs (EQA sensitivity = 80.0% PPV =91.4% sensitivity = 67.5% PPV =96.4%
should be adhered 1o evaluate the performance of specificity = 98.2% NPV =95.3% apecilciy =00.5% NENRIZI%
metagenomics protocols applied in diagnostic Wilson et al., 2019 N Eng J Med 380:2327-2340
settings, assessing both qualitative (correct pathogen
detection) and quantitative characteristics (target
read numbers). @ Metagenomic Control Material (bacteria)

ATCC
&P = ENNGS Z7QCMD  viral Metagenomics NGS EQA (Q4 - Pilot Study)
i i AT o e
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Validation: sensitivity, cutoff, threshold, contamination

1 20026
a) 1]
10% . p——o——— *®
R jl RNA viruses
0 . B HV | (27,197 reats) detected s s
. A CWV 035% to <100 b R == - — =1 =
g omm”' copies/ml = Y= — — 2> » <
PR 00% - g
§ R=053792 (~ Real-time PCR) 3 -
g (power) Ve
g 001% ——_ o
3 R = 0.09108 DNA viruses
g , 20017% detected 1 9646
g et to ~1000 o ==
- p P copies/ml -
1 - 1 . - £i) Fig. 1. Examples of coverage plots [46] with rue positive mNGS findings (a—c)
L 10 100 1000 10000 100,000 1,000,000 (g‘;gsf(’l:nil:-‘;e:tleg:;ep‘éc'?f) confirmed b\'pPCR in real clinical samples: a) human coronavirus HKU-1, 3951
P reads, 89 % genome coverage, b) human mastadenovirus A, 19 reads, 8%
Spiked Viral Titer (copies/mL, log scale) genome coverage, >3 genome locations, and ¢) spiked-in equine arteritis virus,
14 reads, 5% genome ge >3 genome | i and d) an example of a
Miller et al. Genome Research, 2019, 29(5):831-84. false positive mNGS ﬁl\vh"" ped h ,w- C mpl
contaminant 4 ge but onl
Top bar represents uw:leon\le nllgulueul bottom bm(sl represents amino acid
alignment, green zone: matching sequences
Distribution of reads over the genome is an important parameter for defining a
— ENNGS positive result
de Vries et al. J Clin Virol 2021
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Journal of Clinical Virology 138 (2021) 104812

Contents lists available at ScienceDirect
VIROLOGY

Journal of Clinical Virology

ELSEVIER journal homepage: www.elsevier.com/locate/jcy

Recommendations for the introduction of metagenomic next-generation
sequencing in clinical virology, part II: bioinformatic analysis and reporting

Jutte J.C. de Vries ***, Julianne R. Brown ", Natacha Couto °, Martin Beer °, Philippe Le Mercier*,
Igor Sidorov ", Anna Papa ' Nicole Fischer *, Bas B. Oude Munnink ", Christophe Rodriquez ,
Maryam Zaheri’, Arzu Sayiner *, Mario Honemann ! Alba Perez Cataluna™, Ellen C. Carbo”,
Claudia Bachofen ", Jakub Kubacki ", Dennis Schmitz “, Katerina Tsioka ', Sébastien Matamoros ",
Dirk Hoper °, Marta Hernandez ‘, Elisabeth Puchhammer-Stockl’, Aitana Lebrand °,

Michael Huber’, Peter Simmonds °, Eric C.J. Claas”, F. Xavier Lopez-Labrador "**"**, on behalf
of the ESCV Network on Next-Generation Sequencing
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IT equipment, software, data security and storage

. Given the amount of data and pipelines
for metagenomic analysis, the use of a
cluster server, usually situated within a

dedicated phiysically separated “core” IT

infrastructure facility for central data i i HK2LLDSXX_7074_09-002_001_UDI-23_L004_R1. fastq
processing lacilities is recommended, | |

either accessible directly or via exte FAK96194_5138107d5a8425587f0828dd31f396e3ebd774c4_1.fast5

providers of the analysis pipelines.
Itis lt’LoIl]Ill?lld?d to have written

o

on the ni

Patient data
'*.. BlueBee Protection!

confidentiality and timel
to and use of information. The

agreement should also include the

management of new releases of software A
versions to enable validation prior to aWS
using a new version for patient care, 1\ ~ ) A Azu re
3. NGS FASTQ data and metadata fil
should bc stored with file names and
folders having unique and identifyi
names helpf d sortir
(G n
I i t nisin, )
[Ee——— TN
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Version control (pipeline & database)
5. The reference database should consist of

genomnies that cover ll:r' entire generic
dive vant organisms and
should be curated in order not to contain
any artificial, low-quality or incorrectly
named genome sequences.

v Of u-i:

6. It is recommended to periodically
update the reference databases used for
taxonomic profiling, and to validate thi
update. The frequency of the update is
dependent on the need to classify at
subtype or isolate level, and on the
appearance of novel viruses in the
updated public databases.
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Journal of Clinical Virology 141 (2021) 104908

Contents lists available at Scic

Journal of Clinical Virology

journal homepage: www.elsevier n/locate
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Benchmark of thirteen bioinformatic pipelines for metagenomic virus
diagnostics using datasets from clinical samples

Jutte J.C. de Vries ™ , Julianne R. Brown ", Nicole Fischer“, Igor A. Sidorov ",

Sofia Morfopoulou , Jiabin Huang “, Bas B. Oude Munnink °, Arzu Sayiner ', Alihan Bulgurcu “,
Christophe Rodriguez®, Guillaume Gricourt”, Els Keyaerts ', Leen Beller ', Claudia Bachofen ',
Jakub Kubacki', Cordey Samuel’, Laubscher Florian’, Schmitz Dennis *, Martin Beer ,

Dirk Hoeper ', Michael Huber ", Verena Kufner "', Maryam Zaheri ", Aitana Lebrand ",

Anna Papa”, Sander van Boheemen®, Aloys C.M. Kroes ", Judith Breuer

F. Xavier Lopez-Labrador """, Eric C.J. Claas
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Benchmarking: datasets

* 13 clinical metagenomic datasets, well-characterized samples by PCR

* Patients with encephalitis or respiratory complaints
* CSF (n=4)
* Brain biopsies (n=3)

Nasopharyngeal swabs (n=3)

Nasal washings (n=1)

* Bronchoalveolar lavage (n=1)

* Plasma (n=1)
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Semi-quanitative results, sensitivity
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* centrifuge
DAMIAN

* DIAMOND
FEVIR

® Genome Detective
Jowan

* MetaMix

* One Codex

* RIEMS

* Taxonomer

Virvet

de Vries et al. J Clin Virol 2021

|* mRNA sequencing, 5 RNA/DNA sequencing, and #: a captured approach using probes targeting vertebrate viruse:

-
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Result review and reporting

12. Before reporting, the mNGS data need
to be technically evaluated and
ed, for quality, possible

atorv contraminations and

ausibility.

13. Hits of known reagent contaminants,
misassignments, bacteric =

common (retro)viral endos
sequences should not be reported to
the clinician.

relevant information.

\ ::ENN,GIS_

The result of mMNGS should be reported to the clinician in
a compact format and facilitate decision making

The reports should be comprehensible, but yet easy to
read and contain only clinically relevant or potentially
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User-friendly output formats
GENOME DETECTIVE VIRUS TOO!

RNA-Seq Encephalitis Diagnostics

GOSHmeta

Sep. 102013 105833
1458 0.

Input Data

NS1212-1IMIST8_ST_R1_001 fastq

sstee
Sap. 102013 085502
GOSHmeta)

UCLGNS1212-13M1974.8_S7_R2_001 fast.
"

s768
Sep. 102019 084718
©0SHmetad

=X = metaMix hosted by Bluebee

305H RNA-Seq Encephalits (iag

Sep. 102019110023
Or_Jukanne Brown

LoNs 12

FASTQ

Upload
UCLGNS1212-13M1974.8 ST _R2_001 tastq
-
FASTQ

Upioad

st of cotected spocses [presentSpecies_asspnec e £
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Conclusions

» For some clinical syndromes, such as encephalitis, there is a need to extend the
diagnostic portfolio with mNGS.

» For many others, cost and turn-around-time constraints preclude mNGS of completely
replacing conventional diagnostic testing in the near future.

» Technical, procedural and financial parameters will develop rapidly: future developments
will support the progressive and broad introduction of clinical metagenomic sequencing.

* Bioinformatic software tools and platforms will develop very fast, which will support the
progressive and broad introduction of metagenomic sequencing into Clinical Microbiology
and Public Health laboratories

+ ESCV recommendations are intended to guide laboratories on the implementation of
mNGS and bioinformatics diagnostic workflows.

* Future: Real-time sequencing and simultaneous transcriptome analysis in development

Fundaci¢ €.
Bonmara HEhnicq ¢
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¢ ENNGS network and collaborators = ENNGS

ESCV NETWORK ON NEXT-GENERATION SEQUENCING

European Saciety for Clinical Virology

Jutte de Vries (NL, Leiden, LUMC) Julianne R. Brown, Sofia Morfopoulou and

. . . Judith Breuer (UK, London, GOSH)
Claudia Bachofen and Jakub Kubacki (SW, Zurich, UZ)

Samuel Cordey and Florian Laubscher (SW, Geneva, UHG)
Dennis Schmitz (NL, Bilthoven, RIVM)

Martin Beer and Dirk Hoeper (GE, Greifswald, FLI)
Michael Huber, Verena Kufner and Maryam Zaheri (SW,

Nicole Fischer and Jiabin Huang (GE,
Hamburg, UMCH-E)

Igor A. Sidoroy, Eric C.J. Claas and Aloys
Kroes (NL, Leiden, LUMC)

Bas B. Oude Munnink and Sander van

Zurich, UZ) Boheemen (NL, Rotterdam, EMC)
Aitana Lebrand (SW, Geneva, SIB) . . .
o Arzu Sayiner and Alihan Bulgurcu (TU, Izmir,
Anna Papa (GR, Thessaloniki, AUT) DEU)
F. Xavier Lopez-Labrador (ES, FISABIO-Public Health) Christophe Rodriguez and Guillaume Gricourt
Javier Buesa and Jesus Rodriguez (ES, Univ. Valencia) (FR, Paris, HHM)
Els Keyaerts and Leen Beller (BE, Leuven,
Charles Y. Chiu and Steve Miller (USA, UCSF VDDC) KUL)
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