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CONSENSUS PANEL RECOMMENDATIONS FOR THE
SCOPE OF PROBIOTICS

Box 1 | Consensus panel recommendations for the scope of probiotics

Retain the FAO/WHO definition? for probiotics, with a minor grammatical
correction as “live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host”; inconsistences between the
Expert Consultation® and the FAO/WHO Guidelines? were clarified

Include in the framework for definition of probiotics microbial species that have
been shown in properly controlled studies to confer benefits to health

Any specific claim beyond “contains probiotics” must be further substantiated
Keep live cultures, traditionally associated with fermented foods and for which
there is no evidence of a health benefit, outside the probiotic framework

Keep undefined, faecal microbiota transplants outside the probiotic framework
New commensals and consortia comprising defined strains from human
samples, with adequate evidence of safety and efficacy, are ‘probiotics’

Abbreviation: FAO, Food and Agriculture Organization of the United Nations.

«LIVE MICROORGANISMS
THAT, WHEN ADMINISTERED
IN ADEQUATE AMOUNTS,
CONFER A HEALTH BENEFIT
ON THE HOST»

Hill et al., Nat Rev Gastroenterol Hepatol. 2014
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MECHANISTIC
INTERACTIONS
BETWEEN PROBIOTICS
AND THE HOST AND ITS
MICROBIOME

v" Metabolism of nutrients
v" Direct and indirect pathogen antagonism
v Improved barrier function
v’ Alteration of the microbiome
v' Change of signaling to the nervous system
v" Immunomodulation

v Reduction of visceral pain
Vo
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Stimulation of resident microbiota Reduction / inhibition of pathogens I IVI P n CT O N TI I E G l 'T
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Ay | XYV MICROBIOME
T carbohydrates \e = l\ [} N 7))
utilisation V4 ~ i ; ] . . . .
//\ e T “'--;< v" Stimulation of resident microbiota by trophic
2 I N . . .
‘r A fornce.” | \(\ ,} o T -t interactions (metabolites, growth factors,
Lumen bindingsite | = #£~ Tyoteh carbohydrate metabolism, mucin
: pep es

degradation)

Epithelun - | v" Reduction/inhibition of pathogens through

. . . . C I ) . . & & alteration of the microbial fitness (pH

decrease, niche competition, EPS and
bacteriocins)

o B ua (08 . L v Indirect impact via host through changes in
substrates mmune response . . . .
s modulation ;‘i st the gut environment (mucin production,
e & 5 Antigen-presenting cell . .
increase of slgA and defensins)

TRENDS in Microbiokogy

Derrien et al., Trends Microbiol. 2015
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EXTRA-

GASTROINTESTINAL
EFFECTS OF PROBIOTI

SISTEMA
IMMUNITARIO

T attivita cellule NK e
cellule fagocitarie
periferiche
T espressione marker
attivazione cellule T ed
espressione molecole di
superficie
T rilascio dilgA e
citochine
antinfiammatorie, es.
interleuchina 12 e

interferone-y

SALUTE
CARDIOVASCOLAREE
METABOLICA

L livelli di colesterclo e
modulazione della
pressione arteriosa

T metabolismo lipidico e
glucidico
1 perdita di peso
| assorbimento dei lipidi,
appetito

SALUTE MENTALE

Miglioramento dei
disturbi dell'umore e
funzioni cognitive

| ansia, stress e
depressione
| deterioramento
cognitivo indotto
dall'infiammazione

FEGATO

1 danni epatici e
citochine pro-
infiammatorie in diversi
tipi di epatopatie

1 livello sierico di
aspartato
aminotransferasi,
secrezione di TNF-ain
ratti con epatite
1 ammoniaca siericae T
funzione cognitiva in
pazienti con
encefalopatia epatica
lieve

SISTEMA
RESPIRATORIO

T funzione polmonare
1 inflammazione a livello
polmonare

| frequenza e gravita
delle infezioni
respiratorie

1 crescita alveolare,
deposizione di collagene
e distruzione delle fibre
elastiche in COPD

APPARATO
SCHELETRICO

T densita minerale
ossea
1 rischio di osteoporosi e
infiammazione articolare

| infiammazione
cutanea e miglioramento
delle condizioni
dermatologiche come
eczema, acne, dermatite
atopica e rosacea

T guarigione delle ferite
e contenuto di collagene

T risposta del sistema
immunitario, attivazione
soppressori tumorali,
resistenza ai danni
ossidativie
apoptosi cellule tumorali
| espressione oncogeni

1 efficacia dei farmaci

anticancro e riduzione

degli effetti collaterali
post-operatori

Roggiani et al., 2024
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POSSIBLE
DISTRIBUTION OF
MECHANISMS
AMONG PROBIOTICS
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Rare

Strain-specific effects

Neurological effects
Immunological effects
Endocrinological effects
Production of specific bioactives

Frequent

Species-level effects

» Vitamin synthesis
= Direct antagonism

= Bile salt metabolism
= Enzymatic activity

» Gut barrier reinforcement = Neutralization of carcinogens

Widespread

Among studied probiotics

= Colonization resistance
= Acid and SCFA production
» Regulation of intestinal transit

= Normalization of perturbed microbiota
= Increased turnover of enterocytes
= Competitive exclusion of pathogens

Hill et al., Nat Rev Gastroenterol Hepatol. 2014
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Zmora et al., Cell. 2018

Humans feature a person-specific gut
mucosal colonization resistance to probiotics

Probiotics colonization is predictable by pre-
treatment microbiome and host features
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Bologna
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ONE SIZE DOES NOT FIT ALL

Probiotics may perturb rather than aid in qll r v, ‘ﬁ
microbiota recovery back to baseline after = L IS .
antibiotic treatment in humans (unlike aFMT) ransariptome
& @

Auto FMT JX" Spontaneous recovery

If not tailored, probiotic
interventions may be
not risk free

Suez et al., Cell. 2018
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CAVEATS IN THE PROBIOTICS FIELD AND
PROPOSED STRATEGIES TO OVERCOME THEM

Table 1] Caveats in the probiotics field and proposed strategies to overcome them

Limitation

Current state

What can be done

Conception

Spectrum

Research approach
Research methodology

Sampled material
Reliance on models

Stratification and
personalization

Safety

Motivation

Probiotics often regarded as a homogenous entity

Strain selection confined to few genera

Trial and error-based

Sample size inadequate at times

Endpoints indirect, irrelevant and/or poorly or
subjectively defined

Adverse events under-reported

Effect evaluated remately from target site (staol)

In vitro models lack probiotics-microbiome and
probiotics-host mucosal interactions

In vivo models may not be compatible with human
probiotics

One-size-fits-all therapy

Insufficient reporting of safety outcomes, especially in
the long term

Driven by commercial interests

Regulated as dietary supplements, so proof of efficacy
not mandatory

Strain-level resclution of clinical and mechanistic studies
Avoid bundling of strains in analyses

MNovel candidate microorganisms with suggested health
benefits from recent microbiome research

Mechanism-based

Sample size based on power analysis

Highly valid and reliable endpoints

Account for placebo effect

Report adverse events and side effects

Effect evaluated in situ through endoscopic sampling

Human trials as the mainstay of probiotic research; in vivo
and |nvitro experimentation used to validate human trials and
further explore mechanisms of action

Precision therapy based on host and microbiome
characteristics, as well as diet

Long-term safety, especially for critically ill and immune-
compromised individuals, as an obligatory quality-control
measure

Driven by medical interests

Regulated as drugs, so proof of efficacy under scrutiny by
medical authorities

Suez et al., Nat Med. 2019
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In vitro Biffdobacterium Invitro Biffdobecterum
decreased hydrophabicity, +——— Preterm necnate FulHterm neonate —— increased by drophobicity,
== —— STRATIFICATION AND
; charateristics )
B e e e
: Differential effect on the immune system {4—1 Headthy mﬁﬁgm —a-l Differential effect on the immune system . P E RS O N A L I ZAT I O N
ety ot ehion || . _,‘ e Distinct initial conditions in the host and their microbiome
in dianhea-pradomi B BS in women . . .
5 e and varying environmental exposures can result in
e W s e w1 differing outcomes in different individuals who are
T | supplemented with the same probiotic preparation.
o ressivel . i jotics T | Mo effect on depressive-li avior (in rats 1 1 141 1
A ehaor G ) eolrization st provioes = Nosteamaspesaetie sz |y~ Jnderlying medical conditions are known to modify
the effects of probiotics on immune cells
Slmeboe 1 st docrontad bacterl No hange I . .
Ve ol e b | | g embome composticn, v’ Features of the indigenous microbiome
(permissive/resistant to colonization) can account for
st st crongss | | Lo e gt fecal Ditnct ichrachenges different impacts of probiotics on the host
elevated FI;-'G:r,-m:r;-'els butyrats bulymin ) reduced Ef-ﬁ'm.? \evels . .
v Presupplementation butyrate levels are associated
with a differential probiotic effect on the microbiome
Reducted Ime-mlsepshﬁsk I Human-n_'lilc-fed Dist FnrrnLl_a-fEd | Mo Eﬁectunlate—{_rlset sepsis . .
eary enterc feeding praterm infanis preterm infants ard early enteric feeding and butyrate prOdUCtlon or metab0|lsm
High — _ v’ Diet may affect probiotic properties and clinical
concentration ——— | Reduced in vitro mucosal edhasion
— outcome

Suez et al., Nat Med. 2019
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NEXT-GENERATION PROBIOTICS: THE SPECTRUM FROM
PROBIOTICS TO LIVE BIOTHERAPEUTICS

Probiotics Live biotherapeutics
(and next-generation probiotics)

Long history of use, e.g. No history of use, e.g.
F D d f. ° t ° f L B P o Bifidobgcte;;:’um ,zkkirma;sfa
I : ;
A definition o : L tan
- - Escherichia coli
A biological product that: (o }-»

(1) contains live organisms, such as bacteria 9 i\cv\% s
(2) is applicable to the prevention, treatment, or Y » Ve Lﬁv"_% &

cure of a disease or condition of human being ,(f v |. v 1 # 5%
(3) is not a vaccine st nd e " el

1857-1864 1878 1907 1989
Pastewr discovers  LABisolated Metchnikoff describes  Shirota o e Fuller defines probiotics
LAE as spoilage  from milk Bulgarian Baciflus  fermente a5 beneficial microbial !
i supplements |

organisms by Lister  associated with health  Loctabaci

188 . 1900 1965 H 200 . . 2005

Bifidobacterium Bacillus seidaphilus Lilley and Stiltwell define probiotics ~ FAQ/WHO definition Relman uses high-throughput
described by Tissier  described by Morg as microbes that stimulate growth of of probiotics 165 amplicon sequencing to
ather microorganisms catalogue gut microblome

O’Toole et al., Nat Microbiol. 2017



14° SINut

CONGRESSO NAZIONALE SINut 12-14 settembre 20244

Bologna

NEXT-GENERATION PROBIOTICS: THE SPECTRUM FROM
PROBIOTICS TO LIVE BIOTHERAPEUTICS

Dominant gut microbiota members in adults with a key functional role

Faecalibacterium prausnitzii, butyrate producer with anti-inflammatory and immunomodulation
properties, for IBD

Akkermansia muciniphila, mucolytic component, anti-inflammatory (mucus thickness, antimicrobial
peptides, 2-0OG, Foxp3 regulatory T cells), promising for obesity treatment

Christensella, anti-inflammatory potential, correlated with leanness, with promising application to
support healthy ageing

Bacteroides ovatus & B. xylanisolvens, enhanced cancer immune surveillance
Roseburia&Bacteroides, anti-Candida growth and anti-virulence activities (TOR pathway), for
antagonistic inter-kingdom application
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Following a request from the European Commission, the EFSA Panel on Nutrition, Novel Foods and Food
Allergens (NDA) was asked to deliver an opinion on pasteurised Akkermansia muciniphila as a novel food (NF)
pursuant to Regulation (EU) 2015/2283. A. muciniphila is a well-characterised non-toxin producing, avirulent
microorganism that has been reported as part of normal gut microbiota. The NF, pasteurised A. muciniphila, is
proposed by the applicant to be used as a food supplement at max. 5 x 10%° cells/day by adults excluding
pregnant and lactating women, and in foods for special medical purposes. The Panel considers that the
production process of the NF is sufficiently described and that the information provided on the composition of
the NF is sufficient for its characterisation. Taking into account the composition of the NF and the proposed
conditions of use, the consumption of the NF is not nutritionally disadvantageous. Based on literature data, and
by applying an uncertainty factor of 200 to the no observed adverse effect level (NOAEL) of a 90-day repeated
dose oral toxicity study in rats, the Panel concludes that the consumption of 3.4 x 100 cells/day is safe for the
target population under the provision that the number of viable cells in the NF is < 10 colony forming units
(CFU)/g (i.e., limit of detection).

EFSA Journal 2021;19(9):6780

A. muciniphila is currently available on the market in pasteurized form
for weight management and glycemic control
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NEXT-GENERATION PROBIOTICS: THE SPECTRUM FROM
PROBIOTICS TO LIVE BIOTHERAPEUTICS

Table 1] Selected examples of next-generation problotics.

An alternative route to
developing next-generation
probiotics is to take GRAS
(generally recognized as safe)
organisms or commensals and
use them as a delivery vehicle
for a bioactive molecule or to
introduce new functions

Organism Type Disease targat Level of evidence Study type Ref.
Bacteroides Natural (human) Cancer Medium: safety in humans has Human 10
xylanisolvens been established while levels
DSM 23694 of TFa-specific [gM have been
shown to be elevated in humans
Bacterpides ovatus D-6 Natural (human) Cancer Low to medium: increases lavels Preclinical in mice 37
of murine TFa-specific g
and IgG
Bacteroides ovatus GMO (originally from Intestinalinflammation  Medium: shows abrogation of Preclinical in mice 25
W75 human gut samples) symptoms of DSS induced in
axprassing KGF-2 murine colitis modal
Bacteroides ovatus GMO expressing Intestinalinflammation  Medium: shows abrogation of Preclinical in mice 26
Vo775 TGF-p1 symptoms of D55 induced in
murine colitis modal
Bacteroides dorei D8 Natural (human) Heart disease Low: depletion of cholesterol Preclinical in vitro 38
in vitro
Bacteroides fragilis Natural (human) Cloarance ofinfectious  Low: data only in vitro Preclinical in vitro 4
ZY-312 agents
Bacteroides acidifaciens  Natural (mouse) Clearance ofinfectious  Low to medium: increases IgA Preclinical in mice n
JCMI10556(T) agents levals in the large intestine of
gnotobiotic mice
Clostridium butyricum Natural (human) Multiple targets Low to medium: evidence Human 12-16,39-51
MIYAIRI 588 including cancer, pathared for claims in human and
inflammation and animals trials
infectious agents
Faecalibactaritm Natural (human) Mainly IBD but also Low to medium: mainly focused Preclinical in mice and 18,52.53
prousnitzii asthma, eczema and animal models of colitis and in in vitro
type2 diabotes associative studies
Lactococrus loctiszelafin - GMO (host isolated Mainly inflammatory Medium: good evidence from Preclinical in mice 20
from food) diseases such as IBD animal models of IBD
Lactococcus GMO (host isolated Allergen sensitivity Medium: mainly animal-basad Human, phase 1trial 23
lactis:trefoil factor 1 from food) and autoimmune efficacy
orIL-10 diseases —
type1diabates

O’Toole et al., Nat Microbiol. 2017
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ENGINEERED COMMENSAL MICROBES FOR DIET-
MEDIATED COLORECTAL-CANCER CHEMOPREVENTION
— E. coli Nissle 1917

* In vitro models: >95% proliferation inhibition of
murine, human and colorectal adenocarcinoma
cell lines .,

* Murine models of colorectal carcinoma fed with - L e e
engineered microbes and cruciferous vegetable
diet: significant tumour regression and reduced
tumour occurrence

Ho et al., Nat Biomed Eng. 2018
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ENGINEERED PROBIOTICS AS THERAPEUTIC CARRIERS
S . v’ Lactococcus lactis delivering human proinsulin and IL-10,
- oo (=) 627. . leading to the induction of Tregs and their homing to pancreatic
”f T ™)) @ — ,.'OOO islets (in early stages of T1D, this therapeutic alleviates
9" P o autoinflammatory processes in pancreatic islets and improves
s andiL1o T mpaneicrles T s maeasein vl producion insulin production)
® v’ Attenuated live Listeria monocytogenes delivering tumour
I 114 antigens for cancer vaccination (currently in clinical trials for
" GD adjuvant treatment of cervical, prostate, and pancreatic cancer)
v’ Escherichia coli Nissle 1917 expressing Phe-degrading enzymes,
g e e and pancntcaner which can accumulate and cause severe neurological
c complications in people with phenylketonuria, due to defective
ﬁ p . conversion of Phe to Tyr by phenylalanine hydroxylase (the
k) = @ &® engineered probiotic carries enzymes capable of degrading Phe
-’ . - to the non-toxic metabolites phenylpyruvate and trans-
(SYNEIEAE wihphelainine hydroyase phenyketonui sccamuted phenylaanine cinnamate)

hydroxylase activity

Porcari et al., Lancet Gastroenterol Hepatol. 2024
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CONSENSUS STATEMENT ON THE DEFINITION AND
SCOPE OF POSTBIOTICS

v" Any factor resulting from the metabolic activity of a probiotic or any released molecule capable of conferring beneficial
effects to the host in a direct or indirect way

v Soluble factors (products or metabolic byproducts), secreted by live bacteria, or released after bacterial lysis, such as

enzymes, peptides, teichoic acids, peptidoglycan-derived muropeptides, polysaccharides, cell surface proteins and
organic acids

v' Compounds produced by microorganisms, released from food components or microbial constituents, including non-
viable cells that, when administered in adequate amounts, promote health and well-being

v" Non-viable metabolites produced by probiotics that exert biological effects on the hosts

v" Non-viable bacterial products or metabolic byproducts from probiotic microorganisms that have positive effects on the
host or microbiota

v" Functional bioactive compounds, generated in a matrix during fermentation, which may be used to promote health

“Preparation of inanimate microorganisms and/or their components that
confers a health benefit on the host” (Salminen et al., Nat Rev Gastroenterol Hepatol. 2021)
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CONSENSUS STATEMENT ON THE DEFINITION AND
SCOPE OF POSTBIOTICS

Criteria for a preparation to qualify as a postbiotic

* Molecular characterization of the progenitor
microorganisms (e.g., fully annotated genome
sequence) to enable accurate identification and
screen for potential genes of safety concern

* Detailed description of the inactivation procedure
and the matrix

* Confirmation that inactivation has occurred

* Evidence of a health benefit in the host from a
controlled, high-quality trial

* Detailed description of the composition of the
postbiotic preparation

* Assessment of safety of the postbiotic preparation
in the target host for the intended use

Systemic effects Gut

B ® @
" i Systemic signalling Microbiota Modulation of resident microbiota
S via the nervous system " Lactic acid, SCFAs,

+ Serotonin, dopamine, acetylcholine, bacteriocins, quorum sensing,
GABA, SCFAs <N\ : 2N

cross-feeding, adhesins -
7, / ” ¥ /rp
\%%
Modulation of systemic *
K ' metabolic responses
{ ; ' BSH, succinate, vitamins, SCFAs @

Modulation of local

Enhancement of epithelial barrier function
EPS, proteins such as Msp1/p75, Msp2/p40,
HMO0539, and SCFAs

immune responses
MAMP-PRR interactions

-Enteric neuron
Macrophage @
Modulation of systemic

3 immune responses ' Q B cell 7,1
' Indole derivatives, histamine, Naive CD4* T cell T 17or "
; keto acids, branched chain Q T cell CEls
' TCR

fatty acids and SCFAs

Salminen et al., Nat Rev Gastroenterol Hepatol. 2021
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... TOWARDS PERSONALIZED PRECISION PROBIOTIC
THERAPY

Critical issues & open questions:

- Host characteristics (genetics, clinical parameters, diet, lifestyle, etc.)

- Microbiome characteristics (compositional and functional profile, including networks)

- Dosage (ranging from 1x102 to 1.8x10%? CFU twice daily depending on strain and disease, based on at
least 1 well-designed clinical trial showing a beneficial effect for a health-promoting or therapeutic
outcome - International Scientific Association for Probiotics and Prebiotics)

- Duration (1 month?)

- Time of administration (before, during or after meals?)

- Matrix v @
L] L] o L] .:/r "
- Single vs. multi-strain formulations ]
fi W\ x O (.‘l_: In silico analysis
- Mechanisms of action (postbiotics?) T wutamics Y sstemsbtogy

supplementation LIL|

| Precision Probiotics |

Kiousi et al., Adv Nutr. 2021
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