B Ref. Ares(2025)5506735 - 08/07/2025

ONELA

WP 4- Design, Development and delivery

D4.3 — Diagnostic/prognostic target panel development
workflow and pipeline

WP number and title

4- Design, Development and delivery

Deliverable number D4.3
Version Number 003
Document Reference

Lead Beneficiary UGent

Deliverable type

PU-Document, report

Planned deliverable date

January 2025

Date of Issue

08/07/2025

Dissemination level

CO Commercially confidential CO

B. Van Puyvelde

Authors I. Engels
M. Dhaenens
Contributor(s) UGhent, AMC, BIOX, UIBK
Keywords Biomarkers, LC-MS, GC-MS, GC-IMS.
This project has received funding from the European Union’s HORIZON EUROPE Research and

Innovation programme under grant agreement No. 101073924



Par:i;if an Participant organisation name :Il;:: Type Country
1 Amsterdam University Medical Centre | AMC Clinical Netherlands
2 IANUS Consulting Ltd IANUS SME Cyprus
3 Telesto TEL SME Greece
4 Saitama Medical Centre Hospital SMCH Clinical Japan
5 Harokopio University HUA University Greece
6 Innsbruck University UIBK University Austria
7 Jurrisk JUR SME Belgium
8 IMSPEX IMSPEX SME United Kingdom
9 University of Cyprus ucy University Cyprus
10 University of Pécs upP University Hungary
11 RoboScientific ROBO SME United Kingdom
12 Solgenium OG SOL SME Austria
13 Ghent University UGent University Belgium
14 Panou PANOU SME Greece
15 Institute of International Sociology ISIG Research Italy
16 Johanniter C')ster.reicih Ausbildung und JOAFG First Responders | Austria
Forschung gemeinnitzige GmbH
17 Bavarian Red Cross BRK First Responders | Germany
18 Bioxhale Ltd BIOX SME United Kingdom

Grant Agreement No: 101073924

PU-Reporting

Page 2 of 29



19 Municipality of Hasselt HASS Local Authority Belgium
20 Hungarian Red Cross HRC First Responders | Hungary
21 Region of Western Greece RWG Local Authority Greece
lIschaft fi lytisch
29 Gesellschaft fur analytische GAS SME Germany
Sensorsysteme mbH

Legal Disclaimer

This document reflects only the views of the author(s). The European Commission is not in any way
responsible for any use that may be made of the information it contains. The information in this document
is provided “as is”, and no guarantee or warranty is given that the information is fit for any particular purpose.
The above referenced consortium members shall have no liability for damages of any kind including without
limitation direct, special, indirect, or consequential damages that may result from the use of these materials
subject to any liability which is mandatory due to applicable law. © 2022 by ONELAB Consortium

Grant Agreement No: 101073924

PU-Reporting

Page 3 of 29



Version History

Version No. Date Editor Description of action
001 21.03.2025 BVP Document prepared and structured, loaded to
repository.
002 29.04.2025 Document finalized in a novel framework of the
MD available  biomarkers withing the ONELAB
Consortium

Project advisors provided feedback, which has been

003 14.06.2025 | BVP integrated into this new version

Sensitive Information
The information contained in this document is the property of ONELAB Consortium.
The dissemination level is marked as “PU Report”.

This document may be shared, although care must be taken not to unintentionally disclose
information protective by GDPR.

Requests to share this document should be addressed to the lead beneficiary, who will update the
distribution list and release an updated version with an amended distribution list.

Distribution list
Lead Beneficiary
Authors

ONELAB consortium members

Grant Agreement No: 101073924 PU-Reporting Page 4 of 29



Table of Contents,

b indicates hypertext links in section

WP 4- Design, Development and deliVery...........ccco oo 1
D4.3 — Diagnostic/prognostic target panel development workflow and pipeling ............cccccevvveeee.n. 1
RV =1 o] T 1] (0] 2 SRR 4
LI 1o (=00 ] A0 g1 (=] 01 =TT 5
LIST O FIQUIES ...ttt e e e ekt e e e ettt e e e ab bt e e e e bt e e e e anbb e e e e e nnneeas 6
GlOSSANY QNG ACTONYIMIS .....eiiiiiietee ettt e ettt e ettt e e st e e e st e e e e asbb e e e e s e abe e e e e asbe e e e e annn e e e e e annbeeeesanrnneeeans 7
1. General Principles and definitioNs ...........cc.oooiiiiiiiiiii e 8
O A = 11 QI =2 o o] 1o o SRR 8
1.2 Volatile organic compounds and PEPLIAES ........ccoiiuiiiiiiiiiiie it 8
1.3 Introduction on target panel and biomarker discovery prinCiples .....cccccccvvevveeveviieveieeeeeeeeeene, 9
1.4 Valid analytical Measurement PHNCIPIES ........ceiviiiiiiiiiiiecce e 10
1.5 The importance Of IMING........cccouiiiiiie e e e e e et e e e e e s e enreees 12
2 A fully documented example: de novo peptide biomarker discovery for an LC-MS/MS method
fOr Viral deteCtioN IN @ CLF ...t e et e e e s nnneee s 14
2.1 PHASE 1: Biomarker DIiSCOVErY (COVIMS) ....coiiuiiiiiiiiiiiee ittt 15
2.2 PHASE 1: Biomarker Deployment (COVZMS)........cooiiiiiiiiiiiiie it 17
2.3 PHASE 3: Throughput MaximiZatiON...........cceiiiiriieiiiieeee s 19
2.4 PHASE 4. Pandemic preparedness: Biomarker Discovery and deployment on other viruses
210 I 0 T= L1 0T =T 1 20
2.5 PHASE 5: Extending the assay’s applicability ..........ccccceiiiiiiiiiiii e 23
3 Towards breath DIOMArKEr VOCS ..........ooiiiiiiiiieiiii et 26
4 REFEIEINCES ...ttt 27

Grant Agreement No: 101073924 PU-Reporting Page 5 of 29



List of Figures

Figure 1. Cov-MS Multiple Reaction Monitoring assay development.
Figure 2. High-throughput immune-MRM method for SARS-CoV-2 detection.

Figure 3. Peptide-immunoenrichment can be combined with acoustic ejection MS to greatly increase sample

throughput.
Figure 4. Schematic of the creation of an exhaustive taxonomic map.
Figure 5. Winterplex performance.

Figure 6. Covid-19 mRNA expression

Grant Agreement No: 101073924 PU-Reporting Page 6 of 29



Glossary and Acronyms

%CV Percent Coefficient of Variation

Al/ML Artificial Intelligence/Machine Learning

ATP Analytical Target Profile

CCQM Consultative Committee for Amount of Substance: Metrology in Chemistry
and Biology

cDNA Complementary Deoxyribonucleic acid

CLF Central Laboratory Facilities

CRP C-Reactive Protein

DBS Dry blood spots

DNA Deoxyribonucleic acid

EVAg European Virus Archive - GLOBAL

GC-IMS Gas Chromatography — lon Mobility Spectrometry
International Organization for Standardization/International

ISO/IEC . I
Electrotechnical Commission

LC-MS/MS Liquid Chromatography — tandem Mass Spectrometry

LLoQ Lower Limit of Quantification

LNP Lipid-based nanoparticle

LoD Limit of Detection

MRM Multiple Reaction Monitoring

mMRNA Messenger RNA

NPP swabs Nasopharyngeal Swabs

QconCAT Quantification ConCATamer

RMML Rapid Response Mobile Laboratory

RNA Ribonucleic acid

RT-gPCR Reverse Transcription — quantitative Polymerase Chain Reaction

SAA Serum Amyloid A

TL Task leader

UTM Universal Transport Medium

VAM Valid Analytical Measurement

VOC volatile organic compound

WBS Work breakdown structure

WPL Work package leader

Grant Agreement No: 101073924 PU-Reporting Page 7 of 29




1. General Principles and definitions
1.1 Task Description

This task involves detection of viral infection with a high specificity, and involves the following: (i)
Drawing-up well-defined protocols for the controlled collection of the biological samples from infected
patients for analysis; (ii) Recruitment of patients with respiratory symptoms in hospital emergency
departments; (iii) Detecting asymptomatic infectious viral infection, which will limit the global impact
of a pandemic; (iv) Key diagnostic measurements include standard PCR, but also more state-of-the-
art mass spectrometric, with results ready within hours. To include sputum and swab samples and
monitoring the inflammation panel on dry blood spots; (v) Provision of subsequent prognostic
information to inform risk stratification — progression of the infection to determine isolation,
guarantine, secondary care or release.

1.2 Volatile organic compounds and peptides
Throughout the course of ONELAB, two orthogonal and very distinct biomarker classes were
targeted, relying on different instruments to detect different analytical target panels (ATP) measured
in different laboratory setups and with different finalities:

Biomarkers VOCs Peptides (from proteins)
Matrix e Exhaled Breath ¢ Nasopharyngeal (NP)
swabs
o Dried Blood Spots
(DBS)
Saliva
o Plasma
Analytical instruments e Gas Chromatography — lon e Liquid Chromatography
Mobility Spectrometry (GC- — Mass Spectrometry
IMS) combined with Al/ML (LC-MS)
e Gas sensor combined with
multivariate statistical
analysis
ATP e |dentified VOCs or e Known Pathogen/Viral
volatilomes peptides
o Numerical signatures e Known Inflammation
without identification (a Host biomarker
“breathprint”) peptides
Laboratory setting e Rapid Response Mobile e Central Laboratory
Laboratory (RRML) Facility (CLF)
Finalities e Fast development and e Exact viral identification
deployment e Host response
Binary triage ¢ Risk stratification
e Fastresults (<1h) e Asymptomatic
detection
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By enabling rapid triage, infected individuals can be identified in RRMLs through breath samples
containing VOC biomarkers. This profiling is based on clinical studies conducted by the UIBK, AMC,
UP, and SMCH teams, comparing the breath profiles of patients with confirmed viral infections to
those of healthy controls. Once diagnosed, more detailed clinical analysis will be required in CLFs
based on peptide biomarkers to specify what the viral infection is on e.g. NP swabs, and potentially
to assess the clinical needs of the patient on e.g. DBS. The latter profiling is based on the academic
efforts undertaken by UGent and is published in peer reviewed publications. By its very nature,
biomarker discovery therefore is presented through these academic efforts, in turn requiring apt
understanding of several basic principles outlined below.

1.3 Introduction on target panel and biomarker discovery principles

A biomarker is defined as a naturally occurring molecule, gene, or characteristic by which a particular
pathological or physiological process, disease, etc. can be identified (Oxford dictionary). It therefore
relates, in its broadest interpretation, to a measurable (bio)molecular signal derived from either the
host, or from the pathogen, in case it concerns an infection, as for ONELAB. For long, biomarkers
or target panels were strictly delineated as identifiable small selections of analytical signals that could
equally be interpreted by a human observer. In the context of infection, this is best exemplified by
the use of Reverse Transcriptase quantitative Polymerase Chain Reaction (RT-gPCR), wherein a
unique sequence of nucleotides (e.g. uniquely occurring in SARS-CoV-2) is specifically targeted and
amplified to verify whether it is present in a clinical/diagnostic sample (like a nasopharyngeal swab).

From an analytical perspective, a biomarker represents a (bio)molecule that consistently is present
in different quantities in either the healthy or diseased state. This always implies the interpretation of
a continuous measurement scale, even in the case where a binary present/absent answer is
envisioned. In case of the latter, it involves defining detection limits of the approach upfront on large
sample batches and setting a threshold where a positive signal of the test can be confidently
interpreted as such. Alternatively, when the biomolecule is always present, yet is e.g. consistently
increased/decreased significantly in a diseased state, many samples are required in a prior analytical
assessment to build a statistical framework for calling the signal up- or down-regulated when a next
sample will be measured. In order to define this in an independent measurement, this usually implies
that an internal standard or normalization reference is used.

Irrespectively, the larger the initial analytical space, the higher the chances of picking up one that
consistently and reliably is correlated to the disease state, be it from the pathogen or the host. The
analytical space is defined by (i) the complexity of the sample, i.e. the number of measurable
compounds, and (ii) the instrumental capabilities and peak capacity, i.e. how many different analytes
an instrument can distinguish and measure in a single sample. Overall, it is good practice to target
several of such biomolecular signals during every measurement, to avoid false positive and false
negative outcomes through random and non-random missingness events.

Again, the more “features”, i.e. resolvable signals, in the analytical output, the higher the chances of
finding several of such reliable signals. In turn, this is what has made biopolymers very attractive
biomarkers on the sample side: with each additional building block, the number of potential
combinations inflates exponentially. For DNA and RNA, for example, this implies that with every
additional nucleotide, the number of possible combinations inflates 4-fold. In the case of proteins,
every extra amino acid inflates the number of possibilities a 20-fold. In other words, a sequence of
10 amino acids (an average length for a protein fragment called a peptide) represents 10.24 trillion
possibilities. So, if only one such sequence can be derived from a protein expressed in a virus, like
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the SPIKE protein, it is usually unique and therefore analytically interesting to target as a biomarker.
The same holds for host proteins that are usually increased during inflammation, like e.g. C-reactive
protein (CRP). On the instrumental side, if an analytical technique can distinguish many different
signals, it can more effortlessly find specific ones that are unique to the disease state. In the case of
a liquid chromatography device coupled to mass spectrometry (LC-MS), easily tens of thousands of
signals, i.e. features, are seen in one run, any of which potentially represent an interesting biomarker,
be it from the pathogen or the host.

However, it is not strictly necessary to know what the signals are representing in the physical
world. In fact, especially when only a few (e.g. dozens) features are measured, the size of the
analytical space can still be exponentially inflated by looking at their combinatorial pattern, rather
than to any given single signal. In other words, irrespective of the analytical device, signals are
always numerically reported and the measurement can be approached as a data matrix without
identifying what the numbers represent in the physical world. In this case, the results are referred to
as “fingerprints” or patterns and the diagnostic outcome is a (binary) classification into e.g. infected
and non-infected breathprints based on a combination of the measured numbers. This approach is
becoming increasingly attractive with the uprise of artificial intelligence (Al) and machine learning
(ML), which is particularly well suited to recognize patterns in a numerical data matrix.

Within ONELAB, mobility, speed and throughput have been the developmental drivers for
attaining a diagnostic test that can triage patients in a binary fashion. Therefore, breath analysis is
by far the best suited analytical strategy. Breath is an example of a sample matrix that is not very
complex (the volatilome contains a few dozen VOCs) and it is measured with ion mobility or sensors,
yielding only a few dozen or hundred features. The goal is not to identify those features, but rather
to use their combinatorial complexity to define patterns that can triage potentially infected from non-
infected patients. In turn, this defines the analytical target panel for these analyses as a pattern of
changing features as opposed to a classical biomarker, which is thus best resolved through machine
learning (see Task 4.2 and D4.1). Irrespectively, many scenarios will still require a more precise
diagnosis, whether to identify the specific pathogen or viral strain, quantify the pathogenic burden
more accurately, or assess the host immune response clinically. These challenges are best
addressed using proteins, as their biopolymer complexity meets the necessary analytical demands
and enables exhaustive measurement by LC-MS/MS in a CLF. UGent has demonstrated the
feasibility of these approaches both in past research and throughout the ONELAB project (Van
Puyvelde et al., 2021, 2022, 2024; Van Puyvelde & Dhaenens, 2021).

Here, the development process of the LC-MS/MS assay for peptide detection is referenced
and described in more detail to illustrate how a novel diagnhostic test for pandemic
preparedness can be developed and deployed in a CLF. This serves as an introduction and
guideline for attaining the same through breath analysis by targeting VOCs.

1.4 Valid analytical Measurement Principles

Accurate biomarker measurement can only be done by adhering to the 6 “Valid analytical
measurement” or VAM principles. The VAM Principles were developed as part of the Valid Analytical
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Measurement programme, to set out a philosophy which is appropriate for any laboratory carrying
out analytical measurements. The principles were designed to encapsulate the key issues for
achieving valid measurements and to provide a useful reminder for those already familiar with the
concepts.

Principle 1. Analytical measurements should be made to satisfy an agreed requirement.

For mobile mass community testing with fast deployment aiming at binary triage of patients,
breath is the preferred matrix. To identify the pathogen and assess the host response, more specific
biomarkers are required in the form of peptide measurements on LC-MS/MS.

Principle 2. Analytical measurements should be made using methods and equipment which have
been tested to ensure they are fit for purpose

To detect VOCs in RRMLs, GC-IMS combined with AI/ML or gas sensor combined with
multivariate statistical analysis are best-suited, while the analytical richness of LC-MS/MS is required
to identify and quantify the more specific peptide biomarkers.

Principle 3. Staff making analytical measurements should be both qualified and competent to
undertake the task.

The SOPs provided under WP5 provide the necessary details to train staff for both of these
analytical techniques.

Principle 4. There should be a regular independent assessment of the technical performance of a
laboratory.

All details for such assessment are provided under WP5.

Principle 5. Analytical measurements made in one location should be consistent with those
elsewhere.

For VOC biomarker detection, results will be compared between UIBK, UP, AMC (within
Europe) and SMCH (within Japan) as well as with the breath sensor data from Robo Scientific (if
device is ready for use). The LC-MS/MS peptide detections were extensively compared over many
different laboratories in different manuscripts. A Nature Protocol is currently under revision that
describes such effort specifically for different UK laboratories.

Principle 6. Organisations making analytical measurements should have well defined quality control
and quality assurance procedures.

Quality control and quality assurance procedures are described in great detail in WP5.
Based on this, relevant standards have been developed that help assure the adherence to these
principles. One such example is ISO/IEC 17025:2017, which is the international standard that

outlines requirements for the competence, impartiality, and consistent operation of testing and
calibration laboratories. The key aspects of this guideline encompass:
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Purpose and Scope:
e |SO/IEC 17025 establishes a global benchmark for laboratory quality and reliability.

e |t applies to all types of laboratories, including those performing chemical, biological, and
physical testing.

Competence and Impartiality:

e Laboratories must demonstrate technical proficiency and scientific rigor.

e Impartiality is crucial to ensure unbiased results.
Testing and Calibration Procedures:

e Laboratories must validate their analytical procedures to ensure accuracy and reliability.

¢ Validation includes assessing factors like specificity, linearity, precision, and robustness.
Quality Control and Assurance:

o Laboratories should implement quality control measures to monitor and maintain accuracy.

e |SO/IEC 17025 fosters confidence in test and calibration results both nationally and globally.
Benefits:

o Establishes credibility for laboratories.

¢ Enhances trust among clients and regulatory authorities.

¢ Facilitates cooperation by generating wider acceptance of results between countries.

1.5 The importance of timing

Every diagnostic test relies on thoroughly validated biomarkers. However, during an acute pandemic
phase, there is minimal time or resources to identify novel biomarkers. As a result, society will be
inclined to rely on established testing strategies like RT-gPCR, not only due to its proven track record
but also because a single sequenced genome is sufficient to design multiple effective primer sets
within hours, enabling rapid test implementation. This feasibility stems from decades of RT-qPCR
applications and optimizations. In contrast, other diagnostic assays lack such extensive, community-
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wide optimization efforts, underscoring the need to invest in these developments during inter-
pandemic periods.

This was exemplified by the Cov-MS initiative (Van Puyvelde et al., 2021), where a novel diagnostic
test was developed de novo to counteract reagent shortages that severely impaired testing capacity
early in the SARS-CoV-2 pandemic. As biopolymers, proteins and peptides offer specificity
comparable to RNA, however, LC-MS-based detection is entirely orthogonal to RT-qPCR, including
in instrumentation, reagent requirements, expertise and trained personnel. Consequently, while
overburdened clinical laboratories struggled with testing shortages, dozens of LC-MS instruments in
research facilities across the Western world sat idle as scientists halted their work to go into
lockdown. This orthogonality is a very important principle for assessing the value of a potential new
diagnostic test and it is equally true for breathspec (GC-IMS) analysis, adding this as an obvious
analytical candidate for future pandemics.

In Belgium, within just the second week of lockdown, the first set of COVID-19 patients analyzed by
tandem LC-MS/MS already exhibited a clear and definitive viral signature, without prior optimization,
directly from conventional nasopharyngeal swab samples originally collected for RT-gPCR.
However, as outlined below, developing a fully deployable diagnostic assay with a robust set of
biomarker candidates took over two years. In the three years that followed, with a waning sense of
urgency and limited funding, the assay was gradually expanded to detect additional viruses and
upscaled to process thousands of patient samples per instrument per day. Now, the necessary know-
how, specific reagents, and documentation are in place to deploy this diagnostic test within days to
weeks for the already developed viral targets.

During the current inter-pandemic phase, the biomarker portfolio, i.e. detectable viruses,
should be fully expanded to include all viral strains of concerns as e.g. documented by the
UK Health Security Agency (UK Health Security Agency, 2025). This, however, requires
substantial investment, knowing that many targets may not be immediately needed. In return, a few
dozen viruses and other pathogens could become readily detectable off the shelve, with reagent
production scalability being the primary limiting factor. Given that this reagent production upscaling
is estimated to take another 6 months, the assay could be positioned at Tier-group Prioritisation 4,
where biomarkers are known and validated but reagent production remains limited, or at 5, where
large-scale reagent stockpiling has been completed in advance.
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2 A fully documented example: de novo peptide biomarker discovery for an
LC-MS/MS method for viral detection in a CLF

To illustrate the effort required for the de novo development of a diagnostic assay, we first provide a
detailed overview of LC-MS/MS-based viral peptide detection in NP swabs. During this inter-
pandemic phase, this assay should be expanded to encompass dozens of viral and bacterial targets.
In parallel, the efforts outlined in ONELAB are essential for integrating this technical approach into a
deployable framework while also advancing mobile testing solutions for triage in the early stages of
the next pandemic.

Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT-gPCR) remains the gold
standard for molecular detection of SARS-CoV-2, the virus responsible for COVID-19. This method
is designed for the qualitative detection of viral RNA in respiratory tract specimens and is widely
used due to its high specificity and early adoption in the pandemic. Briefly, RT-gPCR combines two
steps: reverse transcription (RT) and quantitative PCR. First, the viral RNA present in a patient
sample is converted into complementary DNA (cDNA) using the enzyme reverse transcriptase.
Then, specific regions of the viral genome are amplified using PCR. As the DNA amplifies,
fluorescent markers emit signals that are detected in real time, allowing for the quantification of viral
genetic material. The more viral RNA present initially, the sooner the fluorescence crosses the
detection threshold. This makes RT-gPCR both highly sensitive and quantitative, capable of
detecting even small amounts of virus. RT-gPCR assays are also primarily performed on upper
respiratory tract specimens, namely nasopharyngeal swabs due to their ease of collection and lower
exposure risk. Assay performance varies depending on primer/probe design. Multiple commercial
and laboratory-developed tests exist, and while comparative studies show varying sensitivity, all
demonstrate high specificity (typically >99.5%). Cross-reactivity is rare, with SARS-CoV being the
only notable exception. False positives are mainly attributed to contamination during sample
processing.

Hence, RT-gPCR is a robust and specific tool for SARS-CoV-2 detection when proper sampling,
timing, and test protocols are followed. Ongoing evaluation and standardization are necessary to
improve sensitivity, especially in mild or early-stage infections. However, the COVID-19 pandemic
revealed critical vulnerabilities in global diagnostic supply chains. Widespread reagent shortages—
particularly of RNA extraction kits, enzymes for reverse transcription and amplification, and even
basic consumables like pipette tips—significantly hampered testing capacity in many regions. These
shortages underscored the need for orthogonal approaches to ensure sustained diagnostic
readiness during future public health emergencies.

This process encompassed at least five different phases, which were published for community
consultation. For the expert readership, we refer to the publications. For policy makers, the summary
of each of these efforts is provided here as an abstract. Where possible, this is supported by a
graphical summary, which is a schematic overview of the work presented in each of these, with a
legend for clarification. Each PHASE concludes with the lessons learned.
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2.1 PHASE 1: Biomarker Discovery (CovMS)

When the COVID pandemic hit in 2020, UGent started developing a novel analytical approach to
detect the SARS-CoV-2 virus in conventional nasopharyngeal swabs (Van Puyvelde et al., 2021).

2.1.1 Abstract

The pandemic readiness toolbox needs to be extended. Rising population density and global mobility
are among the reasons why pathogens such as SARS-CoV-2, the virus that causes COVID-19,
spread so rapidly across the globe. The policy response to such pandemics will always have to
include accurate monitoring of the spread, as this provides one of the few alternatives to total
lockdown. However, COVID-19 diagnosis is currently performed almost exclusively by reverse
transcription quantitative polymerase chain reaction (RT-gPCR). Although this is efficient,
automatable, and acceptably cheap, reliance on one type of technology comes with serious caveats,
as illustrated by recurring reagent and test shortages. We therefore developed an alternative
diagnostic test that detects proteolytically digested SARS-CoV-2 proteins using mass spectrometry
(MS). We established the Cov-MS consortium, consisting of 15 academic laboratories and several
industrial partners to increase applicability, accessibility, sensitivity, and robustness of this kind of
SARS-CoV-2 detection. This, in turn, gave rise to the Cov-MS Digital Incubator that allows other
laboratories to join the effort, navigate, and share their optimizations and translate the assay into
their clinic. As this test relies on viral proteins instead of RNA, it provides an orthogonal and
complementary approach to RT-qPCR using other reagents that are relatively inexpensive and
widely available, as well as orthogonally skilled personnel and different instruments.

2.1.2 Graphical Summary
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Figure 1. Cov-MS Multiple Reaction Monitoring assay development. The SARS-CoV-2 peptide biomarker discovery
workflow (blue) was initiated in mid-March 2020. Using the recombinant NCAP and SPIKE protein (Sino Biological, Beijing,
China), combined with 20 nasopharyngeal swabs from patients, we applied our recently published data acquisition and
data analysis workflow using machine-learning-based spectral predictions. With the 17 responsive peptides discovered in
this way, a preliminary MRM assay was developed that could classify all 20 blinded patient samples correctly. We then
assembled the Cov-MS consortium (red) comprising MRM experts from academia and industry, a protein standard
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company, and a large computational research group. This consortium was provided a Cov-MS kit containing dilution series
of recombinant protein digests to optimize instrumental parameters and define their limit of detection (LoD). Optimization
of sample preparation assessed alternative transport media and consumables (a) increased digestion efficiency (a’) and
reduced the time investment down to 20 min, and optimization of data acquisition involved 15 different laboratories with
different instrumental platforms (b). These were supported by acquisition specialists from three main instrument vendors.
By centralizing all data (b'), instrument-specific peptide targets could be distilled. Optimization of data analysis centered
around the correlation between MS signal intensity and clinical RT-PCR assay Ct value (c). Peptides with the highest
diagnostic value were filtered out for each medium through machine learning (c'). Additionally, all peptide biomarker
candidates were mapped to the 3D structure of the target proteins and investigated for SARS-CoV-2 strain specificity and
for known mutations in variants of concern. To enable future clinical roll-out (green), a heavy QConCAT internal standard
was synthesized that enables assessing patient sampling quality, sample preparation efficiency, instrumental robustness,
and absolute quantification of the viral load. We validated the optimized workflow on 135 patient samples. Finally, we
established a Microsoft Teams environment (Cov-MS Digital Incubator) to facilitate global collaboration on the translation
of this assay into the clinic. The color-coding in this graphic is used in the rest of the article to indicate in what stage of the
development the results should be framed.

2.1.3 Lessons learned

e Value of Community Collaboration

Effective biomarker discovery greatly benefits from collaborative consortia of analytical laboratories.
Such networks enable the rapid identification and validation of robust, universally detectable analytes
across diverse instrument platforms, each with distinct sensitivities, specifications, and operational
contexts. By running parallel efforts, consortia, like ONELAB, accelerate the validation process,
quickly translating findings into broadly applicable, standardized biomarkers suitable for immediate
clinical implementation.

e Matrix Effects

Different preservation media (e.g., UTM vs. eSwab) significantly influenced assay sensitivity and
specificity, necessitating media-specific assay adaptations. Both sample preparation adaptations
and machine learning can help to score different biomarker candidates in different matrices.

e Translation to Clinical Practice Requires Standardization

When possible, the focus should be on adopting the analytical methodologies to existing sampling
methods, which are already applied in the clinic (e.g. nasopharyngeal swabs used for RT-gPCR), to
lower the threshold for adaptation. While this proved very difficult for peptide detection, our workflow
was improved by incorporating an enrichment step, i.e. peptide immuno-affinity, in the next phase.
Still, heavily infected patients could be triaged within one month after the onset of the pandemic.

e Pandemic preparedness

Efforts toward pandemic preparedness must be proactively initiated well before the emergence of
the next global health crisis. A key element of this preparedness is the strategic focus on priority
pathogens—those with the highest potential to cause widespread outbreaks and disrupt healthcare
systems as e.g. documented by the UK Health Security Agency (UK Health Security Agency, 2025).
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2.2 PHASE 1: Biomarker Deployment (Cov2MS)

In a next phase, efforts were concentrated on further enhancing assay accuracy, sensitivity, and
throughput to ensure robust performance, reliable diagnostics, and efficient scalability for
widespread clinical implementation (Van Puyvelde et al., 2022).

2.2.1 Abstract

The pandemic readiness toolbox needs to be extended, targeting different biomolecules, using
orthogonal experimental set-ups. Here, we build on our Cov-MS effort using LC-MS, adding Stable
Isotope Standards and Capture by Anti-Peptide Antibodies (SISCAPA) technology to enrich
proteotypic peptides of the SARS-CoV-2 nucleocapsid (N) protein from trypsin-digested patient
samples. The Cov?MS assay is compatible with most matrices including nasopharyngeal swabs,
saliva, and plasma and has increased sensitivity into the attomole range, a 1000-fold improvement
compared to direct detection in a matrix. A strong positive correlation was observed with RT-gPCR
detection beyond a quantification cycle of 30-31, the level where no live virus can be cultured. The
automatable sample preparation and reduced LC dependency allow analysis of up to 500 samples
per day per instrument. Importantly, peptide enrichment allows detection of the N protein in pooled
samples without sensitivity loss. Easily multiplexed, we detect variants and propose targets for
Influenza A and B detection. Thus, the Cov?MS assay can be adapted to test for many different
pathogens in pooled samples, providing longitudinal epidemiological monitoring of large numbers of
pathogens within a population as an early warning system.

2.2.2 Graphical Summary
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Figure 2. High-throughput immune-MRM method for SARS-CoV-2 detection.
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2.2.3 Lessons Learned
e Increasing throughput and sensitivity is a time-intensive effort

Development of increasing throughput should be best initiated as early as possible. However, both
biomarker discovery and improvement can now be done at a much faster pace, because of lessons
learned during the COVID-19 pandemic.

o The universal acceptance of a “gold standard” like RT-gPCR is standing in the way of
development of alternative diagnostics

The general consensus amongst clinicians is that RT-gPCR is considered a “ground truth
measurement”, which it clearly proved not to be correct. This concerned is shared by the
Consultative Committee for Amount of Substance: Metrology in Chemistry and Biology (CCQM) from
the Bureau International de Poids et de Mesures (BIPM), the home of the International System of
Units (SI) and the international reference time scale (UTC). Hence, no means and resources were
directed towards potential viable alternatives. This was extensively discussed in the Cov2MS
manuscript: “... there are several concerns with this representation. First, both tests report a
continuous measure rather than a binary outcome and a threshold needs to be chosen to define
“positive” and “negative”, arguably not trivial for either test. In fact, the positivity threshold for RT-
gPCR varies greatly between assays and should probably be set to Ct 31 in light of recent insights
on infectivity (Bruce et al., 2021). Second, the numbers reported in the matrix are a direct function
of the Ct distribution in the patient population tested. Figure S5A illustrates that shifting, e.g., the
positivity threshold of gPCR from Ct 40 to Ct 35 would not impact PPA or PNA because there are
no patient samples in that region. Third, RT-qPCR is not well suited to define the amount of RNA in
copies/mL, with measurements sometimes differing >1000-fold between laboratories (Evans et al.,
2021). MS on the other hand is considered a quantitative and accurate analytical tool, an asset
typically not attributed to other protein detection technologies, such as lateral flow antigen tests (N.
Leigh Anderson et al., 2004). In other words, the Ct reported for a patient can vary greatly and thus
defining RT-gPCR as the ground truth or golden standard does not objectify the comparison. Finally,
there is a potential underlying biological reason why RNA and protein do not completely correlate,
i.e., the stage of infection (Kissler et al., 2021; Mina et al., 2020). Indeed, while RNA and protein
levels will most probably rise in parallel at the onset of infection, it is known that residual RNA can
still be detected over a month following infection when the disease symptoms are no longer apparent
(Bruce et al., 2021; Mina et al., 2020; Piralla et al., 2021).“

e Matrix independence and sample pooling

The strategy adopted in Cov2MS also enables the workflow to be applied to any matrix, including
blood and saliva, and even enables sample pooling without loss in sensitivity. This makes such assay
equally deployable to non-respiratory viruses.

e Screening variants

By targeting a minimum set of biomarker peptides, new variants can also be detected early on.

e Sufficient Analytical capacity
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The Covid-19 pandemic has taught us that there is never enough analytical capacity. The
development efforts during inter-pandemic phases is therefore a necessity.

2.3 PHASE 3: Throughput Maximization

When a pandemic is at its peak, or during mass community testing efforts, the number of required
tests can become extremely high. Therefore, the peptide detection assay was scaled up to many
1000’s of samples a day per instrument, at the cost of sensitivity. Additionally, the same high
throughput approach can also be used to also detect host biomarkers, in this case in blood plasma
(Van Puyvelde et al., 2024).

2.3.1 Abstract

The global scientific response to COVID-19 highlighted the urgent need for increased throughput
and capacity in bioanalytical laboratories, especially for the precise quantification of proteins that
pertain to health and disease. Acoustic ejection mass spectrometry (AEMS) represents a much-
needed paradigm shift for ultra-fast biomarker screening. Here, a quantitative AEMS assays is
presented, employing peptide immunocapture to enrich (i) 10 acute phase response (APR) protein
markers from plasma, and (iij) SARS-CoV-2 NCAP peptides from nasopharyngeal swabs. The APR
proteins were quantified in 267 plasma samples, in triplicate in 4.8 h, with %CV from 4.2% to 10.5%.
SARS-CoV-2 peptides were quantified in triplicate from 145 viral nasopharyngeal swabs in 10 min.
This assay represents a 15-fold speed improvement over LC-MS, with instrument stability
demonstrated across 10,000 peptide measurements. The combination of speed from AEMS and
selectivity from peptide immunocapture enables ultra-high throughput, reproducible quantitative
biomarker screening in very large cohorts.

2.3.2 Graphical Summary
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Figure 3. Peptide-immunoenrichment can be combined with acoustic ejection MS to greatly increase sample
throughput. A) High affinity anti-peptide antibodies (SISCAPA Corporation, Washington DC, USA) coupled to magnetic
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beads extensively purify peptide targets of interest from plasma and nasopharyngeal samples, which after acidic elution
are ready for analysis by AEMS. In this study, the resulting data was used to monitor SARS-CoV-2 infection dynamics on
two sample cohorts. B) In the first step of AEMS, acoustic droplet ejection (ADE) creates a standing wave in a sample well,
and when the amplitude reaches a critical point, a single droplet is ejected. Sample volumes ranging from 2.5 nanoliters
(nL) to hundreds of nL can be ejected with high reproducibility from a 384-well plate. This stream of droplets is captured in
the Open Port interface (OPI) which is a pair of coaxial tubes, where carrier solvent flows through the outer tube and
nebulizing gas draws the solvent through the inner tube to the electrospray ionization (ESI) source creating a solvent
vortex. Acoustic ejection directs sample droplets into this vortex, facilitating rapid dilution and transfer to the mass
spectrometer. Mass spectrometry at high acquisition rates is performed across the sharp ejection peaks for all samples
from a 384-well plate, allowing a peptide to be quantified at a rate of 1-2's per sample. Figure modified from Zhang et
al.(Zhang et al., 2021)

2.3.2 Lessons Learned
o Trade-off between throughput and sensitivity

Intrinsically, analytics work with trade-offs. Increasing throughput comes at the cost of sensitivity.
o Extending target panel to inform risk stratification

If possible, extending the biomarker panel with host biomarkers is very valuable, because it brings
the test into the clinical realm and might help predict disease outcome. Once the biomarker panel is
thoroughly validated, a test’s capabilities can be greatly improved.

e Pandemic Preparedness

The COVID-19 pandemic has shown us that we need to be better prepared. Therefore, it is crucial
to also start the host biomarker discovery process before the next pandemic hits.

2.4 PHASE 4: Pandemic preparedness: Biomarker Discovery and deployment on
other viruses and pathogens

Building on the lessons learned during the pandemic, the next phase within ONELAB focused on
expanding the panel of biomarker peptides to enable detection of a broader range of respiratory
viruses and other pathogens during the inter-pandemic period. This work centres on a multiplexed
assay for the detection of Influenza, RSV, and SARS-CoV-2. While not yet published in a scientific
journal, the results are presented here in a slightly modified format.

2.4.1 Winterplex: Influenza A, Influenza B, RSV and SARS-CoV-2 (Phase 1 and 2)

While Phases 1, 2, and 3 focused on the development of a comprehensive pipeline for biomarker
discovery, validation, and scalable deployment in response to SARS-CoV-2 and its variants, Phase
4 illustrates the adaptation and application of this pipeline to other viral and parasitic threats. This
includes pathogens such as Influenza (e.g., avian flu H5N1), ensuring proactive preparedness for
the emergence of future pandemics. In the framework of ONELAB, Phases 1 and 2 have been
completed for Influenza A, Influenza B, and RSV, and we are currently in the early stages of Phase
2 for Plasmodium.
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In Phase 1, a total of 224 viral isolates from confirmed nasopharyngeal swab samples were collected
between 2017 and 2022 by the Belgian reference laboratory for Influenza viruses, Sciensano, and
were measured using an untargeted LC-MS/MS approach. A taxonomic tree was created based on
all detectable peptides/proteins from a protein sequence database comprising all the available
Influenza genome sequences uploaded to the Global Initiative for Sharing All Influenza Data
(GISAID). Afterwards, 200 samples were measured using a different methodology, with over 90%
accurately classified to the correct subtype.
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For Phase 2, a total of 347 residual clinical NP swab samples confirmed positive for either Influenza
A (HIN1 or H3N2), Influenza B, RSV, or SARS-CoV-2 by RT-gPCR were processed using an
automated sample preparation workflow and analyzed using a 2-min Winterplex iMRM method, as
described in D5.1. Positive Percent Agreement (PPA) and Negative Percent Agreement (NPA) were
calculated for each virus at Ct thresholds of 30 and 25. PPA increased from 80% at Ct 30 to 91.3%
at Ct 25, demonstrating strong concordance in detecting true positives across Influenza A, Influenza
B, and RSV. Meanwhile, NPA remained at 100%, indicating that LC-MS reported no false positives
relative to the RT-gPCR reference standard. These findings reflect the fundamental differences
between the two methods: RT-qPCR detects both infectious and non-infectious viral nucleic acids,
whereas LC-MS identifies specific viral peptides, potentially offering greater specificity for detecting
active infections (Van Puyvelde et al., 2022)
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Both Influenza A target peptides (GVF and MVL) of the Winterplex method yielded strong signals.
Additionally, 80 peptides corresponding to 9 of the 12 proteins uploaded to GISAID were identified,
with over 50% mapping to the Matrix and Nucleoprotein (Shu & McCauley, 2017). To enhance
diagnostic specificity for avian influenza (H5N1 and H7N2), future efforts should focus on developing
antibodies against peptides uniquely derived from avian strains. Leveraging the untargeted data from
the H5N1 isolate, we already identified a candidate peptide associated with Hemagglutinin, which is
notably absent in Human Influenza strains. This selection aligns with the well-documented sequence
diversity of Hemagglutinin and Neuraminidase, which play critical roles in host attachment,
pathogenicity, and viral progeny production (De Graaf & Fouchier, 2014; Jang & Bae, 2018).

2.4.3 Plasmodium (Phase 1 and 2)

Plasmodium remains a major global health challenge, contributing significantly to morbidity and
mortality, particularly in endemic regions such as sub-Saharan Africa, Southeast Asia, and Latin
America. Among the five Plasmodium species infecting humans, Plasmodium falciparum is the most
lethal, largely due to its rapid and prolific asexual replication cycle within red blood cells. In
collaboration with the Institute of Tropical Medicine (Antwerp, Belgium), Phase 1 was conducted
using four residual whole blood samples from symptomatic individuals exhibiting varying levels of
parasitemia (>10,000 asexual parasites/uL), as quantified by gPCR. Untargeted proteomic analysis
identified a unique Plasmodium-derived peptide originating from Histone H4, which showed a strong
correlation with parasitemia levels measured by gPCR. Given that Plasmodium is a blood-borne
pathogen, the erythrocyte fraction was used for pathogen detection, while the plasma fraction was
leveraged to profile the host immune response. In Phase 1, acute-phase proteins such as C-reactive
protein (CRP) and serum amyloid A (SAA) were detected, alongside IgM, indicative of an active
antibody-mediated response. Notably, a strong positive correlation was observed between
parasitemia levels and the abundance of these inflammatory markers, suggesting that higher
parasite burdens elicit a more robust systemic inflammatory response. Phase 2 is currently
underway. Anti-peptide antibodies have been developed and will be employed to validate findings
across a larger sample cohort. Concurrently, in-depth analysis of the plasma fraction will be
performed to further elucidate host response signatures.
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2.4.4 Lessons Learned
o Peptide Biomarker discovery requires extensive measurement

Contrary to nucleotide-based analytical tests, proteomics requires measurement of sample to define
the best biomarkers. In other words, peptide biomarkers cannot simply be predicted from the
sequence, but require extensive measurement efforts. Therefore, ONELAB reached out to another
HORIZON initiative, i.e. EVAg ( ) to obtain samples from all
available viruses and start upscaling Peptide biomarker discovery efforts. Within the framework of
alternative funding opportunities, UGent will try to proceed this effort passed this HORIZON.

o Peptide Biomarker discovery requires advanced data analysis strategies

Classification of viruses into strain taxonomy is an extremely challenging effort on proteomics data
and requires dedicated bioinformatics solutions. These are under development in different labs,
including at UGent and the Belgian National Health Research center Sciensano.

e Strategic choices: broad screening or strain specificity

For Avian flu, one peptide biomarker can be used that was already fully developed in phase 1 and 2
for Influenza A. In other words, upon an avian flu outbreak, the LC-MS/MS assay can be deployed
and upscaled to triage all influenza patients, yet another phase 2 effort is required to specifically
detect avian flu.

2.5 PHASE 5: Extending the assay’s applicability

In the case of the LC-MS/MS assay developed and described here, potential other applications can
proof extremely useful in later stages of the pandemic. We demonstrate for example that it can also
be used as potency assay during mRNA vaccine development (Almey et al., 2025).

2.5.1 Abstract

The COVID-19 pandemic has catalyzed interest in immuno-multiple reaction monitoring (immuno-
MRM) methods, with the detection of peptides unique to the nucleocapsid protein in nasopharyngeal
swabs. While current applications predominantly focus on disease biomarkers, the pandemic has
unveiled new opportunities, namely for the quantification of antigen expression following mRNA
vaccination. Here, we present an optimized immuno-MRM method for quantifying SARS-CoV-2
spike protein fusion peptide, SFIEDLLFNK, for several practical applications. The method is
versatile, applicable to multiple biological matrices, including plasma, and can be extended to
nasopharyngeal swabs. It also offers a high-precision tool for assessing protein expression following
plasmid and mRNA transfection. Moreover, in parallel to enabling accurate antigen quantification,
the flow-through can be used to determine the proteome profile of the infected cells, providing
insights into the intracellular immune response. This dual capability supports the rapid optimization
of MRNA vaccines, thereby driving advancements in vaccine development strategies. (immuno-
MRM) methods, with the detection of peptides unique to the nucleocapsid protein in nasopharyngeal
swabs. While current applications predominantly focus on disease biomarkers, the pandemic has
unveiled new opportunities, namely for the quantification of antigen expression following mRNA
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vaccination. Here, we present an optimized immuno-MRM method for quantifying SARS-CoV-2
spike protein fusion peptide, SFIEDLLFNK, for several practical applications.

2.5.2 Results

To assess protein expression following transfection with mRNA lipid nanoparticles (LNPs), a dose-
response experiment (0—500 ng) using the Pfizer-BioNTech COVID-19 Omicron XBB.1.5 mRNA
vaccine (Comirnaty, New York, USA) on 30,000 HEK293T cells per well was performed. As shown
in Figure 6, measurable SPIKE_SARS?2 protein expression was observed even at the lowest mMRNA
LNP dose (10 ng), though the signal was below the lower limit of quantification (LLOQ), with a %CV
of 131.7%, reflecting the inherent challenges of low expression levels with mRNA transfection.
Increasing mMRNA concentrations led to higher protein expression levels and improved
reproducibility, as indicated by reduced %CV values. Notably, transfection with 200 ng (142.9 fmol)
of mMRNA resulted in the highest protein expression levels and excellent biological reproducibility,
with a %CV of only 13.9%. Using a pure peptide dilution series in elution buffer, we estimated that
transfection with 200 ng of MRNA yielded a spike protein concentration of 24-49 amol/uL in 50 pL
elution buffer, corresponding to a total expressed S protein amount of approximately 1.2 to 2. 5 fmol.
This equates to a transfection efficiency of roughly 1% of the mRNA after 24 hrs of incubation.
Notably, protein expression declined at higher mRNA doses (500 ng), with a similar trend observed
at 1000 ng (data not shown), likely due to saturation of the translational machinery or cellular stress
responses induced by elevated mRNA levels (Wang et al., 2025).

Moreover, in parallel to enabling accurate antigen quantification, the flow-through can be used to
determine the proteome profile of the infected cells, providing insights into the intracellular immune
response. This dual capability supports the rapid optimization of mMRNA vaccines, thereby driving
advancements in vaccine development strategies.

Figure 6. Covid-19 mRNA expression. Transfection

100000 experiments with the HEK 293T cell line. A dose-
response experiment was conducted by transfecting
16000 30,000 HEK293T cells with varying amounts of the
Comirnaty COVID-19 mRNA-LNP vaccine (0-500 ng).

. Following transfection, cells were analyzed for the
presence of the SARS-CoV-2 spike protein peptide

SFIEDLLFNK using LC-MRM. The bar graph shows
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2.5.3 Lessons learned
e Orthogonality of LC-MS/MS for further pandemic mitigation

With only minor adaptations, we have shown that we can sensitively and accurately quantify protein
expression during vaccine development. Two independent pharmaceutical companies have shown
great interest in applying this technology in their development process because of the fast and easy
implementation capabilities.
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3 Towards breath biomarker VOCs

The application hereof is described in D4.2.
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