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Abstract

Trimethylamine (TMA) and its oxide TMAO are important biomolecules involved in disease-associated processes in humans (e.g.,
trimethylaminuria and cardiovascular diseases). TMAO in plasma (pTMAO) stems from intestinal TMA, which is formed from
various components of the diet in a complex interplay between diet, gut microbiota, and the human host. Most approaches to prevent
the occurrence of such deleterious molecules focus on actions to interfere with gut microbiota metabolism to limit the synthesis of
TMA. Some human gut archaea however use TMA as terminal electron acceptor for producing methane, thus indicating that intestinal
TMA does not accumulate in some human subjects. Therefore, a rational alternative approach is to eliminate neo-synthesized intestinal
TMA. This can be achieved through bioremediation of TMA by these peculiar methanogenic archaea, either by stimulating or
providing them, leading to a novel kind of next-generation probiotics referred to as archaebiotics. Finally, specific components which
are involved in this archaeal metabolism could also be used as intestinal TMA sequesters, facilitating TMA excretion along with stool.
Referring to a standard pharmacological approach, these TMA traps could be synthesized ex vivo and then delivered into the human
gut. Another approach is the engineering of known probiotic strain in order to metabolize TMA, i.e., live engineered biotherapeutic
products. These alternatives would require, however, to take into account the necessity of synthesizing the 22nd amino acid pyrrolysine,
i.e., some specificities of the genetics of TMA-consuming archaea. Here, we present an overview of these different strategies and recent
advances in the field that will sustain such biotechnological developments.

Key points

» Some autochthonous human archaea can use TMA for their essential metabolism, a methyl-dependent hydrogenotrophic
methanogenesis.

* They could therefore be used as next-generation probiotics for preventing some human diseases, especially cardiovascular
diseases and trimethylaminuria.

* Their genetic capacities can also be used to design live recombinant biotherapeutic products.

 Encoding of the 22nd amino acid pyrrolysine is necessary for such alternative developments.

Keywords Trimethylamine oxide TMAO - Cardiovascular disease CVD - Archaebiotics - Trimethylamine TMA -
Trimethylaminuria TMAU - Live biotherapeutic products LBP
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Introduction

The human gut microbiota contains about as many cells as
human ones themselves (Sender et al. 2016). It is a complex
mix of microbes from the three domains of life (Bacteria,
Archaea, and Eukarya) which differs between human subjects
(Arumugam et al. 2011; Donaldson et al. 2016; Human
Microbiome Project 2012). It is considered similar to a human
organ (the “forgotten organ”) that participates in several im-
portant physiological processes in humans, encompassing no-
tably nutrition (digestion of fibers, vitamins, and short-chain
fatty acids synthesis) and protection against pathogens, as well
as having endocrine functions (Clarke et al. 2014; O'Hara and
Shanahan 2006). It has co-evolved with its host and provides
genes and functions not encoded by the human host, with
microbial genes accounting about 100 times more than the
human genome itself (Arumugam et al. 2011; Qin et al.
2010). All of this leads one to consider humans and their
microbes as a biological entity, a holobiont (Simon et al.
2019). Bacteria are the most represented microbial part of
the gut microbiota, and also the most studied: they account
for trillions in each individual and represent about 98% of all
microbes (Zhernakova et al. 2016). Eukaryotic cells are far
less abundant with yeasts being predominant among them.
In-between, archaea account in mean for 1-2% of all microbes
with high variations among subjects (Zhernakova et al. 2016).
While the diversity of these human-hosted archaea is likely
still underestimated, they are mainly anaerobes performing
methanogenesis (Bang and Schmitz 2018; Gaci et al. 2014;
Moissl-Eichinger et al. 2018). The main representative of such
organisms in the gut is the Methanobacteriales representative
Methanobrevibacter smithii (Miller et al. 1982).

Less than a decade ago, a small organic plasma molecule
was identified as an important risk factor for cardiovascular
disease (CVD), plasma trimethylamine oxide (pTMAO)
(Wang et al. 2011). It originates exclusively from the metabol-
ic action of the gut microbiota on some various nutrients lead-
ing to one deleterious intestinal intermediary compound fur-
ther oxidized by the liver. Although the role of pTMAO is a
matter of debate as for example high fat-fed mice exposed to
TMAO have improved glucose tolerance (Cho and Caudill
2017; Dumas et al. 2017; Jaworska et al. 2019), pTMAO
has been shown to be directly or indirectly involved in various
mechanisms that drives cardiovascular events, like contribu-
tion to the formation of atherosclerotic plaques, foam cells,
and platelet activation (Warrier et al. 2015; Zhu et al. 2016)
(see (Tang and Hazen 2017; Zeisel and Warrier 2017) for a
review). Since, pTMAO has also been linked to various dis-
eases through this “diet-microbe morbid union” (Rak and
Rader 2011).Plasma TMAO is, for example, also adversely
associated to chronic renal diseases (Tang et al. 2015), non-
alcoholic fatty liver disease NAFLD (Chen et al. 2016), type-2
diabetes (Shan et al. 2017; Tang et al. 2017), or colorectal and
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prostate cancer (Mondul et al. 2015; Xu et al. 2015). Also, it
has been recently shown that the gut microbial intermediary
compound itself, trimethylamine (TMA) has haemodynamic
effects that TMAO does not have, with a significant increased
arterial blood pressure (Jaworska et al. 2019). At last, TMA is
also involved directly in a rare inherited metabolic disorder
named trimethylaminuria (TMAU) or fish odor syndrome in
addition to also acquired/transient cases (Christodoulou 2012;
Humbert et al. 1970; Messenger et al. 2013). This is a psycho-
socially distressing disease (see below for reasons and
mechanisms).

This peculiar case by which the gut microbiota contributes
to disease provides an example on which specific, original,
and rational strategies could be applied, which in turn can
provide new biotechnological approaches for other (gut
microbiota function-derived) diseases.

The gut microbiota and intestinal TMA
standing at the crossroads

At the crossroads between diet and plasma, TMAO/TMA
stands the gut microbiota (Fig. 1). The latter generates intes-
tinal TMA, next absorbed by the human host, conveyed into
the liver by the portal vein where it is normally oxidized into
pTMAOQO. This oxidation is driven by hepatic flavine
monoxygenases and more specifically FMO3 (Bennett et al.
2013; Warrier et al. 2015; Zhu et al. 2018). The elimination of
pTMAO will next be the result of renal excretion (Gessner
et al. 2018). In some cases, however, impairment of this liver
oxidation avoids total or partial conversion of TMA into
TMAO, leading to significant levels of TMA in blood which
further diffuses in body fluids and is excreted through sweat
and breath in addition to urine. The main cause of FMO3
deficiency (i.e., of liver TMA oxidation) relies on mutations
in the fimo3 gene, leading to a recessive hereditary metabolic
disease, trimethylaminuria (TMAU) (Dolphin et al. 1997).
TMA is a volatile molecule which characterizes fish spoilage,
resulting from the microbial reduction of TMAO present in
high level in seafood for osmoregulation (Ghaly et al. 2010).
Humans are very sensitive to this rotten fish (mal)odor, which
is interpreted as a protective reflex acquired through evolu-
tion, preventing us to eat spoiled food. Consequently, diet
does not provide TMA directly because food would be per-
ceived as improper to consume by humans. However, a bad
consequence of the distasteful perception of TMA is for pa-
tients suffering from TMAU, as they have to handle socially
their unpleasant body odor: this often leads to impaired social
life, isolation, and depression of patients (Christodoulou 2012;
Mackay et al. 2011).

While no TMA is directly consumed, at least four different
nutrients are involved in the generation of TMA in the human
gut (Fig. 1). First, TMAO itself is such a diet component
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Fig. 1 Origin and fate of intestinal TMA. Intestinal TMA originates from
various nutrients from diet (1) which are further metabolized in the gut by
bacteria from the microbiota (2). Nutrients are indicated in bold, bacterial
genes encoding necessary enzymatic activities in red and italics. TMA is
next absorbed and either oxidized into pTMAO in the liver or not, con-
tributing respectively to cardiovascular disease or trimethylaminuria (3).

mainly found in seafood. It is an intestinal TMA precursor
through reduction by gut bacteria (and next oxidized by the
liver back into TMAO), providing an example of metabolic
retro conversion in humans (Hoyles et al. 2018). Involved gut
bacteria encompass various species with members of
Enterobacteriaceae as main contributors (e.g., Escherichia
coli and Klebsiella pneumoniae). Other dietary quaternary
ammonium compounds that contribute to intestinal TMA are
mainly choline-lecithin and L-carnitine (Al-Waiz et al. 1992;
Koeth et al. 2013; Wang et al. 2011) and also some others
(Jameson et al. 2016). They all require specific enzymatic
bacterial activities to be converted into intestinal TMA.
Some of these enzymes have only very recently been identi-
fied and described (Craciun and Balskus 2012; Martinez-del
Campo etal. 2015; Zhu et al. 2014). Also, the potential of each
individual to convert these compounds into TMA is highly
dependent on their gut microbiota composition, which shows
a high inter-individual variation. For example, subjects with
vegan diet were shown to not convert (or less) L-carnitine into
TMA (Koeth etal. 2013): it is likely that the diet habits of such
subjects lead to a counter-selection of L-carnitine metaboliz-
ing gut bacteria over time. Moreover, gut bacteria that support
TMA synthesis from these various compounds are from var-
ious phylogenetic lineages supposedly due to lateral gene

0O0AR MAUOG aandq pAARY pARAQ MAAAQ nAAAQ ARQ aARAQ pandq PALQ padAq pARAQ
Lol 0 oY oY oY oY oY 0¥ oY oY o[ o} o]0

However, intestinal TMA is not an end-product of the gut microbiota in
some humans who host particular methanogenic archaea (down-right),
which use TMA (+H,) for their methanogenesis, an essential metabolism
for their survival. Methyltransferases used for this metabolism are indi-
cated, with an emphasis of the first necessary one, MttB, a pyrrolysine-
containing protein. See text for further details

transfers having occurred during (gut bacteria) evolution. In
consequence, it remains highly speculative to deduce from the
gut microbiota composition (i.e., obtained by 16S rRNA gene
sequencing) its ability to generate intestinal TMA. This is
likely less speculative from metagenomics data from which
the presence and proportion of microbial genes involved in
TMA synthesis are determined (Borrel et al. 2017; Jameson
et al. 2016; Rath et al. 2020).

A strategy designed rationally
from the mechanisms: the role of human
archaea

Acting on the gut microbiota metabolism to limit
pTMAO

From above, many potential ways to limit circulating pTMAO
and/or intestinal TMA can be imagined. However, most of
them have serious disadvantages and side effects. A first idea
can be to reduce the amounts of TMA-generating nutrients by
selecting foods that provide lower quantities of these different
molecules. However, these compounds are present in so many
different foods that it makes difficult to address this question,
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especially at the population level. Some foods are however
more prone to allow such kind of intervention: for example,
eggs are known to contribute a lot for choline-lecithin, red
meat for L-carnitine and choline-lecithin, seafood for
TMAO and glycine-betaine, and also vegetables and seeds
(e.g., quinoa, wheat, or spinach for glycine-betaine). Even
more important, these nutrients by themselves, if they are
not metabolized into intestinal TMA, are beneficial to humans
or even essential. For example, choline is an essential nutrient
whose deficiency leads to severe liver dysfunctions with
steatosis and neurological disorders (Ueland 2011; Zeisel
1990). At the opposite side, we could imagine the develop-
ment and use of drugs inhibiting pTMAO synthesis in the
liver: this could be achieved by FMOj inhibitors to avoid
oxidation of gut-generated TMA. TMAU patients would not
benefit from such a drug, and this would also generate a tran-
sient fish odor syndrome as a side effect for others. Therefore,
acting on the gut microbiota and on its metabolism itself
seems the lonely reliable mean, and for which various com-
plementary ways are possible. This encompasses notably pre-
biotics and probiotics, but also drugs or food components that
would have a (selective) inhibitory action on bacterial en-
zymes involved in gut TMA synthesis. Among possible
drugs, 3,3-dimethyl-1-butanol or DMB shows interesting in-
hibitory properties of bacterial TMA lyases (Wang et al.
2015). This approach allows now a rational screening of pos-
sible inhibitors as recently illustrated by S. Hazen and collab-
orators (Roberts et al. 2018). Together with the development
of drugs targeting specifically some gut microbiota functions,
a recent review in this journal described microbes and
probiotics associated to decreased pTMAO (Din et al. 2019).
Howeyver, this review overlooked another, microbiome-based
way to limit pTMAO, namely the usage of a unique metabolic
property of some human-associated archaea.

Naturally occurring human methanoarchaea use TMA

Human archaea colonize any human inner or outer surface, as
bacteria do even if it is most often in a lesser extent (Pausan
et al. 2019). They are of various genera depending on the
human biogeographic area, remain likely underestimated, as
well considering their amount, diversity, metabolisms, func-
tions, and contributions in each ecosystem (Bang and Schmitz
2018; Gaci et al. 2014; Koskinen et al. 2017). In the gut, these
archaea are mainly strict anaerobes producing methane with
the property to use H, as electron donor, i.e., being all
hydrogenotrophs. They thus act on one major end-product
of the bacterial gut fermentations, H,, and therefore allow to
keep low pressure of H, and in consequence, improve fermen-
tations yields performed by fermentative bacteria that would
otherwise been inhibited. According to some large-scale
metagenomics studies, they represent in mean 1-2% of the
gut microbes (Zhernakova et al. 2016) but being highly
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variable in amount among subjects. In the human gut, the
main representative is Methanobrevibacter smithii, a
Methanobacteriales-affiliated species with a high prevalence
(considered to be hosted by more than 50% of people with
variations according to the considered population): it gener-
ates methane using H, as electron donor and CO, as electron
acceptor.

Considering the aim of this article, there are two interesting
features of human gut methanogens. First, none has been
shown to be pathogenic, which is also the feature of any ar-
chaea towards plants or any animal (Cavicchioli et al. 2003;
Chaudhary et al. 2018; Gaci et al. 2014; Moissl-Eichinger
et al. 2018). In humans, some have been associated to pathol-
ogies (e.g., periodontis) but with no evidence of a direct role
on them (Horz et al. 2015; Lepp et al. 2004; Sogodogo et al.
2019). However, another methanoarchaeon of the order
Methanobacteriales, namely Methanosphaera stadtmanae,
has strong inflammatory properties, able to activate human
monocyte-derived dendritic cells (Bang et al. 2014;
Vierbuchen et al. 2017). This is not the case for other human
gut methanogens tested so far (Bang et al. 2017). Second,
some specific archaea are able to produce methane using H,
as electron donor and TMA as terminal electron acceptor.
This unique metabolism was initially deduced from
genomic insights of a human archaeon, Candidatus (Ca.)
Methanomethylophilus alvus Mx1201 (Borrel et al. 2012),
known to be a representative of a new, 7th methanogenic
archaeal taxonomic order (Borrel et al. 2013b; Mihajlovski
et al. 2008). Interestingly, a first isolate of this new order
named Methanomassiliicoccales was obtained from a human
stool sample, Methanomassiliicoccus luminyensis (Dridi et al.
2012; Iino et al. 2013). This microorganism was demonstrated
to convert in vitro TMA into methane using H, according to
the metabolic pathway schematically shown in Fig. 1. This
was also confirmed using culture enrichments of Ca.
M. alvus (Borrel et al. 2017; Brugere et al. 2014) as well with
a first isolate of this species, Ca. Methanomethylophilus alvus
strain Mx-05 (W. Ben Hania, K. Fadhlaoui et al., in prep.).

Archaea, potential but neglected
next-generation probiotics

Distinctive features of Methanomassiliicoccales

Methanogenesis is the essential and the only energy-
yielding metabolic pathway for any methanoarchaeon,
functionally similar to the cellular respiration in other an-
aerobes (i.e., an electron transport coupled to transloca-
tions of protons, with next an ATP synthase using this
proton (or Na*) motive force to generate ATP).
Methanomassiliicoccales have several interesting features
that are not found in other methanogens (Borrel et al.
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2013b; Borrel et al. 2014; Sollinger et al. 2016),
encompassing an unusual methanogenesis and energy
conservation process coupled to it (Borrel et al. 2014,
Kroninger et al. 2016; Kroninger et al. 2019). Most of
hydrogenotrophic methanogens use CO, as electron
acceptor leading to the terminal product CH,4 by the
pathway named hydrogenotrophic methanogenesis
(Ferry 2010; Thauer et al. 2008). There are a few excep-
tions regarding hydrogenotrophs unable to reduce CO,
into methane, the main being Methanosphaera spp.
(belonging to the order Methanobacteriales as does
M. smithii), which can oxidize hydrogen using methanol
as terminal electron acceptor. All members of
Methanomassiliicoccales however are exceptions, not
having the hydrogenotrophic methanogenesis pathway,
therefore being unable to perform methanogenesis from
CO,: they all use C1 compounds as electron acceptors,
with some distinctions among them. So far, all of them
can use methanol, while some of them can also use
monomethylamine (MMA) (Lang et al. 2015), and among
them, some can also use TMA (and dimethylamine
DMA). In fact, such a metabolism on methylamines relies
on a rare and original genetic trait (see chapter 5.1). Some
other methanogens perform other kind of methanogenesis,
either using C1 compounds as electron donors instead of
H, (methylotrophs, performing a methylotrophic
methanogenesis), or acetate (aceticlastic methanogens)
(Costa and Leigh 2014; Garcia et al. 2000; Lyu et al.
2018).

Another unique feature among Methanomassiliicoccales s
their phylogenetic situation split into two main clades
reflecting roughly an ecological distribution. One clade, to
which Ca. M. alvus belongs, is exclusively formed of several
candidate species and genera that are to be found in digestive
tracts of animals, encompassing insects, poultry, pigs, rumi-
nants, and humans (Borrel et al. 2013b; Mihajlovski et al.
2008; Mihajlovski et al. 2010; Paul et al. 2012; Soellinger
et al. 2016). It forms the host-associated clade or HAc
(Borrel et al. 2017; Soellinger et al. 2016). The other clade is
formed of members found in environments and not in or on an
host, with however at least one interesting exception (see be-
low, Ca. Methanomassiliicoccus intestinalis Mx01): all other
are freely found in various anaerobic environments like sea-
floors, freshwater sediments, wetlands, and peatlands for ex-
ample (Borrel et al. 2017; Borrel et al. 2013b; Soellinger et al.
2016). It forms the free-living clade FLc to which
Methanomassiliicoccus luminyensis B10 belongs. The latter
was, however, isolated from human stools (Dridi et al. 2012),
so that it remains unclear if the natural habitat of this species is
really (human or other animal) digestive environments, or is
another one, and so if this species was only transiently present
(or exceptionally living) in this human subject. This species
has never been clearly demonstrated again to live within the

human gut: it has sometimes been found in other studies using
PCR/qPCR tools in humans, which is likely the result of a
cross-signal with another Methanomassiliicoccales from this
clade, Candidatus Methanomassiliicoccus intestinalis, also
named Mx-01 (Borrel et al. 2013a): different strains of Mx-
01, phylogenetically closely related to M. luminyensis have
been identified in various studies and several subjects (e.g.,
(Borrel et al. 2017; Mihajlovski et al. 2010)), forming one
notable exception among FLc members. Therefore, it is as-
sumed that M. luminyensis is not a typical representative of the
gut-associated Methanomassiliicoccales, which could affect
its efficacy to thrive in the human gut.

Using these natural properties to design probiotics
from the archaeal domain: archaebiotics

If we sum up what is mentioned above, TMA is a deleterious
molecule synthesized by gut microbes originally believed
to be an end-product of the diet-derived metabolism of the
gut microbiota. It seems not to be the case in subjects who
house some peculiar archaea belonging to the order
Methanomassiliicoccales, which have the property to convert
TMA into methane (see below for arguments). Methane can
be considered as an inert gas for the host, especially at the
amount that would be derived from TMA. These archaea are
well adapted to this environment, at least for members from
the host-associated clade. Moreover, they are very likely safe:
this can be first presumed from our knowledge about the ar-
chaeal world (no pathogens described so far in humans, ani-
mals or plants). Also, M. luminyensis, which very likely does
not usually thrive in humans, does not lead in vitro to activa-
tion of human monocyte-derived dendritic cells (Bang et al.
2017), a difference with another human-hosted archaeon,
Methanosphaera stadtmanae (Bang et al. 2014; Vierbuchen
et al. 2017). Based on this, it is logical to propose the use of
such archaea as live biotherapeutic agents (Brugere et al.
2014), referred as “Archaebiotics,” or probiotics from the do-
main Archaea. Several data described below support the func-
tionality of such an approach.

In vivo in the human gut, TMA is very likely used by
Methanomassiliicoccales which have the genetic potential to
use it. In fact, it may be suggested that TMA use is restricted to
these microorganisms, conferring them an ecological niche in
the human digestive tract: from the Eldermet cohort, an Irish
cohort of elderly people (Claesson et al. 2011; Claesson
et al. 2012), it has been shown that the TMA level in
stools was significantly higher in people in whom no
Methanomassiliicoccales were detected, or who had
Methanomassiliicoccales (genetically) not able to use
trimethylamines, as determined by qPCR and metagenomics
data of more than 100 subjects (Borrel et al. 2017) (Fig. 2a).
Moreover, the mean level of intestinal TMA was lower when
subjects were hosting more than 10° TMA-using

@ Springer
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Fig. 2 Influence of Methanomassiliicoccales on fecal TMA and plasma
TMAO. a In the subjects from the ELDERMET cohort, a significantly
lower fecal TMA level for subjects hosting MttB-encoding
Methanomassiliicoccales was observed, more pronounced for subjects
hosting higher amounts of these archaea (derived from Fig. 3d in Borrel
etal., 2017). Only mean values and statistical significance are indicated. b
Archaebiotics in mice: Raj et collaborators reported the beneficial effect
of some archaea on plasma TMAO levels in mice (Ramezani et al. 2018):
after antibiotics treatment followed by a unique gavage with some differ-
ent methanogens, pTMAO was assayed at different time points (days 2,

Methanomassiliicoccales (based on a molecular metabolic
marker) than less than 10®, corresponding also with a higher
significance of this difference in intestinal TMA level with
subjects not hosting Methanomassiliicoccales or not TMA-
using Methanomassiliicoccales. Unfortunately, no data are
available from this study to know if this lower level of TMA
in stools is also associated with lower TMAO level in plasma.

The archacebiotics concept was recently tested on mice
(Ramezani et al. 2018). In preliminary experiments, laboratory
mice were treated with antibiotics to favor persistence/
implantation of archaea, and fed with a choline-enriched diet.
Tested archaea were various mesophilic methanogens provided
by a unique gavage of about 10® cells after antibiotics
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10, and 30 after inoculation, respectively indicated as D2, D10, and D30).
Some archaca and time points (reported at left) gave significant differ-
ences compared to pTMAO in control mice (which are reported here).
From the results given in the original work (text + figures), an efficacy
index for each species of methanogens is calculated to take into account
the amount of archaea which were implemented: this index corresponds
to the fold of reduction of pTMAO (pTMAO ratios between control and
tests) divided by the amount of archaea per ug of stools. The
Methanomassiliicoccales M. luminyensis, which has a significant effect
at the 3 time points, is highlighted (gray box)

treatments. With the exception of Methanobrevibacter smithii
(a human-hosted archaeon), they were all known to use TMA
for their methanogenesis. Also, they were all known to not
thrive in the human (and mouse) gut, with possibly the excep-
tion of Methanomassiliicoccus luminyensis which belongs to
the free-living clade (see above). This species was the unique
axenic cultivated representative from Methanomassiliicoccales
available for experimentation by authors. Surprisingly, gavage
with the human archacon M. smithii resulted in significant low-
er pTMAO levels all along the experiment (days 2, 10, and 30
after the unique gavage) compared to controls. It also improved
the health status of ApoE_/ ~ mice compared to controls, i.e., less
aortic/atherosclerotic lesions. As it is an archaeon that does not



Appl Microbiol Biotechnol

use TMA, the beneficial effects of M. smithii can be attributed
to a modification/modulation of the gut microbiota metabolic
activity, with an observed change in its bacterial composition
compared to controls (Ramezani et al. 2018). M. smithii was
also shown to colonize the mouse gut, at a higher level com-
pared to any other tested archaea. Other (TMA-using) archaca
gave significantly lower pTMAO levels, but this effect was
detectable only for the first days of experiments after the unique
gavage: in fact, these archaea were not retrieved (or at very low
levels) at day 30, indicating no colonization for most of them
and a continuous disappearance all along the experiment. One
exception was however Methanomassiliicoccus luminyensis,
which was retrieved in stools at low level from the beginning
to the end of the experiment. If we analyze more deeply data
provided by Ramezani et coll. (Ramezani et al. 2018) and using
numerical approximations from the figures and text, we can
compare the effectiveness of each archaeal species which
lowered significantly pTMAO taking into account the count
of archaea retrieved in mice stools at each time points
(Fig. 2b). M. smithii has in fact a significant effect of pTMAO
level associated to a high count of M. smithii in stools. This
corresponds to a lower reduction of pTMAO per cell of
M. smithii varying across time points: this argues for an indirect
action of M. smithii on intestinal TMA/pTMAO, likely by act-
ing on the gut microbial composition. Interestingly, the use of
the Methanomassiliicoccales representative M. luminyensis
gave a significant reduction of pTMAO all over the 30 days
of experiments. It had however a low count in stools, but one of
the highest and quite similar efficacy per cell at the three time
points (see Box in Fig. 2b). This indicates that M. luminyensis
has a strong effect that can be detected at even low colonization
level, likely by acting directly on intestinal TMA through a
conversion into methane. These results are in fact in line with
observations made in humans of the Eldermet cohort (Borrel
et al. 2017). Moreover, the low level of M. luminyensis
observed in mice stools may be the result of a methanogen
not well adapted to thrive in the gut, especially in mice:
the isolation of Ca. Methanomethylophilus alvus (W. Ben
Hania, K. Fadhlaoui et al., in prep.) gives now the opportunity
to carry out similar experiments with a human-hosted
Methanomassiliicoccales from the host-associated clade, which
should indicate more precisely the interest (or not) to follow up
a development and use of archaebiotics.

Future developments: genetics of archaea
as a tool for next-generation probiotics

It is shown from above that only archaea, and among them,
only some methanoarchaea are currently known to have prop-
erties to remediate TMA in the gut, with a few of them

naturally occurring in human gut. It is however imaginable
that some of these metabolic properties could be used to pro-
vide alternative solutions in human health. Among these so-
lutions, the specificity of enzymes used in this methylotrophic
metabolism could be used to sequester TMA in the human
gut, in a similar but more specific way than charcoal does, this
last being sometimes used for TMAU patients to lower TMA
absorption. The first archaeal enzyme of this pathway, MttB,
can be considered for such an application. This is the one that
recognizes TMA to further transfer a methyl-group to several
other methyltransferases (a corrinoid protein MttC, next an-
other methyltransferase MttA which methylates coenzyme M;
see Fig. 1).

Pyrrolysine, a necessary unusual amino acid
in anaerobic TMA metabolism

MttB is a (dimeric) enzyme which has however a striking
feature, from which depends its biological activity. For sub-
strate specificity and functional activity, this protein has to
possess pyrrolysine (Pyl) in its active site (Hao et al. 2002),
hence losing its specificity (Craciun and Balskus 2012).
Pyrrolysine is the 22nd proteinogenic amino acid discovered
at the beginning of the twenty-first century (Atkins and
Gesteland 2002; Srinivasan et al. 2002). It is found quite ex-
clusively in some archaea in which it is intimately linked to
methylamines metabolism, especially the methanogenesis
from MMA, DMA, and TMA (Bruggére et al. 2018). Its syn-
thesis, encoding, phylogenetic origin, and biological proper-
ties raise many questions considering archaea and more spe-
cifically Methanomassiliicoccales (Brugere et al. 2018). This
peculiar amino acid and the system which allows its encoding
have led to new biotechnological applications, especially in
synthetic biology and for quite any kind of cells (for a recent
review, see (Tharp et al. 2018)). In short, this unusual
proteinogenic 22nd amino acid is synthesized from one usual
amino acid, lysine, which is used twice through 3 reactions
catalyzed by 3 different enzymes (PylB, PylC, and PyID)
(Fig. 3) (Krzycki 2004; Krzycki 2005). This amino acid is
next encoded by the usual way at ribosomes, using a specific
tRNA whose anticodon is complementary to the UAG amber
codon (usually a stop codon). This tRNA acts as an UAG stop
codon suppressor: The mechanisms underlying the insertion
in nascent proteins (rather than a stall in-between the mRNA
and the ribosome) is still unclear but is likely the result of a
competition between archaeal releasing factor aRF and Pyl-
tRNA at the ribosome in archaea (Zhang et al. 2005). As
mentioned above, Pyl is a necessary component of an active
MttB protein, so that a biotechnological production of MttB
has to rely to organisms or artificial/bioengineered systems/
cells that can encode (and synthesize) Pyl.

@ Springer
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Fig. 3 Biotechnological developments using archaea and genetics of
archaea in order to lower intestinal TMA and prevent TMAU and
CVD. The Methanomassiliicoccales archaeon Candidatus
Methanomethylophilus alvus is represented in the up center of the
figure. It is naturally able to synthesize and encode Pyl, the 22nd amino
acid through an UAG (amber) suppressing tRNA, which allows the
synthesis of a functional methyltransferase specific to TMA (MttB, see
also Fig. 1). Therefore, this organism (or any other MttB-encoding
archaeon) can be used as a live biotherapeutic archacon (1) which will
convert TMA into methane through its methanogenesis (Archaebiotics).
Alternatively, this kind of archaecon can also be used to extract a

Producing and using components from archaea
for a pharmaceutical approach

We therefore propose to engineer microbial cells factories that
would be exploited for the controlled production of MttB, next
used to be delivered in the human gut to sequester TMA before
its absorption like charcoal does unspecifically (Fig. 3). It has
been shown for a long time that, for example, E. coli could be
transformed by the Pyl genetic components (Longstaff et al.
2007; Namy et al. 2007). For this purpose, MtmB, a Pyl-
protein which recognizes MMA was synthesized by E. coli as a
reporter of the functionality of the Pyl-system in this non-
naturally Pyl-encoding bacterium. Recently also, Pyl-tRNA/
Pyl-tRNA synthetase pair from Ca. Methanomethylophilus alvus
was shown to have even better yields for site-directed insertion of

@ Springer
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functional MttB protein that can be further used as a pharmaceutical
delivered in the human gut in order to catch TMA (2). Such a protein
production and purification can be achieved through the engineering of
bacterial cells (or yeasts) factories (2") with the need of the correct syn-
thesizing and encoding of Pyl. The production of Pyl-containing methyl-
transferases has already been achieved in E. coli. At last, and alternatively,
such an engineered bacterial cell can originate from a known probiotics.
This next-generation probiotics can next be used as a live recombinant
biotherapeutic product able to synthesize and deliver MttB in situ in the
gut to sequester TMA (3), accordingly to what has been already
developped for E. coli Nissle 1917 (Isabella et al. 2018)

non-natural amino acids in proteins (Beranek et al. 2019; Willis
and Chin 2018). We successfully produced MtmB with the Pyl-
system of Ca. M. alvus (unpublished data) and are now engineer-
ing various E. coli recombinant bacterial cells to produce and/or
secrete MttB. This cell or medium/purified protein will be next
used in vitro to determine its affinity towards TMA with the aim
to sequester TMA in the human gut: properly delivered in the
gut, it would link neo-synthesized TMA before its absorption by
the gut epithelium and its diffusion to the liver, so either lowering
pTMAO (which would prevent cardiovascular disease) or low-
ering TMA (which would lowered symptoms for TMAU
subjects).

Therefore, the genetics of these specific TMA-
metabolizing archaea could be used to engineer MttB factor-
ing cells, as producers of a protein drug.
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Upgrading bacterial probiotics with archaeal
components: live bioengineered biotherapeutic
agents

While the in vitro synthesis of MttB as a drug is a feasible
option, leading in fact to quite a standard pharmaceutical ap-
proach, the functionality of such a system in human remains to
be tested: especially, the delivery of MttB, whose integrity has
to be kept long enough to fix TMA, is a determining step.
Another option can be the in situ synthesis of TMA in the
human gut, by providing factory cells rather than the protein
itself. Live recombinant biotherapeutic agents have been re-
cently shown to be a functional option using a standard pro-
biotic cell that was bioengineered to synthesize and deliver
active enzymes in the gut (Kurtz et al. 2018). As an example,
the probiotic strain E. coli Nissle 1917 was recently
engineered to express specific proteins in gut of mice and
monkeys in response to anoxic environments: it allows the
expression of enzymes able to convert phenylalanine (Phe)
into trans-cinnamate (further converted into hypurate by the
host), therefore depleting (diet-derived) Phe (Isabella et al.
2018). This is of particular interest in phenylketonuria, a ge-
netic disease in which unmetabolized Phe can lead to neuro-
toxicity. This case has many similarity to the one described for
intestinal TMA and cardiovascular disease or TMAU. It is
now known that E. coli survives to the expression of an
UAG non-sense codon suppressing tRNA and that the archae-
al Pyl-system is functional in this organism. Therefore, it can
be proposed first to engineer the probiotic strain E. coli Nissle
1917 to synthesize and encode Pyl, as well as to synthesize (a
functionnal) MttB. Other probiotic strains can also to be con-
sidered (Fig. 3): the live bioengineered strain, e.g., a recombi-
nant E. coli Nissle 1917 would be given as live biotherapeutic
product, which would synthesize an active TMA sequestering
protein when reaching the gut.

Concluding remarks

So far, microorganisms belonging to the domain Archaea re-
main neglected candidates as potential probiotics: no archacon
has been used as a live biotherapeutic product in humans or
in any other animal so far, while archaea have specific
features that are of great interest for the prevention of impor-
tant human diseases including cardiovascular diseases and
trimethylaminuria. We already know that these properties ap-
parently contribute to limit deleterious effects consecutive to
TMA synthesis by bacteria in the gut (Borrel et al. 2017). If
not used directly for their properties as live biotherapeutic
product (i.e., Archaebiotics), archaea provide unique features
that could be engineered in other microbes to provide either
pharmaceuticals or live biotherapeutic products. Moreover, it
has to be highlighted that so far, no archaeon has been reported

as being pathogenic for any plant or animal, and interestingly
for humans. This gives value to the use of them for therapeutic
purposes, especially as some are natural inhabitants of most
host-associated microbiomes. Archaea-based research for al-
ternative solutions in human, animal, or plant health is just
reaching its infancy, providing promising new strategies for
prophylactics and therapeutics of some important diseases.
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