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Abstract

Sections

Akkermansia muciniphilais a gut bacterium that colonizes the gut
mucosa, has a role in maintaining gut health and shows promise for
potential therapeutic applications. The discovery of A. muciniphila

as animportant member of our gut microbiome, occupying an
extraordinary niche in the human gut, has led to new hypotheses on gut
health, beneficial microorganisms and host-microbiota interactions.
This microorganism has established a unique positionin human
microbiome research, similar toits role in the gut ecosystem. Its
unique traits in using mucin sugars and mechanisms of action that can
modify host health have made A. muciniphila a subject of enormous
attention from multiple research fields. A. muciniphilais becoming a
model organism studied for its ability to modulate human health and
gut microbiome structure, leading to commercial products, a genetic
model and possible probiotic formulations. This Review provides
anoverview of A. muciniphila and Akkermansia genus phylogeny,
ecophysiology and diversity. Furthermore, the Review discusses
perspectives on ecology, strategies for harnessing beneficial effects
of A. muciniphila for human mucosal metabolic and gut health, and its
potential as abiomarker for diagnostics and prognostics.
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Introduction
The human gut harbours acomplex community of trillions of microor-
ganisms, including bacteria, archaea, eukaryotes and viruses, collec-
tively termed the human gut microbiota’* The human gut microbiota
has co-evolved with its host® and is influenced by factors such as host
genetics, birth mode, diet, environment and medication*”. Its func-
tionsinclude digestion of dietary compounds, production of beneficial
metabolites and vitamins, prevention of infection, immunomodula-
tion, protection of gut barrier integrity and communication within the
gut-brain axis®’. Numerous diseases are associated with compositional
characteristics of the gut microbiota, including inflammatory bowel
disease', autoimmune diseases', metabolic syndrome’, cancer®,
allergies™, neurological diseases” and infectious diseases'. Therefore,
understanding the framework of ahealth-associated gut microbiotaand
theindividual roles that gut microorganisms play in health and disease is
crucial for microbiome-based personalized treatment. Inthis Review, we
highlight findings onthe gut bacterium Akkermansia muciniphila, which
isassociated with host health and has potential for multiple applications.
Its intricate relationship with the host and correlation with host
health have made A. muciniphila an interesting study subject since its
discovery in 2004 (ref. 17). A. muciniphila was isolated by enrichment
from human faeces with mucin as the only carbon and energy source.
The genus Akkermansiawas named after Dr Antoon Akkermans, whowas
leading the Microbial Ecology group within the Laboratory of Microbiol-
ogy of Wageningen University, the Netherlands, where A. muciniphila
was isolated. Its species name refers to its mucin-degrading abilities".
Whole genome sequencing revealed that this organism is a special-
ist with a remarkable number of mucin-targeting enzymes'®". From
an ecological perspective, A. muciniphila is a frequent inhabitant of
the vertebrate mucosal layer, where it cross-feeds other residents®® 2,
A. muciniphila is mostly associated with host health and is negatively
correlated with various diseases. A. muciniphilainteracts with its host
and stimulates hostimmune and metabolic responses, host mucus pro-
ductionand gut barrier function”*. The described host interactions of
A. muciniphila suggests that this organism could be a useful biotic for
improving mucosal health, weight management and metabolic syn-
drome.Italso has potential as abiomarker for diagnostics of response to
dietaryinterventions. Assuch, A. muciniphilais proposed as a promising
candidate next-generation probiotic®. In this Review, we summarize two
decades of science on A. muciniphila. We explore recent insights into
the diversity of A. muciniphila, its biological functions, its interactions
withthehost,dietandothermembersofthemicrobiota,itsassociationwith
healthand disease, andits potential in various applications. We envision
afutureinwhich A. muciniphilais applied for several purposes, including
biotechnological applicationand as atherapeutic agent.

Akkermansia species and strain diversity

Before the discovery of A. muciniphila in 2004, it was not known that
members of the phylum Verrucomicrobiota (formerly Verrucomicro-
bia) inhabited gut systems. This was because the ribosomal RNA gene
primers used for fluorescencein situ hybridization did not detect this
phylum". Thereafter, A. muciniphila sequences were found in gut sam-
ples of many vertebrate species®**. Only recently have the occurrence
and diversity of the genus and species been appreciated (Table1and
Box 1), which we discuss in this section.

A. muciniphila throughout life and the gastrointestinal tract
A. muciniphila is prevalent and abundant in the human gastrointes-
tinal tract throughout all stages of life'®***%, Although most often

studied in faecal and mucosal samples, the bacterium has also been
identified in the mouth and the small intestine®. A. muciniphila can
colonize the gastrointestinal tract from the first month and increases
in prevalence and abundance within the first year of life***°. Inadults,
its relative abundance varies between 0 and 4%, whereas its preva-
lence varies per study depending on age, geographic location, diet
and health status'®****°, Metagenomes from humans of various
ages and backgrounds showed that 1,159 out of the 3,810 samples
collected produced metagenome-assembled genomes identified as
A.muciniphila*. In centenarians and super-centenarians, Akkermansia
spp. sequences are abundant among the shrunken core of gut micro-
organisms foundinthese groups, and are hypothesized to be amarker
for healthy ageing®*. A decrease of Akkermansia spp. in late life is
also reported*®*. Itis still unclear whether inflammation in the gut of
centenarians is prompted by mucin-degrading bacteria or whether
it creates a less beneficial environment for A. muciniphila; however,
the presence of A. muciniphila can benefit mucosal and metabolic
health”’. The presence and abundance of A. muciniphila also depends
on geography. Colonization incidence differs between Chinese and
Western populations”, and different stains are more often associated
with certain geographical locations*®, This could be due to the host gen-
otype or the environment, or due to food habits. The effect of low-fibre
diets, dietary emulsifiers*’ and other compounds known to adversely
alter the microbiota*’ should be studied in more detail for their effects
onthe presence or absence of strains and species of Akkermansia. As
A. muciniphila is present in some humans but absent in others, it
remainsto be answered whether the mucosal nicheis occupied by other
microorganismsinitsabsence and what the possible reasons and con-
sequences couldbe. Furthermore, improvement of sampling and DNA
isolation from mucus would provide a more accurate representation
of Akkermansia spp. in the gut, as its main niche is the mucosal layer
and current data are mostly based on faecal samples.

Akkermansia species and strain occurrence and functionality

For along time, A. muciniphila was the only isolated representative of
the Verrucomicrobiota in the human gut. Recent efforts estimate four
to seven phylogroups*®. Genomic analysis of the Akkermansia genus
suggests the presence of more than 25 Akkermansia spp. in the human
gut®*°2 The concept of hosting multiple species within one individ-
ual has recently been confirmed by bioinformatics analysis of multiple
Akkermansiagenomes’'.Onthestrainlevel, humangutsare notexclusively
colonized by asingle strain of A. muciniphila (Box 1) but, rather, by acollec-
tion of strains, where usually one strain dominates®. This richness on the
strainlevelindicates thatstrains can compete; however, the suppression
of strains can also be the result of host environmental conditions. Isolated
strains from different mammals have low genomic and physiologic diver-
gencebasedontheirgenomes, theirgrowthonmucin,andshort-chainfatty
acid (SCFA) production®. This suggests optimization to and co-evolution
with the mucosal environment® (Table1), a characteristic thatis embed-
dedinthe pangenome of the genus™. Despite the genus-wide association
with mucus, Akkermansia spp. demonstrate differences in physiology
(Table 1). Akkermansia biwaensis showed significantly increased
growth in human milk oligosaccharides (HMOs) 2’-fucosyllactose
(2’-FL), 3’-FL and 6’-sialyllactose (6’-SL) compared with A. muciniphila
Muc', probably because of its diverse glycoside hydrolase profile®. None-
theless, A. muciniphila grows on fucose, whereas Akkermansia massiliensis
and Akkermansia glycaniphila can grow on galactose**”’. A. muciniphila
also exhibits strain-specific functional profiles®**>**"¢°_ Examplesinclude
the utilization efficiency of HMOs®, as well as the ability to synthesize
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Table 1| Akkermansia species that have been characterized and proposed

Parameter Akkermansia Akkermansia Akkermansia Akkermansia Akkermansia Akkermansia Akkermansia
muciniphila" biwaensis*® massiliensis timonensis®’ glycaniphila®® intestinavium®®® intestinigallinarum®°®
strain DSM

33459 (ref. 57)

Isolation source

Human faeces

Human faeces

Human faeces

Human faeces

Python faeces®*“

Chicken faeces

Chicken faeces

Mucin Mucin, fucose, Mucin, GlcNAc, Mucin, galactose, Not Mucin, glucose, Not Not characterized
substrates GlcNAc, GalNAc, glucose, characterized galactose, characterized
GalNAc, mannose®*?%® mannose, GlcNAc GlcNAc, GalNAc,
mannose®*%® mannose®®®
HMO Glucose, HMOs  Glucose, lactose, Lactose Not Lactose, glucose Not Not characterized
substrates (2'-FL, 3'-SL, HMOs (2'-FL, characterized characterized
LNNnT and 3'-FL, LNT and
others)’® others)*
Growth 20-40°C 25-45°C (optimum Not 15-40°C (optimum  Not Not characterized
temperature (optimum, 37°C)  (optimum, 37-42°C) characterized 25-30°C) characterized
30-37°C)
pH 5.5-8.0 5.5-9.5 (optimum  6.0-7.5 Not 5.0-7.5 (optimum Not Not characterized
(optimum 6.5) 6.5-8.0) characterized 6.0) characterized
Phylogroup Aml, Amll, AmIV Amll AmlIl®’ Agy*® Not Not characterized
AmlI[°%%° characterized
Similarity to 100% 98.0% Not characterized Not 94.4% Not Not characterized
Amuc 16S rRNA characterized characterized
gene
ANI to Amuc 100% 84.5% 88.0% 82.0% 79.7% Not Not characterized
characterized
Confirmed Yes Yes Yes Candidatus Yes Candidatus Candidatus

species hame

ANI, average nucleotide identity; 2'-FL, 2'-fucosyllactose; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; HMO, human milk oligosaccharide; 3'-SL, 3"-sialyllactose.

vitamin B,, (presence in phylogroup Amll versus absence in phylogroup
Aml), which leads to distinct fermentation products®. Strain character-
istics can lead to different host responses. Strain-specific effects have
beenreported for gutintegrity’**° and host metabolism*in mice models
of ulcerative and chronic colitis, and in preclinical obesity mice mod-
els, respectively. This functional diversity between species and strains
stresses the importance of isolation and thorough characterization of
new isolates to evaluate strain-strain interactions and strain-specific
applications.

Biological features of A. muciniphila
Inthissection, we describe key features of A. muciniphilaand summarize
essential features of its metabolism and physiology.

Morphology and outer membrane structure

A. muciniphila is Gram-negative, oval-shaped and 0.6-1.0 pm long
whengrowninvitro”. Thefirst electron microscopy images revealed
pili-like filaments, which turned out to be involved in immune
stimulation and attachment to other cells and mucus”. Extraction of
A. muciniphila membrane proteins identified PilQ (Amuc_1098) as a
prominent outer membrane protein®. The A. muciniphila genome
possesses several type IV pili proteins®” and the products of this
gene cluster were enrichedinafraction of membrane and cell-envelope
proteins®. Amuc_1098 was annotated as PilQ from a type IV pilus and
was confirmed to localize in the outer membrane®. Furthermore,
the outer membrane protein Amuc_1100 is structurally similar
to PilO of the type IV pilus system, and the A. muciniphila protein
Amuc_1102 displayed structural similarity to an archaeal type IV

pilus®. TypelV piliareimplicated in abroad variety of cell functions,
including adherence, motility and biofilm formation (reviewed in
ref. 62) (Fig. 1). The outer membrane protein Amuc_1100 is immu-
nostimulatory and induces Toll-like receptor 2 (TLR2) activation and
cytokine production®. A. muciniphila is known to adhere to in vitro
cultured colonic epithelial cells®. Furthermore, A. muciniphila
specifically binds mucin O-glycans through recognition of LacNAc
(N-acetyllactosamine; GalpB,_,GIcNAc), which often occurs in human
colonic mucin®. However, further studies are needed to understand
the structure and function of piliin A. muciniphila and other possible
mechanisms thatitapplies to attach. Apart from the pili proteins, host
interaction has been described through A. muciniphila lipopolysac-
charide (LPS), which induces the production of NF-kB and cytokines
in the host through TLR4 (refs. 18,63,65). Furthermore, in response
to cocultivation with Bacteroides thetaiotaomicron, A. muciniphila
upregulated its LPS biosynthesis genes, which was hypothesized
to increase resistance to antimicrobial peptides®’. Moreover, the
peptidoglycan layer of A. muciniphila contains non-acetylated
glucosamine residues, which are not commonly observed in
Gram-negative bacteria®®. Indeed, muropeptides from A. muciniphila
arerecognized by host receptors NOD1and NOD2.

Physiology and essential metabolism

The preferred substrate of A. muciniphila is mucin, and it can
utilize fucose, glucose, N-acetylgalactosamine (GalNAc) and
N-acetylglucosamine (GIcNAc), but only in the presence of GIcNAc”.
Itisalso auxotrophic for L-threonine (that s, it is unable to synthesize
L-threonine)®. After transportinside the cell, GIcNAcis phosphorylated
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Box 1| Challenges in isolation of new Akkermansia species and strains

There is a noteworthy genetic characteristic that has posed a major
bottleneck in identifying more Akkermansia spp. An example is the
newly isolated Akkermansia sp. DSM 33459 from human faeces. This
strain has 99.2% identity of the 16S rRNA gene with type strain Muc',
but merely 87.5% average nucleotide identity (ANI) with Akkermansia
muciniphila Muc”. A study indicates that Akkermansia sp. DSM 33459
belongs to the Amll cluster, and therefore it is most likely that this
isolate is an Akkermansia massiliensis®. In either case, Akkermansia
sp. DSM 33459 has a different fatty acid profile and substrate
utilization preferences®. Furthermore, Akkermansia spp. feature an
open pangenome with many unique genes, especially in the cluster
of A. muciniphila. This could explain the high 16S rRNA identities and
the relatively low ANI, which further suggests that use of the 16S rRNA
gene may have hindered the isolation of new species. Studies
including metagenomics analysis have investigated this specifically
for the A. muciniphila cluster.

A study enrolling Chinese individuals isolated 33 new
A. muciniphila strains (assigned to Aml, Amll and Amlll) from
human faeces®. Additionally, the ANI between the groups was
86.8-91.5%, which is below the threshold of 96% that defines a
distinct prokaryotic species®”. However, the 16S rRNA genes are
highly similar between the phylogroups (>99%), which could be
explained by the pangenome hypothesis as discussed above.
Furthermore, the phylogroups are similar in phenotype and habitat®°.
Another extensive genomic analysis that combined isolate genomes

and enters the glycolysis pathway or the peptidoglycan synthesis path-
way. Mucin glycan fermentation by A. muciniphila results in the pro-
duction of acetate, propionate, succinate and 1,2-propanediol’, and
the release of sulfate”. When grown on monosaccharides, acetate
and propionate are the main secondary metabolites, but their ratio
varies depending on whether GIcNAc or GalNAc, or the deacetylated
D-glucosamine (GIcN) and glucose are used as a carbon source®. In
the latter case, more propionate is produced. This could be because
acetate produced by glucose is transformed into acetyl-CoA to ena-
ble the acetylation of GIcN. The utilization of fucose upregulates the
deoxyhexose pathway in A. muciniphila and leads to the production
of1,2-propanediol. These metabolites are produced during anaerobic
fermentation, but tolerably low oxygen concentrations increase the
acetate to propionate ratio®.

The metabolites that result from mucin fermentation benefi-
cially affect both host epithelial and immune cells, as well as having
a systemic effect”. Acetate and propionate are instrumental in the
process of glucose regulation, the metabolism of food components,
and energy regulation. These processes involve regulation of gut
hormones, such as peptide YY and glucagon-like peptide 1 (GLP1),
as well as other hormones such as insulin and glucagon, and also the
regulation of appetite and gastric emptying’> 7. In addition, propion-
ate and succinate can be used in the liver for glucose production”.
Lastly, evidence suggests that propionate exerts an antiproliferative
effect on colon cancer cells™.

A. muciniphila adaptation to the gut environment
Inthis section, we discuss findings that report specific adaptations of
A. muciniphila to the gut mucosa.

and metagenome-assembled genomes of the Akkermansia genus
grouped the A. muciniphila strains of the human gut into five different
candidate subspecies (Amucl-Amuc4 and AmucU (unassigned))*°.
Interestingly, these subspecies display ecological co-exclusion
within the host and have distinct associations with host body mass.
Furthermore, they have distinct functional profiles® and differ in
prevalence globally*®. Also, recently, six new strains were isolated
from human donors that were found to belong to subspecies Amuc1
and AmucU®, Similar to the study that isolated 33 new A. muciniphila
strains, the whole genome similarity was relatively low (<90%),
whereas the 16S rRNA genes were highly similar (>98%)*°. A third
study that enrolled children and adolescents who were being
treated for obesity isolated and characterized 71 new A. muciniphila
strains®®, This effort led to the classification of Akkermansia into four
phylogroups (AmI-AmlIV).

Future studies should attempt to better understand the species
richness of Akkermansia in the gut. In this context, metagenomics
is a valuable tool to analyse faecal and mucosal samples. The
draft genomes will also help design isolation strategies. Advanced
techniques for single-cell isolation and characterization should
further aid the isolation of new Akkermansia strains. New isolates
will give better insight into genome composition as well as different
physiological characteristics. It is of interest to know the importance of
Akkermansia spp. richness and diversity in the gut to better understand
the role of different species in gut ecology and host physiology.

Carbon sources used for growth by A. muciniphila
Degradation of mucus glycans and associated metabolite pro-
duction. The A. muciniphila genome encodes all enzymes necessary
to collectively degrade mucin glycans (Fig. 2). Fucose, sialic acid and
sulfate groups, which occupy the terminal positions of mucin gly-
cans, are hypothesized to hinder access to the underlying glycans, and
therefore their release is essential for mucin glycan degradation®””.
A. muciniphila encodes 12 sulfatases, six of which were upregulated
during growthon mucin’. These sulfatases have varying specificities,
targeting 4S-Gal, 4S-GalNAc and/or 6S-GalNAc sulfations that occur
in mucin, as suggested by a recent preprint’®. Even though A. mucin-
iphila cannot metabolize sialic acid, it encodes three sialidases™”’. Two
sialidases are from family GH33 and act on a, ;-sialicacid and a,, ¢-sialic
acid linkages as suggested by a recent preprint, and one from family
GH181 which specifically acts on the sialylated Tn antigen’®%°. The
A. muciniphila fucosidases from families GH29 (four in number) and
GH95 (two in number) are active during growth on mucin® and target
abroad range of fucosylated substrates with different specificities as
suggested by arecent preprint’®*°, Mutagenesis revealed that one GH33
sialidase, one GH29 fucosidase and one GH95 fucosidase are impor-
tant for mucin glycan degradation by A. muciniphila, and proteomics
analysis confirmed that this GH95 enzyme is highly abundant during
growth on mucin®*,

To cleave galactose, GIcNAc and GalNAc from mucin, A. mucin-
iphila encodes galactosidases and hexosaminidases®"®* (Fig. 2).
A. muciniphila encodes a-galactosidases from families GH27, GH36,
GH97 and GH110, and B-galactosidases from families GH2, GH16 and
GH35 with varying specificity as suggested by a recent preprint’®%+-%°,
In particular, an outer membrane-associated GH16 3-galactosidase
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cleaves the poly-LacNAc chain®*, One of the GH110 a-galactosidases
was abundant during growth on mucin®, Furthermore, A. muciniphila
encodes hexosaminidases from families GH18, GH20, GH36, GH84,
GH89 and GH109 (ref. 87). More specifically, A. muciniphila encodes
a-N-acetylgalactosaminidases from families GH36 and GH109. A recent
preprint suggests that one GH36 enzyme from A. muciniphila can cleave
a broad range of a-GalNAc substrates including the Tn antigen that
forms the base of the mucinglycan’. Interestingly, the preprintreported
that two GH31 enzymes can cleave GalNAc from the mucin peptide
backbone, but not the Tn antigen’®. Both a-N-acetylglucosaminidases
(GHB89) that A. muciniphila encodes are abundant during growth on
mucin, whereas mutation of one of these enzymesimpaired growth®®,
Finally, A. muciniphila encodes 3-N-acetylglucosaminidases from fami-
lies GH18, GH20 and GH84 (ref. 87). The GH20 enzymes of A. mucin-
iphilaare mainly exo-acting 3-N-acetyl-glucosaminidases with varying
specificities, with some also demonstrating activity against GalNAc,
whereas the GH84 3-N-acetylglucosaminidase showed a preference for
disaccharidesinarecent preprint’®. Interestingly, this GH84 was abun-
dant during growth onmucin®. The GH18 B-N-acetylglucosaminidase
has not been characterized, but mutation of this enzyme did not lead
to growth impairment on mucin, and not all A. muciniphila strains
encode GH18, suggesting that this enzyme may not be essential for
mucin degradation by A. muciniphila®>®.

A. muciniphila can ferment fucose, glucose, GalNAc and GIcNAc,
butrequires the presence of GIcNAc for growth®. During mucin degra-
dation, the complete glycans or their degradation products accumu-
late in A. muciniphila internal compartments. Mucin degradation is
facilitated by acluster of genes which was termed the mucin utilization
locus (MUL) and includes genes encoding pili and a periplasmic protein
complex®, It is expected that the success of A. muciniphila lies in the
high mucinspecificity of its enzymes, which have been extensively char-
acterized inarecent preprint’®, This is animportant feature, as mucin
degradation will occur in a network of cooperating microorganisms®*’
and willrarely, if ever, be carried out by a single microorganism.

Degradation of human milk glycans and establishment in early
life. A. muciniphila appearsin the gutin early life and is also detected
in breast milk samples®*°. Approximately one in ten breastfed infants
harbour A. muciniphila, and cessation of breastfeeding is associated
with elevated levels®. The effect of infant feeding is not fully estab-
lished, as there is evidence of both an increased relative abundance
of A. muciniphilain formula-fed infants*>**> and no differences”. Work
on mice colonized with synthetic microbial communities showed
that mothers fed a low-fibre diet nursed pups with a delayed increase
of A. muciniphila and several altered parameters of the immune
system’. Moreover, mice colonized with organisms from faeces of
infants breastfed by non-secretor mothers had significantly higher
Akkermansia spp. abundance than those fed by secretor mothers”.
Secretor mothers possess a functional secretor gene (FUT2) which
allows for o ,-linked fucose at the backbone of HMOs. However, it
would also be relevant to investigate the association of Akkermansia
spp. levels with the secretor status of pups, as this affects mucosal
fucosylation patterns available to mucolytic bacteria. Accumulating
evidence suggests that A. muciniphila colonization in early life may
be evolutionarily orchestrated due to its ability to degrade and grow
both on mucin and on HMOs®'. HMOs contain glycosidic structures
that are similar to mucin glycans®. A. muciniphila employs its mucin
glycan-degrading enzymatic machinery for the degradation of HMOs.
This machinery includes a GH29 a-fucosidase, GH33 a-sialidases,

GH35 B-galactosidases and GH20 B-hexosaminidases®*®°°, Another
component of human milk, namely betaine, influences the abundance
of Akkermansia spp. and can modulate long-term metabolic health”.
Possibly, the abundance of A. muciniphilain early life is maintained low
enough to protect the developing mucosal layer, but high enough to
interact with the developing immune system.

Protein degradation and amino acid synthesis

A.muciniphila possesses proteases that cleave the peptide backbone of
mucins'®. For some proteases, in vitro mucin protein degradation was
proven. Amuc_1434 and Amuc_0627 can degrade MUC2 (refs. 98,99).
Amuc_0627, Amuc_0908 and Amuc_1514 belongtothe M60-like/PF13402
family, which recognizes and hydrolyses O-linked glycoproteins, and
cleave O-glycosylated serine or threonine residues from mucin'®.
Furthermore, Amuc_1438 and Amuc_1119 (OgpA) were identified as
O-glycopeptidases that specifically cleave the peptide backbone amino
terminus to an O-glycosylated serine or threonine'*'°%, A. muciniphila
depends on the threonine of host mucin for anitrogen sourcein vitro’.
Mutagenesis experiments showed thatit needs to synthesize the other
amino acids de novo when grown on mucin, most likely because of their
growth-rate limiting abundances in the protein backbone®.

Gram-negative
cell wall

2N
XX

NOD1 NOD2 |

Fig.1|Biological features of A. muciniphila. Pili and cell membrane
components are key biological features of Akkermansia muciniphila.

The piliare involved in adherence and biofilm formation, cell motility and
immunostimulation through Toll-like receptor 2 (TLR2). A. muciniphila has a
Gram-negative type cell wall with lipopolysaccharide (LPS) in the outer layer, and
aninner peptidoglycan layer composed of muropeptides. These muropeptides
are recognized by host receptors NOD1 and NOD2.
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A

M Sulfatase
Monomers
kz [] GalNAc @ Neu5Ac
B GlcNAc A Fuc
Source Human milk Mucus layer, human milk
Non-common monomers Glc GalNAg, sulfate O cal ’ Sulfate
Non-utilized monomers Neu5Ac Neu5Ac, sulfate ® clc

Glycosylation N-glycosylation O-glycosylation

Fig.2 | Enzymatic arsenal of A. muciniphila for the degradation of mucin
glycans and human milk oligosaccharides. Akkermansia muciniphila
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glycosylated proteins. These mucin glycans consist of N-acetylgalactosamine
(GalNAc), N-acetylglucosamine (GIcNAc) and galactose, and are decorated
withsialicacid (Neu5Ac), fucose and/or sulfate. By contrast, HMOs are free
oligosaccharidesin breast milk that consist of glucose, galactose, GIcNAc and
GalNAc, and are decorated with sialic acid or fucose. Due to these structural
similarities, A. muciniphila is able to degrade both substrates with similar
enzymes.

Oxygen tolerance

Eventhoughtheintestines are considered an anoxic environment, the
submucosa has an oxygen level of 80-100 mmHg. This gradient ends
with near anoxiaat the midpoint of the lumen, deeming it the steepest
in the human body'*’. Therefore, bacteria in the mucosal layer should
be adapted to oxygen presence. A. muciniphila survives aerobic condi-
tions at a rate of 90% for 1 h®® and grows faster and to a higher yield in
nanomolar amounts of oxygen, with evidence of oxygen reduction’.
A. muciniphila can also performrespirationinthe presence of oxygen
by using the cytochrome bd complex (Amuc_1694-Amuc_1965) as a
terminal oxidase. More recently, A. muciniphila cells were collected
with a high survival rate after 72 hat 4 °C and 22 °C'°*. Another restric-
tion related to aerobic growth that A. muciniphila overcomes is the
handling of reactive oxygen species (ROS). Upregulation of catalase
HPII, alkyl hydroperoxide reductase and superoxide dismutase signify
transformation of ROS to non-toxic forms of oxygen®. The survival of
A.muciniphilafor 24 hwithin macrophages and monocytes'” further
exemplifies its ability to handle ROS.

Bile acid resistance

Bileacids areinvolvedinlipid digestion and, despite reabsorptionin
theileum, around 5% reach the large intestine'°®. A. muciniphila resists
different concentrations of bile acids in vitro, but this is dependent
on the bile acid source. Porcine bile extract of 0.1%, 0.5% and 1% led
to increased growth'”’, whereas 0.5% of purified bile salt inhibited

growth®. The composition plays arole, as deoxycholic acid promoted
A.muciniphilagrowthwhereas other bile acids had aninhibitory effect
or no effect'®®. Inrodent models, the relative abundance of A. mucin-
iphilainthe caecum and faeces was positively associated with circulat-
ing primary bile acids'**". In the presence of bile acids, A. muciniphila
altered extracellular polymeric substances (EPS) biosynthesis-related
and export-related enzyme expression, suggesting a possible change
inmembrane structure'®®, Alteration of EPS in bifidobacteria™ directly
protected against bile acids'?. Therefore, it is possible that a simi-
lar protective effect of EPS from A. muciniphila could contribute to
increased growth in bile acids""""?, along with squalene-associated
membrane structures'®, However, intracellular bile acids could be
exported by a putative bile acid transporter (Amuc_0139) which is
continuously expressed, along with other transporters that have
been shown to be upregulated by ox bile'*®. Additional research is
needed to clarify the association between EPS and bile resistance in
A. muciniphila. This includes better characterization of its EPS, gene
knockouts and heterologous expression of EPS-related genes, as well
as in vivo supplementation of A. muciniphila with variable bile acid
compositions.

Polyphenols as prebiotic supplement

The consumption of food affects the gut environment, and food rich
in polyphenols is correlated with an increase of A. muciniphila. Mice
fed a high-fat diet supplemented with either cranberry extract' or
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concord grape polyphenols™ had improved metabolic and immuno-
logical markers together with anincrease in A. muciniphila. Moreover,
colitis-induced mice that were supplemented with diosmin in their
diets showed an increase in A. muciniphila, reduced inflammation
markers and increased MUC2 expression'. In a human cohort sup-
plemented with 600 mg black elderberry extract, Akkermansia spp.
were significantly associated with the consumption and this associa-
tion persisted after the supplementation'®. The possible mechanism
through which different polyphenols boost Akkermansia spp. has not
been completely resolved, but possible modes of action have been
extensively reviewed"”"®, These include a direct effect on A. mucin-
iphila through utilization or an indirect effect either by altering the
surrounding environment' or by affecting bacteria interacting with
A. muciniphila. There is no experimental evidence of its growth on
polyphenols through degradation and utilization; the only indication
comes from computationally inferred enzymes"”"'$, However, poly-
phenol administration to mice increased mucus thickness?® and the
production of MUC2 (ref. 121), and this could result in more substrate
for growth of A. muciniphila.

Role in host response and health

In this section, we summarize the mechanistic evidence for the
cross-talk between A. muciniphila and the immune system. We also
showcase the mechanisms through which A. muciniphila promotes
metabolic health and improves gut barrier, as well as its role in the
gut-brain axis (Fig. 3).

A. muciniphilainteraction with theimmune system

A. muciniphilais recognized by theimmune system through TLRs. Incu-
bation of HEK-Blue cells expressing single receptors with A. muciniphila
or its supernatant stimulated TLR2 and TLR4, but not TLR5 and TLR9
(ref. 63). The pili of A. muciniphila are recognized by TLR2 and the LPS
ofits cell wall is recognized by TLR4 (refs. 63,122). The extracellular
vesicles (EVs) of A. muciniphila could also stimulate TLR2 and TLR4,
and subsequent signalling molecules'?. This is highly relevant as most
Gram-negative bacteria can only stimulate TLR4 (refs. 124,125). The
TLR2-TLR1heterodimer can be activated by the diacyl phosphatidy-
lethanolamine found in the cell membrane of A. muciniphila™®, leading
toresponses including the production of cytokines and chemokines,
and activation of otherimmune cells through NF-kB, mitogen-activated
protein kinases (MAPKs) and phosphoinositide 3-kinases (PI3K)'*. The
molecular mechanisms have been reviewed extensively'”. However,
we would like to note that A. muciniphila seems to train the immune
systemand this in vitro and ex vivo observation paves the way for future
research on early establishment of microorganisms in the gut. More
specifically, a second administration of live A. muciniphila cells on
macrophages and monocytes after a first administration, of either
live or dead cells, resulted in a significant downregulation of cytokines
invitro, namely TNF and IL-10 (ref. 105).

Other A. muciniphila epitopes and host receptors are alsoinvolved
in recognition. The peptide RKH, for example, binds to TLR4, and
probably blocks its LPS-induced activation, which was tested both in
vitro and in mice and piglet models, and was found to reduce inflam-
mation inseptic hosts'?®. Another peptide, p9, directly binds to ICAM2,
animmunoglobulin-like adhesion peptide, and induces GLP1 and the
respective peptide secretion'”’, p9 is also involved in IL-6 production,
as shown in macrophages. Knocking out IL-6 production in mice also
confirmsitsimportance for GLP1production'”. A. muciniphila aminoa-
cyltRNA synthases (AmMTARS), unlike TARS of other tested bacteria, are

mainly secreted and are not transferred through EVs. Through TLR2
activation, they triggered IL-10 production in bone marrow-derived
macrophages™®. Ornithine lipids (OL) produced by A. muciniphila,
found to be present in growth medium and its EVs, regulated inflam-
matory and anti-inflammatory cytokine production, including an
increaseinIL-10 thatis also induced by LPS™'. OL were not produced by
the Gram-negative bacteria, B. thetaiotaomicron and Escherichia coli’'.
Inthe presence of A. muciniphila, bone marrow-derived macrophages
presented increased expression of TIrl, TIr2and Tlr4 and other recep-
tors associated with bacterial recognition, including Nod1, Nod2 and
Clec4 (ref.105).

A. muciniphila promotes metabolic health

A. muciniphila has gained attention for its negative association
with metabolic diseases including diabetes, obesity and fatty liver
disease*'*3, andis positively correlated with lean phenotypes®-**13¢,
In mice, ahigh-fat diet had a detrimental effect on metabolic markers
and diminished the level of A. muciniphila in the gut'”. Even in indi-
viduals without obesity, those with type 2 diabetes had a significantly
lower abundance of A. muciniphila™®. However, A. muciniphila is also
positively correlated with the use of metformin, the drug used by indi-
viduals with type 2 diabetes, and as such this should be considered as
aconfounder in such studies™.

Live A. muciniphila supplementation in mice diminished some
major effects of a high-fat diet such as weight gain, metabolic inflam-
mation, insulin resistance and memory loss?>***! Furthermore,
pasteurized A. muciniphila cells were more effective in suppressing
weight gain in mice, which was also retained by sole administration
of the Amuc_1100 pili. These effects have been replicated in several
studies and one of the mechanisms reported is that A. muciniphila
reduced serumtriglycerides and alanine aminotransferase compared
with the control in adult mice on a high-fat diet'*%. A proof-of-concept
study that administered live and heat-inactivated A. muciniphila to
humansyielded similar results with significantly lessened insulin and
cholesterol levels in the blood compared with the untreated control
group of individuals with a high body mass index'*.

The possible mechanisms through which A. muciniphila
affects metabolism have been studied, mainly in models. An orga-
noid study indicated that A. muciniphila specifically regulates
metabolism-related gene transcription'**. The observed protection
from fat accumulation in the liver was proposed to relate to reduced
transcription of sterol regulatory element-binding protein and IL-6
(ref.142). The former is a transcription regulator that is important
for fatty acid regulation and the latter is an interleukin that controls
inflammation. Further evidence of how A. muciniphila can control fat
accumulation comes from a study on A. muciniphila-treated mice.
These mice showed restored levels of oxidation marker genes (Cptla,
Acoxl, Pgcla and Ppara) after a high-fat diet”. The mechanism by
which the immune system, A. muciniphila and glucose homeostasis
areinterconnected in mice has been elucidated. Interferon-y (IFNy),
which can control IL-6 expression'®, affects the levels of A. muciniphila
inmice via the Irgml gene through direct binding'*¢, and subsequently
the bacterium affects glucose regulation. In the same study, a negative
correlation was found between A. muciniphila and glucose levels in
humans, and between IFNy-regulated genesin human duodenal biop-
sies. IL-6 induction from p9 was also found to regulate GPL-1 produc-
tion, leading to a reduction in adipose tissue volume and glucose
intolerance in mice fed a high-fat diet'”. The relative abundance of
A. muciniphila was also associated with genetic marks in the PLD1
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Fig.3|A. muciniphila and its interaction with the host. Akkermansia
muciniphila has adirectinteraction with theimmune system via cell structures
and excreted products. The recognition is mediated by Toll-like receptor 2
(TLR2) and TLR4 receptors, mainly, but more receptors may be implicated in
the recognition such as glucagon-like peptide 1(GLP1). A. muciniphilainteracts
with the host viaiits pili, lipopolysaccharide (LPS) and extracellular vesicles
(EVs), and through other products such as p9, RKH, ornithine lipids (OL) and
aminoacyl tRNA synthases (AmTARS). The recognition triggers cytokine-
mediated immunological response as well as an improvement of various
metabolic health markers. Multiple studies have researched the beneficial
effects of live A. muciniphila supplementation in mice fed a high-fat diet. Among
others, supplementation restricted weight gain, metabolic inflammation,
insulin resistance and memory loss. A direct causal relationship has been found
specifically between A. muciniphila and glucose levels. The interferon-y (IFNy)
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cytokineregulates the IL-6 cytokine and, through its binding to the Irgm1 gene,
the abundance of A. muciniphila, leading to glucose regulation. Association

of Akkermansia spp. abundance with SNPs in the phosphatidylcholine
phospholipase PLDI gene, whichisimportant for appetite, weight, glucose and
fatty acid regulation, further adds to evidence of metabolism regulation by the
bacterium. The promising A. muciniphila-induced upregulation of the Marco
receptor, which binds to low-density lipoprotein cholesterol, still needs to be
researched in vivo. Regulation of anti-inflammatory cytokine production, such
asIL-6 and IL-10, by the bacterium is suggested to be pivotal for hindering chronic
inflammation in the gut. Moreover, A. muciniphilaimproves the gut barrier
function by increasing mucin production by goblet cells and the tight junction
proteins. A. muciniphilais also involved in the gut-brain axis communication
through y-aminobutyric acid (GABA), a neurotransmitter that it produces via
glutamate in low pH.

gene, which encodes for a phosphatidylcholine phospholipase in
humans'¥’. Later studies showed that mice lacking this gene dem-
onstrated increased weight and appetite, free fatty acid levels and
glucose in the bloodstream'®. A. muciniphila may also have a direct
effect on cholesterol regulation; it was found to upregulate the Marco
receptor of bone marrow-derived macrophages'®, which is known
to bind to low-density lipoprotein cholesterol'*. However, further
invivoresearchisneeded to determine whether this has adirect effect
onblood cholesterol regulation.

A. muciniphila and gut barrier integrity

Thebeneficial role of A. muciniphilainintestinal health encompasses
gut barrier function, anti-inflammatory properties?>****%15° and
the physiology of mucus and the underlying epithelial layer. In vitro
experiments of A. muciniphila on Caco-2 cell lines demonstrated its
potential to strengthen enterocyte monolayer integrity, as evidenced
by increased transepithelial resistance®. In mice fed a high-fat diet,
A. muciniphila administration resulted in increased acylglycerol
(endocannabinoid), mucus thickness and goblet cells. In specific
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pathogen-free mice, A. muciniphila administration reduced plasma
LPS levels??"**"*! In fast-ageing Erccl-deletion mice, supplementa-
tion of A. muciniphila prevented the age-related decline of mucus
layer thickness®. A. muciniphila also induces mucin production by
goblet cells, thus contributing to mucus layer thickness and structure™.

Invitro experimentsin Caco-2 cells showed thatboth the sole pili
proteinand EVsincrease gut permeability?>*. Inactivated cells and the
pili protein had an anti-inflammatory and tumour-suppressive effect
in mice, where the production of neoplasia-related cytokines, such
as IL-6, and lymphocytes was reduced™. EVs isolated from A. mucin-
iphila could halt the increase of IL-6 in mice with induced colitis™*.
Products from A. muciniphila significantly lessened the levels of IL-8
from TNF-stimulated human HT-29 cells in vitro and facilitated the
in vivo restoration of gut microbiota diversity in mice with induced
colitis®®. Additionally, A. muciniphila promoted the differentiation of
Thelper cells and the production of SCFAs®°. Inastudy including indi-
viduals with ulcerative colitis, a positive association was found between
A. muciniphila abundance and the mucin sulfation, whereas lower
abundances of A. muciniphila correlated with higher inflammation™.
Recently, protein Amuc_1409 was found to promote intestinal stem cell
differentiation in organoids and in mice, presumably through trig-
gering Wnt/B-catenin signalling®. Other possible mechanisms could
include TLR2-activated mucosal repair. Bothinvitro andin vivo experi-
ments with TLR2 knockouts showed a direct upregulation of TFF3,
important for mucosal restoration, but no effect on MUC2, KLF4 and
Mathl (ref. 157). Additionally, ex vivo experiments with TLR2 knockouts
and in vitro experiments showed that TLR2 activation is a determi-
nant for MyD88-dependent phosphorylation of Akt leading to tight
junction-associated barrier integrity™®. Future research could employ
experiments with A. muciniphilato investigate whether the bacterium,
its pili or its EVs can confer the same TFF3 regulatory effect.

Conversely, some studies associate A. muciniphila withimpaired
mucosaand the occurrence of allergies. Mice colonized with minimal
microbiomes and fed a diet without fibre had an elevated relative
abundance of A. muciniphila, presumably due to mucin degrada-
tion resulting from the lack of other complex glycans™’'*2, One such
study showed that, depending on the absence or presence of fibre,
A. muciniphila either aggravated or protected against infection by
Citrobacter rodentium'®. Other experiments in ovalbumin and chol-
era toxin-sensitized mice showed that, in the absence of fibre, a syn-
thetic community including A. muciniphilaled to a lower amount
of ovalbumin-specific antibodies despite a more severe allergic
reaction™. Mucus erosion was also suggested to modulate graft-versus-
host disease in mice treated withimipenem-—cilastatin'®. In these mice,
A. muciniphila relative abundance was increased together with reads
mapped to genes involved in mucus degradation'®. Further studies
with microbial consortia will provide more clarity on the cross-talk
between the microbiome, including A. muciniphila, external factors
such as diet and medicines, and the immune system. However, such
results should be critically interpreted using absolute abundances,
as an altered gut microbiota biomass can skew relative abundances
of certain bacteria. It remains imperative to further investigate this
in studies for its relevance to human health, as the bacterium has not
been associated with these diseases in humans.

A. muciniphila and the gut-brain axis

A.muciniphilamight play akey rolein the gut-brain axis. A. muciniphila
produces y-aminobutyric acid (GABA) in acidic conditions (pH < 5.5)
in the presence of mucin'®*. The synthesis of GABA from glutamate by

Akkermansia spp. occurs through glutamate decarboxylase'®. The
GABA produced by A. muciniphila can directly serve as a neurotrans-
mitter. However, the translocation of GABA from the gut to blood is
not yet clear. In mouse models, an increased relative abundance of
A. muciniphilaled to a decrease in y-glutamylated amino acid levels
in both the lumen and serum. This increased the levels of GABA and
glutamate in the gut, and raised the GABA to glutamate ratio in the
brain, whichis protective against seizures'*®. In an observational study,
A. muciniphila was enriched in healthy controls compared with indi-
viduals with bipolar disease and showed a positive correlation with
serum GABA levels'**'*’, Additionally, in children with tic disorder,
A. muciniphilawas negatively correlated with tic severity'*®. Akkerman-
sia spp. are also enriched in individuals with Parkinson disease. It is
hypothesized that thisis aconsequence of the altered sulphurationin
individuals with Parkinson disease, as A. muciniphilaplays aroleingut
sulfur metabolism'®’. Furthermore, Akkermansia spp. were increased
inindividuals with multiple sclerosis. However, the same study showed
that Akkermansia spp. were negatively associated with disability and
lesionsize, and positively associated with brain volume, suggesting that
increased Akkermansia spp.in multiple sclerosis could be abeneficial
compensating response’’’. In an amyotrophic lateral sclerosis mouse
model, A. muciniphila gradually decreased during disease progres-
sion, and supplementation of A. muciniphilain these mice ameliorated
symptoms'”’. Overall, these studies suggest that A. muciniphila may
playaroleinthe gut-brain axis, although more researchis required to
further elucidate the mechanisms of action and to establish causality.

A. muciniphila as a member of the gut microbiome
A. muciniphila plays a role in the complex microbial networks of the
human gut and the mucosal layer. The species builds interactions with
other humangut commensals through cross-feeding (Fig.4). More spe-
cifically, through cross-feeding, A. muciniphila can sustain other micro-
organisms duringin vitro growth on mucin glycans and HMQs?#%72173,
The availability of degraded glycans and metabolites can support
butyrate production by butyrate producers Anaerostipes caccae, Anaer-
obutyricum hallii, Faecalibacterium duncaniae, Roseburia inulinivorans
and Roseburia hominis in co-culture®®'”, A. muciniphila and A. hallii
demonstrate bidirectional cross-feeding by trading mucin-derived
sugarsand1,2-propanediol for avitamin B,,analogue®. A. caccae stimu-
lates the expression of mucin degradation genes in A. muciniphila”.
Furthermore, R. inulinivorans and R. hominis both cross-feed on the
sugars liberated from mucin by A. muciniphila”. More complex eco-
logical interactions of A. muciniphila have been studied in a synthetic
community, which was constantly supplied with mucin and regularly
fed with dietary fibres"*. A. muciniphila was among the most abundant
microorganisms and contributed to two trophic guilds: the degradation
of complexsubstrates and the degradation of simpler carbohydrates'.
In human adults, the genus Akkermansia was enriched in the ente-
rotype that is named after the Ruminococcus genus. In this cluster,
Akkermansiaspp. are positively correlated with Ruminococcus, Rumino-
coccaceae and Gordonibacter spp. Conversely, for the Prevotella-named
enterotype, anegative correlationbetween Akkermansia and Prevotella
spp. was found™"¢, Other studies found several positive correlations
between A. muciniphila and other species suchasthe saccharolytic Bacte-
roides caccae, the butyrate producer A. halliiand the methane-producing
archaeon Methanobrevibacter smithii>. Faecal virome transfer from
mice with >6% of A. muciniphila resulted in mice with higher rela-
tive abundances of A. muciniphila™. This paves new avenues for the
investigation of A. muciniphila cross-kingdom interactions.
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Fig. 4 | Ecological interactions between A. muciniphila and other members
of the human gut microbiota. Mucin glycan degradation by Akkermansia
muciniphilaliberates saccharides and metabolites that become available for
cross-feeding by other members of the mucosal microbiota. During growth
onmucin, A. muciniphilareleases monosaccharides and produces acetate,
1,2-propanediol and propionate. Through cross-feeding, A. muciniphila

fosters the growth of butyrate-producing bacteria, such as Anaerostipes caccae,
Anaerobutyricum hallii, Faecalibacterium duncaniae, Roseburia inulinivorans
and Roseburia hominis, resulting in the production of the beneficial compound

butyrate. A bidirectional cross-feeding relationship exists between A. muciniphila
and A. halliibecause a vitamin B, analogue is used by A. muciniphila to produce
propionate from succinate. More positive and negative associations with other
bacteria, archaea and viruses have been identified, but the complete mechanism
of their possible interactions has not been fully characterized. A. muciniphilais
positively associated with Ruminococcus, Ruminococcaceae, Gordonibacter and
Methanobrevibacter smithii, whereas it was negatively associated with Prevotella.
GalNAc, N-acetylgalactosamine; GIcNAc, N-acetylglucosamine; NeuSAc,
N-acetylneuraminic acid (also known as sialic acid).

Potential future applications of A. muciniphila

In the previous sections, we summarized two decades of science on
A. muciniphila. In this section, we look forward by discussing its eco-
logical function, how A. muciniphila genetic models could enhance our
knowledge of this bacterium, how we could exploit the enzymes that it
produces for biotechnological and biopharmaceutical applications and
how A. muciniphila could be applied as a therapeutic (Fig. 5).

Ecology

The currentunderstanding that multiple strains of A. muciniphila colo-
nize host systems and that different species exist should be further
explored to understand their distinct patterns of associations with
host health, diversified functional capabilities, strain suppression and
ecological structure. Genome diversity indicates alarge phylogenetic
and functional diversity of the Akkermansia genus®. New isolates will
help understand subspecies-level genetic stratification and why certain
species dominate over others, why some strains are human-specific,
why strains are related to human geographical location and their
health-inducing properties or connection with animal species. Such
insight will also be necessary to predict the effectiveness of strains
for therapeutic applications and possible engraftment in ecological

structures. The finding of Akkermansia-associated bacteriophages
inrelation to relative abundance of Akkermansia spp. could also lead
to targeted suppression of Akkermansia spp. and explain possible
strain-strain competition®.

Genetic model

Arobust system for the genetic manipulation of A. muciniphilais lack-
ing. A patent for genetic engineering of A. muciniphilathroughrandom
transposon mutagenesis has been published and applied®’. The study
retrieved valuable results on A. muciniphila colonization strategy and
mucin utilization mechanisms. However, it is less suitable for targeted
mutagenesis and the field awaits a more robust system. Being able to
genetically manipulate A. muciniphila willidentify the functions that this
bacteriumexhibits. The lack of genetic tools for manipulation of A. mucin-
iphilasuggests that itis not straightforward for this organism. Its features
thatbelongtothe Verrucomicrobiota phylum, anaerobic nature, sensitiv-
ity to oxygen, outer membrane structure and restriction-modification
systems can hamper traditional protocols using vectors, electropora-
tion, the bacteriophage-A recombination system and CRISPR-Cas. More
in-depth knowledge about these features and accessibility of different
strains with various features can lead to progressin this field of study.

Nature Reviews Microbiology


http://www.nature.com/nrmicro

Review article

Enzyme production

The discovery of A. muciniphila OgpA led to the establishment of an
analytical workflow to study O-glycosylation of proteins with potential
biotechnological and biopharmaceutical applications. A. muciniphila
O-glycopeptidase OgpA exclusively cleaves the peptide bond that is
N-terminal to O-glycosylated serine or threonine residues. Therefore,
OgpA canbeapplied to map O-glycosylation sites on a protein by gen-
erating a digestion pattern with only O-glycans'**"*"7°, Applications
of OgpA in glycomics so far included mapping the O-glycosylation
patterns of human plasma, platelets and endothelial cells'*’, human
coagulation factor V', cancer tissue'’® and Zika virus antigens'”’.
The arsenal of A. muciniphila contains many more enzymatic activi-
ties, such as galactosidases, fucosidases, N-acetylglucosaminidases,
N-acetylgalactosaminidases, sialidases, glucosidases and
mannosidases'®'®?, which can be studied on O-glycosylated proteins.

Biotic concepts

Pasteurized A. muciniphila cells have been determined to be asafe food
ingredient by the European Food Safety Authority (EFSA)'®*. There-
fore, this bacterium may now be applied as paraprobiotic and postbi-
otic. Future studies should focus on understanding the differencesin
effects between the administration of paraprobiotics or postbiotics

andlive cells. Akkermansia spp. EVs are reported to enhance intestinal
tight junction function, toreduce weight gain and toimprove glucose
tolerance?”. Another application is the use of specific proteins, as a
bioticingredient. Amuc_1100 has a regulatory effect on host metab-
olism and the mucus barrier’”. Furthermore, the prebiotics inulin,
polyphenols, linoleic acids, oat bran, betacyanins and non-digestible
feruloylated oligosaccharides and polysaccharides'*"*®increase the
abundance and activity of A. muciniphila in the gut. Prebiotics can
stimulate strains and species that are already present and are most
effectivein their current host, providing an alternative to expensive liv-
ing probiotic formulations. Oneinteresting application could be HMOs,
as HMO catabolismis described to be strain-specific for Akkermansia
spp. Two mechanisms are proposed for the host metabolic changes that
A. muciniphilainduces. One is through strengthening of the mucus
barrier that can be damaged by a high-fat diet or inflammation®. The
second proposed mechanismis through modulation of the intestinal
endocannabinoid system, which comprises lipid mediators that control
barrier function, gut inflammation and glucose homeostasis?. Alto-
gether, the current findings are important steps towards the applica-
tion of A. muciniphila as abiotic or therapeutic agent toimprove human
health. Furthermore, the hypothesis that A. muciniphila improves
health needs much more evidence regarding the mechanistic insights
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Fig. 5| Current and future potential applications of A. muciniphila. More
research onidentifying other Akkermansia spp. and more Akkermansia
muciniphila strains will increase our understanding of their ecological roles
inthe gut. Currently, agenetic model for random mutagenesis is patented,
and there are efforts for the establishment of a targeted mutagenesis method.
This would allow the enhanced production of its numerous enzymes, which
include an O-glycopeptidase and many other enzymes that target glycans

for various applications. A. muciniphila enzymes can target O-glycans from
viruses, mucins and human blood components, thus potentially providing a
means for creating universal blood for transfusions. There are multiple ways

ofinducing the beneficial effects of A. muciniphila, including administration of
live cells, pasteurized cells and its components (pili, extracellular vesicles (EVs),
p9, aminoacyl tRNA synthases (AmTARS), RKH, ornithine lipids (OL)) as well

as prebiotics that boost A. muciniphila such as polyphenols. Clinical trials in
humans and in vivo supplementation in mice showed that A. muciniphila can
confer many metabolic,immunological and intestinal positive effects such as
the improvement of the intestinal barrier and the lowering of plasma cholesterol.
Its association with protection or treatment of certain diseases needs further
corroborationin human trials, but also highlights the possibility of future
therapeutic applications.
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of microbial functional components and the pathways of the host
response. The field should focus on the engraftment of A. muciniphila
in the ecosystem, characterization of host-microorganism interac-
tion pathways and the direct role in metabolic and immune health.
Anotherimportant considerationin probioticapplicationis antibiotic
resistance and the transferability risk of resistance genes within the
Akkermansia genus. There is much uncertainty around this topic, as
summarized previously*>'%,

Therapeutic concepts

Administering A. muciniphila cells, either living, pasteurized or deriva-
tives, is hypothesized toimproveintestinal barrier with adirect effect
oninsulin sensitivity, immune regulation and nutrient absorption.
Preclinical studies report decreases in body weight, fat mass gain and
lower glycaemia for both live cells and pasteurized cells of A. mucin-
iphila Muc' and Akkermansia sp. DSM 33459 (A. massiliensis)***'?,
Areduction in low-grade inflammation, a decrease in plasma choles-
teroland animprovement of intestinal barrier functionare reported for
A.muciniphilaMuc' (refs. 52,190,191). Theimmune-related application
of A. muciniphila is proposed for secreted AmTARS as a therapeutic
agent against inflammatory bowel disease because of its function in
improving immune homeostasis through the TLR2 pathway"*°. For
immune therapy and oncotherapy, it functions through immune
modulation, leading to a more stable clinical response'*'”*. Another
interesting application involves the mucin-degrading enzymes of
A. muciniphila to create more potent enzyme variants for a universal
blood type for blood transfusions™*. For instance, A. muciniphila fucosi-
dase can convert universal O-type blood into the rare Bombay-type
blood™”. The list of diseases in which A. muciniphila could be used as
potential therapy is growing'”"'°°2°>, Most of the hypotheses are based
onrelative abundances in faecal matter, mouse studies and strong or
weaker correlations with disease states””*?*?%*, One should be care-
ful drawing direct conclusions from such studies, as this could lead
to unsuccessful intervention studies with a burden and risk for criti-
callyill patients undergoing immune therapy or suffering from cancer,
mental or neurological disorders and chronicinflammatory diseases.
For each disease, a thorough investigation, causative evidence and
mechanistic evidence are needed. However, from the number of clinical
trials registered up to now we can expect exciting results in the field of
A. muciniphila as atherapeutic agent in the future.

Conclusions and outlook

A. muciniphilais an extraordinary bacterium characterized by its affin-
ity for gut mucus and its effects on human metabolic and mucosal
health. The discovery of this organism has contributed to new insight
thatamucin-foraging bacterium can, instead of being pathogenic, have
beneficial effects by stimulating host mucin production and improv-
ing the gut barrier. Research on A. muciniphila has also shown how
correlations canbe transformed into causal relationships with health
and that fundamental research can be transformed into usable applica-
tions. Over the past two decades, researchin the field of A. muciniphila
has expanded and resulted in robust evidence for its role in health,
including maintenance of body weight and insulin sensitivity. Because
the organism was proven to be safe for human consumption and is
currently available as an over-the-counter product in many countries,
we can expectresults onthe consumption of A. muciniphilainitsliving
or pasteurized formin the near future. The new Akkermansia spp. and
strains that have been reported also open the possibility of additional
functions for host health.

Big questions that still remain concern evolutionary adaptation
of the organism to the gut and interactions with the host. It remains
unanswered why A. muciniphila is so omnipresent throughout ver-
tebrate gut systems and why the genus remains so low in genomic
diversity. The low genome diversity could mean high adaptation but
also points towards a more recent colonization of the gut systems by
this organism. Furthermore, another question is why the Akkermansia
genus is the only representative of the Verrucomicrobiota phylumin
the gut. This question asks for fundamental science projects that aim
to understand the evolutionary adaptation of A. muciniphilato the host
mucosal environment. A follow-up question is why the host tolerates
A. muciniphila in the mucosal layer. This could suggest evolutionary
‘addiction’, where hosts need this microbial symbiont to perform an
essential function®*. However, before understanding the depend-
encies, more insight is needed into the molecular level of the host-
A. muciniphila interaction. Therefore, future research should focus
more onthe molecular mechanisms by which the bacterium stimulates
ahealthy gutand how it regulates host metabolic,immune and mucosal
responses. The discovery that the Amuc_1100 protein binds host TLR2
and otherreceptors, leading toimproved gut barrier, is abreakthrough
that deserves more attention and exploration. This is one of the few
disease-relevant human gut bacterial protein-protein interactions
that have beenidentified to regulate the gut barrier. We envision that
the interaction of Amuc_1100 with host cells extends much further,
and that other components of A. muciniphila play an important role
in host-microorganism interactions that improve metabolic and gut
barrier responses. In the long run, advanced methods to manipulate
A. muciniphila should enable mechanistic insight into its physiology
and possible health effects. Mechanistic insights such as these will
improve the design of clinical trials and intervention studies, helping
move the field towards more targeted and possible new applications
of gut-associated microorganisms such as A. muciniphila.
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