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State of the art and the future of microbiome-based
biomarkers: a multidisciplinary Delphi consensus
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Although microbiome signatures have been identified in various contexts (ie, pathogenesis of non-communicable
diseases and treatment response), qualified microbiome-based biomarkers are currently not in use in clinical
practice. The Human Microbiome Action consortium initiated a Delphi survey to establish a consensus on the needs,
challenges, and limitations in developing qualified microbiome-based biomarkers. The questionnaire was developed
by a scientific committee via literature review and expert interviews. To ensure broad applicability of the results,
307 experts were invited to participate; 114 of them responded to the first round of the survey, 93 of whom completed
the second and final round as well. The survey highlighted the experts’ confidence in the potential of microbiome-
based biomarkers for several indications or pathologies. The paucity of validated analytical methods appears to be
the principal factor hindering the qualification of these biomarkers. The survey also showed that clinical imple-
mentation of these biomarkers would only be possible if kitted and validated molecular assays with simple inter-
pretation are developed. This initiative serves as a foundation for designing and implementing public-private
collaborative projects to overcome the challenges and promote clinical application of microbiome-based biomarkers.

Introduction

Human bodies are complex ecosystems hosting trillions of
microorganisms across various sites, including the oral
cavity, skin, and gastrointestinal tract.'! These microbiomes
perform several crucial functions, such as protection against
pathogens, development of the immune system, mainten-
ance of immune homoeostasis, inflammation control, and
metabolic processes such as vitamin production and
carbohydrate fermentation.* Disruptions in microbiome
composition or function are associated with diseases of
diverse nature.’

Biomarkers are defined by the European Medicines
Agency (EMA) as “An objective and quantifiable measure of
a physiological process, pathological process or response to
a treatment” and by the US Food and Drug Administration
(FDA) as “A defined characteristic that is measured as
an indicator of typical biological processes, pathogenic
processes, or biological responses to an exposure or
intervention, including therapeutic interventions.”*”

The context of use for a biomarker is crucial and involves
the biomarker’s purpose, target population, and setting,
influencing the development of the biomarker and qualifi-
cation studies designed to guarantee the suitability and
reliability of its intended use.®® Biomarkers are pivotal in
health care and medical research; they are used to diagnose
diseases, track disease progression, predict disease risks,
and possibly gauge responses to treatments. Thus, EMA
and FDA have classified biomarkers into various categories,
including susceptibility or risk, predictive, prognostic, diag-
nostic, monitoring, and response biomarkers (definitions for
these are provided in appendix 2 Suppl. table 1).

The journey from discovery to qualification and use of
biomarkers in clinical practice remains a key concern and
involves validation of analytical methods and demonstration
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of clinical relevance.” Method validation assesses accuracy,
precision, specificity, range, and robustness.” Numerous
potential biomarkers are discovered in the microbiome
field every year, but few undergo a qualification programme.
To our knowledge, no microbiome-based biomarker is
currently used in medical practice. However, the potential
utility of biomarkers is acknowledged, notably in disease
diagnostics and prediction of treatment response for
multiple conditions, including inflammatory, neurological,
and metabolic diseases, as well as cancer.''?

For instance, in the context of metabolic or inflammatory
diseases, several bacterial DNA-based (or bacterial
metabolite-based) signatures have been associated with the
development or progression of disease, or both, and could
be considered for a predictive or diagnostic biomarker
qualification programme.'*'* The clinical benefit of
immune checkpoint inhibitors has also been linked to the
presence or absence of distinct intestinal commensals,
leading to the discovery of microbial consortia that drive
clinical response to PD-1 blockade in some cancers.”
This finding has raised interest in microbiome-based
biomarkers for qualification as response biomarkers.
Similarly, medicinal product developers can also rely on
safety biomarkers for demonstrating the safety or efficacy,
or both, of their products. As such, a Microbiome Health
Index for post-antibiotic dysbiosis has been developed with
the objective of understanding and managing the risks of
administering antibiotics.”®

Thus, the human microbiota has great potential for
biomarker research with multiple purposes. Nevertheless,
myriad challenges specific to the microbiome field impair
their qualification, including the paucity of standard,
validated sampling and analytical methods and the need for
large-scale cohorts to identify confounding factors, such as
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environmental influences. These issues lead to biases and
poor study comparability, thereby restricting the potential of
biomarker qualification.!**

To address these issues, the Human Microbiome Action
consortium organised a Delphi survey among experts from
diverse microbiome fields. The Delphi method, known for
its value in driving consensus building, integrates inter-
national and interdisciplinary perspectives to achieve results
that are more robust than the judgements of individual
experts.”>* In the context of the Delphi method, consensus
refers to a collective agreement or convergence of opinions
among a group of experts.?* The Delphi method involves a
series of iterative rounds in which a panel of experts respond
to a questionnaire and justify their responses. The Delphi
method’s ability to harness diverse perspectives, minimise
biases, and generate reliable consensus views is valued in
diverse fields, particularly in health care.

This survey aimed at arriving at a consensus on the
challenges faced in the qualification of microbiome-based
biomarkers, proposing future research and innovation
agendas to overcome these challenges, and guiding
the transition from discovery to qualification and clinical
implementation of microbiome-based biomarkers as an
essential step in strengthening clinical decision making
and drug development.

Methods
Additional details are provided in appendix 1.

Panel generation and statement development

This modified Delphi survey was conducted to garner expert
consensus on the current and future use of microbiome-
based biomarkers, with particular focus on the discovery
and qualification of such biomarkers.** Unlike the
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Figure 1: Delphi survey - analysis plan and number of respondents

(A) Representation of the conversion of answers obtained on a 6-point scale into a dichotomous construct (negative
vs positive consensus). (B) Presentation of the number of experts to whom invitations were sent and the number of
respondents in Round 1 and Round 2.

consensus building method that uses a focus group
approach, the Delphi method is performed in an anonym-
ous manner to avoid the dominance of strong personalities
and to allow for the involvement of a larger number of
respondents and their expertise.

The questionnaire was based on a thorough literature
review followed by semistructured qualitative interviews
with microbiome experts. A total of 17 statements struc-
tured into five main sections covering all the aspects
and challenges in the development and qualification of
microbiome-based biomarkers were drafted and validated
Dby an expert scientific committee. All consensus statements
contained six-point Likert type response categories
(appendix 1 p 1).

To establish the list of potential respondents, a firstlist was
drawn up by the research team members on the basis of
their professional contacts, both in the public and private
sectors. More respondents were invited to participate
through social media communication and public news-
letters. The chief criterion for joining the expert panel was to
be a stakeholder in microbiome-based research or
development.

Data collection

The Delphi survey was managed by an online platform
(ClinInfo), which ensured anonymity of the respondents
(by assigning a number to each respondent) and security of
the collected data (General Data Protection Regulation
compliant platform). The Delphi process comprised two
sessions of online data collection: a firstround (R1)
survey carried out from March 3 to April 11, 2023, and a
second-round (R2) survey from May 23 to June 30, 2023.

Analysis plan

For each statement, consensus was declared as achieved
when agreement was obtained from two-thirds (66-67%) of
the respondents, a cutoff that was agreed upon a priori.
Given the large number of respondents and the diversity of
specialties involved, a consensus threshold of two-thirds
(66-67%) was considered appropriate.” For the agreement
analysis, responses recorded on the six-point scale
were transformed into a dichotomous construct: positive
consensus was defined as the sum of Points 4-6 on the scale
and negative consensus as the sum of Points 1-3 (figure 1A).
As in most Delphi studies, we used a per cent agreement
with a median threshold of 66-67% to achieve consensus.”

Statements that reached consensus in the first round of
voting were not included in the second round. Along
with the second-round questionnaire, respondents received
the aggregated responses obtained in the first round, as per
the protocol of the Delphi method. Statements that did
not achieve consensus after the second round were
considered as non-consensual.

The purpose of the Delphi survey was to obtain feedback
from diverse stakeholders. Therefore, to accommodate
for the diversity of expertise in the pool of respondents, an
“I don’t know” option was made available for all statements.
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A B
Country %
France 27-43
USA 115 I Academic researcher
Germany 7:96 [ Clinician
Belgium 7-96 [ Industry—Research and development department
Italy 7.08 [ Industry—Regulatory affairs department
UK 619 [ Competent authority or HTA
[ Patient organisation
Denmark >31 Il Sequencing or Omics technology equipment developers
Norway 4-42 I Reference material or kit or reagent providers
Canada 3:54 [ Analytical method service provider
Spain 2:65 I Clinical research organisation
Israel 2.65 Il Scientific society
Netherlands 354 I Industry-representative organisation
[ Other
Ireland 177
Sweden 177
Portugal 0-88
Estonia 0-88 o -
Emirates Gastroenterology
Ethiopia 0-88 Hepatology 30
Croatia 0-88 Dermatology 5
Qatar 0-88 Oncology 5
China 0-88 Other 20

Figure 2: Geographical distribution and profession of the respondents to the Delphi survey

(A) Geographical distribution of the respondents. (B) Profession declared by the respondents. The other category included the following professional activities: industry
product management, clinical microbiologist, consultancy (4), solution provider (Medtech), non-profit organisation, provider of consumer microbiome test and food,

government researcher or requlator, and dlinical stage biotech. Within the clinical specialty sub-question, the other category included the following specialties: internal
medicine and infectious diseases, microbiology, surgery, clinical pathology, and general practitioner. HTA=health technology assessment.

For the sake of clarity, levels of consensus achieved per
statement and the non-consensual statements are presented
in the appendix 2 Supp. table 4-7 and 9.

Results

Response rates and panel participation

A total of 307 experts received a personal invitation to access
the survey platform (figure 1B). Among them, 114 (37-13%
response rate) participated in R1, and one of the ques-
tionnaires was invalid (blank questionnaire). Only these
114 respondents were invited to R2. Among them,
93 (81-58%) participated in R2 (figure 1B).

Delphi panel characteristics

The characteristics of the Delphi panel participants (n=114),
including demographics and professional expertise, are
summarised in figure 2. Approximately 80% (n=89) of the
respondents were European and 15% (n=17) were from
North America. One limitation is the low number of experts
from Asia and Africa, an unfortunate but well-known
bias existing in microbiome studies, with the majority of
human microbiome data obtained from high-income
countries.”® The top three types of professional expertise
represented among the Delphi survey respondents were
academic researcher (44-25%; n=50), industry research and
development department (33-63%; n=38), and clinician
(17-70%; n=20), indicating that the respondents had
different backgrounds and came from different types of
organisations within the microbiome field.
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In the first part of the questionnaire, the respondents
were asked to address several queries to assess their level
of knowledge about biomarker definitions and qualifi-
cation procedures (appendix 2 Suppl. table 2) as well as
their awareness about the standards and reference
materials for microbiome-based analytical methods
(appendix 2 Suppl. table 3).

Among the 114 respondents, 24-78% (n=28) were not
aware of both biomarker definitions and qualification
procedures, whereas 40-71% (n=46) declared being aware of
both. Approximately 20% (n=22) had been involved in the
qualification procedure for microbiome-based biomarkers.
Among the 80% (n=91) who had never been involved in such
qualification procedures, the majority (44-25%; n=50) were
envisaging to get involved in the future (vs 36-28% who were
not; n=41). The main reason stated for not being involved in
any qualification procedure for microbiome-based bio-
markers was insufficient awareness of such procedures
(32:97%; n=30), ranking well before paucity of data to
scientifically support the qualification of a biomarker
(21-98%; n=20). A first recommendation can be formulated
on the basis of the results obtained for these survey questions:
the need for more visibility of the qualification procedures for
microbiome-based biomarkers and their dissemination to
and training of various stakeholders (panel 1).

After providing information on the international
standards and reference materials currently available for
microbiome-based analytical methods in a dedicated
section of the questionnaire, the awareness of the
respondents about them was assessed in two survey
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Panel 1: List of recommendations to promote qualification of microbiome-based biomarkers

« Enhance awareness of biomarker definitions, context of use, and qualification procedures.
« Establish dialogue to support qualification of microbiome-based biomarkers to improve clinical practice in several indications or

pathologies.

» Support research projects tackling the challenges in the qualification of microbiome-based biomarkers. These challenges include poor
reproducibility of clinical data, interindividual variation in microbiomes, paucity of metadata, ambiguity in thresholds for healthy or
unhealthy microbiomes, and scarcity of validated analytical methods.

 Raise awareness of existing standards and reference materials in the field of microbiomes and encourage their adoption as
requirements by scientific journals and funding agencies, so as to expedite validation of the analytical methods.

« Establish dialogue between standardisation bodies (such as International Organization for Standardization [ISO] and European
Committee for Standardization [CEN]) and the reference material developers, academic researchers, and clinical end-users, to
align the development of the standards and reference materials in line with the expectations of the microbiome field.

« Establish a dialogue between clinicians, clinical laboratories, and scientists for effectively promoting the use of microbiome-based

biomarkers in clinical practice.

questions (appendix 2 Suppl. table 3). About 30-09% (n=34)
of the respondents did not know the standards for
microbiome-based analytical methods and 33-63% (n=38)
had only heard about them. This result clearly highlights
insufficient awareness about the standards within the
microbiome field. Of note, only 4-42% (n=5) of the
respondents used standards in their practice and only 8-85%
(n=10) were in the process of implementing them into their
practice. As these standards are quite recent, a higher per-
centage of respondents were expected to be currently in the
process of implementing them into their research practice.

With respect to the reference material for microbiome-
based analytical methods, 18-30% (n=17) of the respond-
ents were not aware of it; 9-68% (n=9) had heard of it but did
not know its exact content; and 5-:30% (n=>5) knew of the
reference material but had never used it. About 38-58%
(n=36) of the respondents were not using the reference
material for various reasons, including a total (18-30%;
n=17) or partial (9-68%; n=9) lack of awareness about its
availability, the preference for their own internal controls
(5-30%; n=5), or for no given reason (5-30%; n=5). These
numbers highlight the fact that a substantial proportion of
the respondents had not used the reference material in their
analytical pipelines, which is not compatible with a
biomarker qualification procedure. In contrast, 41-60%
(n=38) of the respondents used the reference material in
their analytical pipelines: 28-30% (n=26) used multiple
reference materials and 13-30% (n=12) used at least one
type of reference material in their analytical pipelines.
Furthermore, 3-30% (n=3) of the respondents were in the
process of implementing reference material in their
analytical pipelines. These results are encouraging and will
certainly bolster confidence in analytical methods, in
addition to promoting the use of validated analytical meth-
ods, a necessary step for qualification of microbiome-based
biomarkers.

Delphi survey results and analysis
The results of the Delphi survey are presented here in five
consecutive sections.

Section 1. The promise of microbiome-based biomarkers.
The data on the association between microbiome modifi-
cation and diseases that are currently available in the
literature make the experts confident (positive consensus)
about the use of microbiome-based biomarkers that
are currently in the discovery stage in the following
indications or pathologies: inflammatory bowel disease
(Crohn’s disease and ulcerative colitis), cancer, metabolic
diseases, and liver diseases (metabolic dysfunction-
associated fatty liver disease, alcohol-related diseases, or
cirrhosis). In contrast, the experts are not confident (nega-
tive consensus) of microbiome-based biomarkers that are
currently in the discovery stage in the following indications
or pathologies: autism, attention-deficit hyperactivity dis-
order, emotional and behavioural disorders, and lung dis-
eases (asthma, cystic fibrosis, chronic obstructive pulmonary
disease, and chronic lung inflammation). Finally, the most
promising context of use for microbiome-based biomarkers
within an area of expertise includes the response suscepti-
bility or risk, monitoring, predictive, diagnostic, or prognostic
biomarkers (see appendix 2 Suppl. table 4 for a detailed
description of the results).

The high level of positive consensus achieved for
microbiome-based biomarkers currently in the discovery
stage for several indications or pathologies validates the
importance of their qualification and clinical implementa-
tion. However, the negative consensus revealed the scepti-
cism of the experts about the promise of microbiome-based
biomarkers in some medical contexts and clearly highlights
the need for generating more data in these areas. The high
level of positive consensus achieved in the context of use of
microbiome-based biomarkers in the first round suggested
a broad-based context of use of these biomarkers.

The high level of consensus achieved for microbiome-
based biomarkers in the discovery stage for several indica-
tions and in their broad-based context of use reinforces the
importance of working on the qualification of microbiome-
based biomarkers to improve their application in clinical
practice in several indications or pathologies. Thus, the
hurdles in expediting qualification of microbiome-based
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Panel 2: Reasons for the current absence of qualified microbiome-based biomarkers

Statements that achieved consensus in this section:

Microbiome-based biomarkers can be different from other types of biomarkers owing to the following challenges or reasons:

« High complexity in analysis and interpretation of results
« High interindividual variability of microbiomes

« No consensus on the definition of a healthy microbiome and dysbiosis
+ Quantification of microbiome-based biomarkers being challenging

« High susceptibility to preanalytical variation
+ High complexity of microbiome analytical methods

» Microbiome analysis methods being expensive and time-consuming

Factors challenging the qualification of microbiome-based biomarkers are:
+ Relevant metadata required for the interpretation of microbiome data being missing or not available in numerous clinical studies

» Poor reproducibility of clinical data
« Interindividual variability of microbiomes

« Scarcity of quantitative data or threshold for defining a healthy or unhealthy microbiome

» Underpowered clinical studies
« Insufficient validation of analytical methods

« Dearth of knowledge about the biomarker qualification programme

« Insufficient resources (time, budget, and human resources)

« Scarcity of incentive for companies to pursue qualification of biomarkers, since qualified biomarkers eventually end up in the public

domain

The following studies would be an appropriate qualification programme for microbiome-based biomarkers:

» Large multicentre studies

« Confirmation by independent clinical studies
+ Prospective interventional studies

» Prospective observational studies

« Studies with increased confidence for analytical methods (in place of increasing cohort size)

biomarkers currently in the discovery stage should be
addressed in future collaborative projects.

Section 2. Reasons for the current absence of qualified
microbiome-based biomarkers. The statements that achieved
consensus in this section are presented in panel 2
(see appendix 2 Suppl. table 5 for a detailed description
of the results). The consensus achieved on the challenges
or reasons why microbiome-based biomarkers can be
different from other types of biomarkers will help to design
and implement robust studies in qualification pro-
grammes (clinical studies with appropriate analytical
methods). Identification of and awareness about these
challenges will help regulatory or competent authorities to
develop appropriate guidelines to support the evaluation
and qualification of microbiome-based biomarkers.
Indeed, owing to these challenges, the qualification dos-
sier of microbiome-based biomarkers can be different
from that of a classic biomarker, to which the regulators are
more accustomed. Furthermore, identification of these
challenges underscores the importance of collaborative
projects aimed at addressing the challenges to increase
the likelihood of more qualified microbiome-based
biomarkers emerging in the future (panel 1)

Of note, a wide range of factors can hinder the qualifica-
tion of microbiome-based biomarkers, including shortage
of resources, insufficient awareness about biomarker
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qualification programmes, and issues in clinical studies
such as reproducibility challenges, insufficient metadata,
absence of criteria for defining a healthy microbiome,
underpowered studies, and absence of validated analytical
methods (appendix 2 Suppl. table 5). In discussing the
suitable qualification programme for microbiome-based
biomarkers, the emphasis is once again placed on the
need for enhancing confidence in analytical methods. This
crucial aspect should be addressed before initiating exten-
sive multicentre studies. Therefore, careful consideration is
essential in selecting and implementing analytical methods
for microbiome analysis, ensuring that appropriate stand-
ards and reference materials are kept in view throughout the
analytical procedures.

Section 3. Analytical methods used to measure potential
microbiome-based biomarkers. Based on the opinion of the
experts (positive consensus), the current analytical methods
that can be considered appropriate for microbiome-based
biomarker discovery are shotgun metagenomic sequencing,
shotgun metagenomic sequencing coupled with metab-
olomics, other multiomics, targeted metabolomics,
amplicon sequencing combined with metabolomics,
untargeted metabolomics, metaproteomics, and shotgun
metagenomic sequencing combined with cell counting
by flow cytometry. The experts also concluded that the
current analytical methods that cannot be considered
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Panel 3: Validation of analytical methods (standards and reference materials)

Statements that reached consensus in this section:

The following points are missing or problematic, or both, in the adoption of such international standards within the microbiome field:

« Insufficient awareness about these standards

» Recommendations for their use not being detailed enough or missing practical details
« Poor perception of the benefit that adoption of such standards represents for the community
« The process of developing standards not involving all types of stakeholders who could benefit from them (academia, research and

development, service providers, medical laboratories, etc)

+ The need for frequent updates to standards so as to follow technological developments

The following points are missing or problematic in the adoption of reference material within the microbiome field:

« Insufficient awareness about these reference materials

« Suitability of the reference material for the specimen (gut, vaginal, oral, skin etc)
+ Poor perception of the benefit that the implementation of such reference material could bring to the reliability of the analytical

methods
« Suitability of the reference material for analytical methods

appropriate (negative consensus) for microbiome-based
biomarker discovery are cell counting by flow cytometry
and enumeration by plate count or most-probable
number (colony-forming unit enumeration).

For biomarker qualification, positive consensus was
achieved for the following analytical methods: targeted
metabolomics, shotgun metagenomic sequencing combined
with metabolomics, shotgun metagenomic sequencing,
quantitative PCR (qPCR), and other multiomics. Only enu-
meration by plate count or most-probable number (colony-
forming unit enumeration) was seen by the experts as a
current analytical method that cannot be considered appro-
priate (negative consensus) for this purpose (see appendix 2
Suppl. table 6 for a detailed description of the results).

Based on these results, fewer analytical methods (only
five) achieved positive consensus in the context of
biomarker qualification, in contrast to those (nine) that
achieved positive consensus in the context of biomarker
discovery (appendix 2 Suppl. table 6). Of note, the qPCR
method achieved positive consensus in the context of
qualification, but not in the context of discovery, which is not
surprising given that qPCR is a targeted technique, neces-
sitating knowledge of the target for the design of suitable
primers. Furthermore, in the context of biomarker discov-
ery, both targeted and untargeted metabolomics achieved
positive consensus, whereas only targeted metabolomics
achieved positive consensus in the context of qualification.
Finally, the amplicon sequencing analytical method failed to
achieve consensus in both discovery and qualification con-
texts. This observation aligns with the ongoing controversy
regarding amplicon sequencing.**

Section 4. Validation of analytical methods (standards and
reference materials). Statements that achieved consensus in
this section are presented in panel 3.

The responses to survey questions (presented in the Del-
phi panel characteristics section) revealed that a low per-
centage of respondents were aware of or using, or both, the
standards and reference materials in the field of

microbiome research. Therefore, these consensus state-
ments are important to understand the deficiencies or
challenges in incorporating such standards and reference
materials in the field of microbiome research (see appendix 2
Suppl. table 7 for a detailed description of the results).

The consensus of the experts shows that the inadequate
implementation of the available international standards in
the microbiome field is mainly linked to insufficient aware-
ness and the development process of the standards, rather
than technical issues or burdens linked to the implementa-
tion of such standards (appendix 2 Suppl. table 7). To date,
four international standards are available (appendix 2 Suppl.
table 8),%* and a practical recommendation could be to
enhance communication and promote awareness about
them and their implementation. A more important recom-
mendation would be that scientific journals require better
documentation of the standards used, ultimately ensuring
their enforcement, as is the case with ethics approval in the
context of clinical trials (panel 1). Another recommendation
could be to ensure that all stakeholders (including
researchers and the industry) are included in the process of
drafting these standards such that they are comprehensive
and meet the needs of all stakeholders (panel 1).

The collective response of the experts highlights a similar
dearth of awareness and insufficient utilisation of reference
material in the field of microbiome research, together
with the poor perception of the benefit of using such
reference material, which are essentially the same limiting
factors as those for standards (appendix 2 Suppl. table 7).
Indeed, different reference materials have been recently
developed (appendix 2 Suppl. table 8). Some of these
materials resulted from collaborative efforts and have even
been evaluated and endorsed by WHO.”** As for the
available standards, a practical recommendation would be to
enhance communication about the available reference
material and its value for both the research community and
industry (panel 1). Another proposal could be to insist on
the necessity for those engaged in microbiome-based
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biomarker discovery and qualification studies to necessarily
use and acknowledge the reference material. Another
key suggestion would be to mandate evaluation of all
research projects as well as microbiome studies submitted
for publication in the light of implementation of existing
standards and documentation of the reference material
used (panel 1).

Other limiting factors are the unsuitability of the reference
material for the specimen (gut, vaginal, oral, skin, etc)
and the analytical methods. This consensus view serves as a
crucial message to be conveyed to developers of reference
material, urging them to align their work with the
expectations of the end users.

In the end, the costs associated with both standards and
reference materials do not seem to be a limiting factor.

Section 5. Clinical implementation of microbiome-based
biomarkers in the future. The experts’ opinion converged on
the view that medical biology or clinical laboratories would
be able to implement microbiome-based biomarker analysis
only if kitted and validated molecular assays with simple,
straightforward interpretation are developed and made
available (appendix 2 Suppl. table 9). This view is an
important point that should be conveyed to both the
research community and assay developers, as microbiome-
based biomarkers can only be fully exploited in clinical
practice when analysis can be performed routinely in
accredited and qualified laboratories (see appendix 2 Suppl.
table 9 for the detailed description of the results).

Furthermore, the experts also agreed by consensus that
medical biology or clinical laboratories do not have the
appropriate protocols, bioinformatics expertise, or expertise
for integration of sequencing data, statistics, and clinical
data (appendix 2 Suppl. table 9) at the moment. If medical
biology laboratories are to be the natural actors imple-
menting microbiome-based biomarkers, appropriate pro-
tocols and support should be provided to them; hence, for
some time at least, they might have to rely on data science
expertise. To expedite clinical implementation of
microbiome-based biomarkers, one possibility would be the
establishment of specialised centres capable of performing
these analyses on behalf of clinical laboratories. However,
their analytical capacity should be aligned with the demand,
to avoid bottlenecks and long delays in analysis, especially
for microbiome-based biomarkers that are to be used in
clinical routine (panel 1). Health-care professionals would
expect tests that can provide results within hours or a few
days.

Discussion and conclusions

This Delphi survey highlighted that microbiome-based
biomarkers are eagerly awaited and are most likely to
become highly relevant for the field in the near future.
The experts are confident about the microbiome-based
biomarkers currently in the discovery stage for several
indications or pathologies but also agree that their context of
use will be broad-based, thereby highlighting the import-
ance of identifying the factors that are hindering the
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qualification of microbiome-based biomarkers and finding
appropriate solutions through collaborative projects and
public precompetitive funding.

Regarding the identification of these limiting factors, the
Delphi survey provides first insights by detailing the
numerous reasons why microbiome-based biomarkers can
differ from other biomarkers. Indeed, the qualification
of microbiome-based biomarkers itself faces various
challenges. Some of these challenges, such as underpow-
ered clinical studies, inadequate knowledge about the
qualification programme, and scarcity of resources and
incentives, are of concern for the classic biomarkers as well.
However, the other factors are specific to microbiome-based
biomarkers, such as poor reproducibility of clinical data,
interindividual variation of the microbiomes, scarcity of
metadata to properly identify and validate biomarkers,
ambiguity about the thresholds of a healthy or unhealthy
microbiome, and paucity of validated analytical methods.
Owing to the specificity of microbiome-based biomarkers,
the field should find solutions to overcome these
challenges through the collective efforts of public or private
precompetitive projects.

One specific problem in the microbiome field is the
unavailability of validated analytical methods. In addition to
hindering the qualification of microbiome-based biomarkers,
this issue has also been mentioned in the literature as being
partly responsible for poor reproducibility and comparability
of microbiome data.’?*” In this Delphi survey, we assessed
the appropriateness of various analytical methods for the
discovery and qualification of microbiome-based biomarkers.
The consensus results considered various analytical methods
relevant for discovery of microbiome-based biomarkers, but
only five remained relevant for their qualification. Some
methods, such as untargeted techniques, appear useful in the
discovery step but were not considered relevant for the
qualification step. Indeed, in these two different phases,
different attributes are sought for analytical methods and only
techniques that can be fully validated are relevant in the
context of qualification.

Implementation of international standards and reference
materials in analytical pipelines is also essential for the
standardisation and validation of analytical methods. The
Delphi survey revealed that the primary barriers to adopting
these tools in microbiome research are a dearth of aware-
ness and an inadequate understanding of their benefits. To
mitigate this issue, communication about these standards
and reference materials should be enhanced among
scientists both in academia and industry, and awareness
should be raised. In addition, scientific journals and
funding agencies should be encouraged, if not mandated, to
enforce the implementation of these tools, to promote their
adoption and effects in the field.

In addition, standardisation efforts have already been
initiated in the past or are underway, such as collaborative
and international research projects (International Human
Microbiome Coordination and Support Action; Inter-
national Human Microbiome Standards) or open consortia
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(International Microbiome and Multi'Omics Standards
Alliance); collaborative efforts for the development of
reference material and products (as examples, two reference
works were endorsed by WHO*** and one FDA de novo
authorised collection device for microbiomes has been
developed*); interlaboratory studies allowing for multi-
centre evaluation of bioinformatic pipelines;***' and
development of specific standards for microbiome studies
by international standardisation bodies (International
Organization for Standardization [ISO] and European
Committee for Standardization [CEN]).3*-

As in the case of recommendations for the adoption and
use of standards and reference materials, other limiting
factors such as their suitability for the specimen (eg, avail-
ability of reference material for different microbiomes: gut,
vaginal, oral, skin, etc) should be brought to the attention of
standardisation bodies (such as ISO and CEN) and
developers of reference material, to align standards and
product development with the expectations of the field.
Indeed, only a wide adoption of these tools will bring a real
added value for the microbiome field.

The Delphi survey envisages marked improvement in
clinical practice with implementation of microbiome-based
biomarkers in clinical laboratories on a regular basis. The
main results also show that clinical implementation of
microbiome-based biomarker analysis would only be
possible if kitted and validated molecular assays with simple
interpretation are developed, given the perceived lack of
expertise (mainly expertise in bioinformatics and integra-
tion of sequencing data, statistics, and clinical data) in
medical biology or clinical laboratories. The need for kitted
molecular assays with simple interpretation is indeed highly
relevant for future research projects and research and
development pipelines of assay developers. Furthermore,
this observation underlines a primordial concept for
research: the most advanced research can help to transform
clinical practice only if it is initially aligned with the needs of
clinicians in their routine practice right from the initial
stages. This concept reminds us of the need to take trans-
lational aspects into account in research projects, to ensure
that research findings are moved from the researcher’s
bench to the patient’s bedside and community.*

In conclusion, the Delphi survey stands as a pivotal
resource, involving international stakeholders of the
microbiome field from both the research and industrial
sectors. The survey offers a comprehensive consensus on
the existing challenges within this field and presents
practical recommendations for improvement (panel 1).
Furthermore, the Delphi survey is not intended to target a
specific category of biomarkers but addresses broad and
generic questions for all microbiome-based biomarkers;
thus, the recommendations are applicable to all biomarker
categories. These suggestions aim to pave the way for the
future qualification of microbiome-based biomarkers. The
insights gained from this survey serve as a valuable
foundation for academia, industry, regulators, and policy
makers. The stakeholders can use these findings to develop

and fund public-private collaborative projects aimed at
meeting or overcoming challenges, to improve the clinical
application of microbiome-based biomarkers. In addition to
clinical benefits, microbiome-based biomarkers can be
associated with economic benefits by allowing for early and
improved diagnosis of diseases, enabling better prediction
of disease progression and therapeutic responses, and
supporting the development of precision medicine."*
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