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ABSTRACT

In the last decade there has been a growing interest in the reciprocal impact occurring
between the gut and the brain and this is well conceptualized in the gut-brain axis
notion. The gut-brain axis is the bidirectional communication route between the
“little brain” (gut) and the “big brain” (brain). There are several factors that play an
important role in this axis but it has become more and more evident that the gut
bacteria represent a key component. This has led to the new concept of the
microbiota-gut-brain axis, emphasizing the importance of the gut microbiota in this
axis. The gut has evolved with bacteria in a symbiotic way and the human gut hosts
about 10'* bacterial cells. Researches in the last years have highlighted the
importance of the microbiota not only for gut functions but also for the central
nervous system (CNS) development, physiology and pathology. However, there are
different factors that influence the composition of the gut microbiota (mode of
delivery, diet, stress and ageing). In particular, the composition of the gut microbiota
changes with ageing: in the adults the majority of taxa are Bacteroidetes and
Firmicutes while the elderly has a different composition of the gut microbiota. Some
studies have reported a decrease in Bifidobacteria and an increase in Escherichia,
Enterobacteriaceae and Clostridium difficile in the elderly. Interestingly, the
centenarians apparently have no changes in gut microbiota in comparison to adult,
further highlighting the importance of gut bacteria in longevity. Ageing is a
physiological process related to the loss of function in different body systems and
also associated with a decline in cognitive functions. It has become more and more
evident that events taking place in the gut play a major role in the ageing process and
in age-related diseases. Faecal microbial transplant (FMT) is a technique that consists
in the transfer of gut microbiota from a donor to a recipient (usually via an oral
gavage in rodents or colonoscopy in humans) and allows to establish a donor-like
microbiota in the gastro-intestinal tract of the recipient. FMT is used to treat
recurrent Clostridium difficile infections but there are studies trying to test this
technique in the treatment of other pathologies such as irritable bowel syndrome,

inflammatory bowel disease and constipation. It is also worth noticing that the



imbalance in the composition of the gut microbiota (dysbiosis) has been associated
with a plethora of neurological disorders. In this context FMT is being investigated as
a therapeutic option not only for treatment of gut disorders but also for diseases of
the CNS. The present thesis illustrates a series of experiments by which we tested the
impact of FMT from aged donor mice into young adult recipients. Controls were
carried out operating FMT from young adult donor mice to age-matched recipients.
Following transplantation, characterization of the microbiota and metabolomics
profiles along with a series of cognitive and behavioural tests were carried out. Label-
free quantitative proteomics was employed to evaluate protein expression in the

hippocampus and gut after the transplant.

In addition, in the attempt to elucidate the mechanisms underlying microbiota-host
interactions within the framework of the gut-brain axis, we worked on setting up a
procedure to tracking down and visualize bacterial metabolites (such as peptides and
lipids) that are thought to play a role acting as signaling molecules. To this end, we
used copper-catalysed azide-alkyne cycloaddition (CuAAC) click chemistry, a
biorthogonal reaction of widespread utility throughout medical chemistry and
chemical biology. We sought to optimize click-based protocols to detect the
production of lipids in gut-bacteria to track the metabolism of active bacterial cells.
This technique use click chemistry to stain synthetic (e.g., noncanonical) precursors
incorporated into bacterial cell biomass. After incorporation, the artificial molecules
can be fluorescently detected via azide-alkyne reaction and visualized by confocal
microscopy.

FMT from aged mice into adult recipients affected spatial learning and memory while
we did not observe effects on locomotion and explorative behaviour. Alongside,
there was an alteration in the expression of proteins related to synaptic plasticity and
neurotransmission in the hippocampus which was not observed in controls. FMT
from aged into young adult mice did not induce a significant increase in glial fibrillary
acidic protein expression in hippocampal astrocytes suggesting the lack of an overt
neuroinflammatory response. On the other hand, a significant increase in the
expression of F4/80, a typical trait of the ageing brain, was observed in microglial cells
resident in the fimbria. Gut permeability and levels of systemic and local

(hippocampus, gut) cytokines were not affected. As regards click chemistry, we used



Bacteroides thetaiotaomicron grown in minimal medium supplemented with palmitic
acid alkyne (PAA) and stained this molecule using an azide-containing fluorescent
dye. After palmitic acid staining, co-culture experiments were performed to assess
the transfer of this bacterial product to eukaryotic cell lines (CaCo2 and SK-N-SH cell
lines). The successful transfer to host cells was confirmed by confocal microscopy.
Results obtained in FMT experiments highlighted the importance of the gut
microbiota on protein expression and functions of CNS. These results support the key
role of microbiota in gut-brain axis and it would be of great importance to get more
insight into the restoration of a young microbiota in the elderly to try to improve
cognitive functions and the quality of life. Click chemistry experiments demonstrate
that this technique could be employed to track molecules produced by gut bacteria

to unveil their role in host-microbe interactions.



1. Introduction

1.1. Gastrointestinal (Gl) tract

The gastrointestinal (Gl) tract includes mouth, pharynx, oesophagus, stomach, small
intestine (duodenum, jejunum, and ileum) and large intestine (cecum, colon, and
rectum) (Fig. 1). Each part of the Gl tract has specific functions and allows ingestion
and digestion of food, absorption of nutrients and final disposal of the non-

absorbable remains through the anus (Cheng et al., 2010).
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The gut (small and large intestine) is a complex system where many events (nutrient
absorption, immune modulation, antigen sampling) take place (Funk et al., 2020). The
gut barrier includes a mucus layer, the epithelium and the cells that reside in the
lamina propria (Conway and Duggal, 2021). The gut epithelium consists of a single
layer of columnar cells arising from stem cells dwelling in the intestinal crypts and it
is the first area of contact with antigens and many other types of stimuli (Funk et al.,

2020) (Fig. 2).
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Figure 2. Schematic representation of the gut barrier. IEC= intestinal epithelial cell;

IEL= intra-epithelial lymphocyte; DC= dendritic cell; M cell= microfold cell; IgA=
immunoglobulin A. (Adapted from Man et al., 2014).



1.1.1. The intestinal crypt

The intestinal epithelium is exposed to a great variety of material, from the everyday
ingested food to microbes. Microorganisms might either belong to the intestinal
commensal population of bacteria (collectively called “microbiota”) or other
pathogen microorganisms that can reach the gut with the ingestion of infected
nutrients and/or fluids. Such material, always in contact with the intestinal surface,
can cause a damage to the epithelium with loss of intestinal epithelial cells (IECs).
Intestinal epithelial stem cells (IESCs) are cells located in the intestinal crypt that
ensure the replacement of damaged or senescent epithelial cells (Seishima and
Barker, 2019). Since the small and large intestine have different epithelia
arrangements to fulfill diverse functional demands, also the intestinal crypt
organization varies depending on the different location. In particular, in the small
intestine, epithelial cells cover the finger-like projections of the lamina propria into
the intestinal lumen referred to as villi. IECs are also provided with long packed
microvilli that allow to increase the absorptive area to maximize nutrient absorption.
In this site, each villus is surrounded by a minimum of six crypts of Lieberkiihn (Fig.
3A). In the large intestine, where faeces are ultimately formed also through the
absorption of ions and water, IECs just cover the flat inner surface and have shorter
microvilli. Here, each crypt is directly in continuity with the luminal surface via a
circular opening (Fig. 3B). In the recent past, many studies have investigated factors
that are important for IESCs proliferation and also for crypt homeostasis in particular
in the small intestine (Greicius and Virshup, 2019; Kurokawa et al., 2020). At the
bottom of the small intestine crypts, Leu-rich repeat-containing G protein-coupled
receptor 5 (LGR5)* cells, also referred to as crypt base columnar (CBC) cells, can be
found intermixed with Paneth cells. CBC cells differentiate in transit-amplifying (TA)
cells that give origin to the different cell types belonging to the absorptive
(enterocytes) or secretory (enteroendocrine, goblet, tuft and Paneth cells) lineages
(Fig. 3A and C). As for the small intestine, LGR5* CBC stem cells are located at the
bottom of the crypt even in the colon where differentiate in TA cells that are the
source of all the others cells in the epithelium (Fig. 3B and D). Other cell types, located

in close proximity to the bottom of the crypts (endothelial cells, mesenchymal cells,
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neural cells, smooth muscle cells, lymphocytes and monocytes) contribute to stem

cell homeostasis and activity producing factors that regulate the proliferation of the

IECs (Kurokawa et al., 2020).
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1.1.2. Intestinal epithelial stem cells (IESCs)
in ageing

A better understanding of the impact of ageing on the IESCs has been achieved thanks
to the experiments in Drosophila midgut (Naszai et al., 2015; Gervais and Bardin
2017) and also thanks to the recognition of the unique marker LGR5 in mice (Barker
et al., 2007). Experiments using Drosophila midgut showed that there is an increment
in the number of IESCs in ageing. However, this numeric increase corresponds to a
decrease in function (Lucchetta and Ohlstein, 2012). It has been proposed that the
increase in the number of IESCs may be due to the presence of defective
differentiated cells that retain IESCs specific markers. It is likely that some factors (for
example bacterial infections) might be important for the accumulation of mis-
differentiated cells in ageing Drosophilae. In particular, IESCs show an increased
activity of the c-Jun N-terminal kinase (JNK) pathway in ageing. JNK signaling is an
environment-mediated stress response signaling and the interaction between JNK
and Notch signaling is necessary to prevent the accumulation of defective
differentiated cells (Buchon et al., 2009). Further experiments using flies have also
demonstrated that the high levels of IESCs proliferation are also correlated with the
presence of damaged proteins and DNA. In particular, the hypothesis that has been
put forward is that DNA damage is due to age-related defects in DNA damage repair
(DDR) response. The generation of knock-out flies for genes related to the DDR
pathway led to a premature ageing characterized by IESCs over-proliferation,
centrosome amplification but also reduced survival (Park et al., 2018). One of the
latest experiments in flies showed the role played by white (an ATP-binding cassette
transporter subfamily G) in ageing-induced IESC proliferation in midgut. In particular,
white isimportant in the transfer of tetrahydrofolate into IESCs. In turn, accumulating
tetrahydrofolate induced increased IESCs proliferation in ageing (Sasaki et al., 2021).
Sex is another factor that impacts IESCs functions in ageing. In particular, the intestine
of female Drosophilae shows an excessive proliferation of IESCs in ageing that results
in the damage of the epithelium. Eventually, morphological alterations end in the
development of tumors. On the other hand, male flies have less proliferative IESCs

that has been linked to a delayed development of epithelial alterations. Still, male
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Drosophilae appear more susceptible to gut infections (Regan et al.,, 2016). The
function and regenerative ability of IESCs are also altered in ageing mammalians. In
particular, IESCs from older mice leads to the development of fewer and less complex
organoids compared to younger animals (Moorefield et al., 2017). This phenomenon
has been related to a decrease of Wnt signaling in IESCs, Paneth cells and the
mesenchymal cells associated to the niche in ageing. The importance of Wnt signaling
depletion is supported by the restoration of a young-like organoid regenerative
potential by adding Wnt3a (Nalapareddy et al., 2017). In this context, it has been
reported that Paneth cells have a critical role in enhancing IESCs function in response
to exogenous L-arginine (Hou et al., 2020). Other experiments in aged mice have also
demonstrated a higher rate of apoptosis as indirectly verified by the increased
expression of apoptosis-promoting genes in IESCs (Moorefield et al., 2017). All these
changes have an impact on the gut epithelium, on the general structure of the gut
and also for the homeostasis of the crypts. For example, aged mice show an increase
in villus height while villi in aged rats result shorter (Wang Q. et al., 2021).
Experiments in transgenic mice have demonstrated that in the gut, cell proliferation
in the crypt is the driving force for IECs migration along villi. In fact, chemical blockage
of IESCs proliferation prevented the movement of IECs along the crypt/villus axis
(Parker et al., 2017). Another important feature in ageing is the reduced capacity to
fix a damage in the gut crypt due to a partially impaired moving ability of IESCs within
the crypt. In particular, in young mice there is a rapid repositioning of the IESCs within
the crypt after the application of an insult. This movement is finalized to keep the
best organization and distribution of IESCs in the crypt (Choi et al., 2018). Another
hallmark of ageing is telomerase attrition that is also responsible for the reduced
regenerative capacity of the IESCs. In particular, the generation of adult tissues with
longer telomeres demonstrated that it is possible for IESCs to keep juvenile
regenerative ability for an extended life-span (Varela et al., 2016). Experiments in
telomerase-deficient mice (G3Terc”/") showed that the knock-out of the growth
arrest and DNA damage-inducible protein 45 alpha, a pivotal molecule for repair-
mediated DNA demethylation, significantly decreased the DDR and progressed the
function and the regenerative potential of IESCs. In this way, the life-span of G3Terc™/~

mice resulted extended (Diao et al., 2018). Last but not least, another important
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player on IESCs proliferation is host-microbe interaction. In particular, studies in mice
have demonstrated that microbes stimulate monocytes to interact with cells in the
crypt promoting both IESCs proliferation and homeostasis maintenance (Jeffery et

al., 2017).
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1.1.3. The gut epithelium

The gut epithelium consists of a single layer of columnar epithelial cells arising from
the stem cells located in the crypts (Funk et al., 2020). The gut epithelium has to carry
on a double task preventing, on one side, the penetration of harmful microorganisms
and ensuring, on the other side, nutrients, ions and water absorption. In order to
carry out both tasks, intestinal cells are rather non-permeable to water and water-
soluble molecules and are provided with composite intercellular junctional
complexes (tight, adherens and gap junctions) (Fig. 4) (Branca et al., 2019). At the top
of the basolateral domain, epithelial cells are interconnected by tight junctions (TJs).
About 40 different proteins contributing to the TJs can be grouped into
transmembrane proteins, scaffolding proteins and signaling proteins. Among the
proteins found in the TJs, we recall claudins, zonula occludens 1 and 2, occludin and
F-actin (Furuse, 2010). Moving along the basolateral membrane from top to base, the
second junctional complex observed is the zonula adherens. This is an adherens
junction that is important in the assembling of the adjacent TJs and stabilizes cell
membranes just below the TJs. Some of the main proteins forming the zonula
adherens are E-cadherin, a-catenin 1, B-catenin and catenin 61. Below the zonula
adherens, still along the lateral membrane, a variable number of desmosomes can be
spotted (Hartsock and Nelson, 2008). Desmosomes are macula adherens junctions
and tie the paracellular space up. Desmosomes are also important protein complexes
which include desmoglein, desmocollin, desmoplakin and cytokeratin filaments

(Delva et al., 2009).
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Figure 4. Intercellular junction of the intestinal epithelium. A) Transmission electron
microscopy of the main junctional complexes of IECs. B) Sketch of the general arrangement

of the junctional complexes and of some molecular mechanisms that affect T) protein
composition or the actomyosin cytoskeleton associated to the junctions. (From Branca et
al., 2019).

The junctions are critical in keeping the gut barrier integrity and the disruption of
these complexes leads to increased gut permeability and to the occurrence of
inflammatory diseases (Funk et al., 2020). For instance, mice lacking the junctional
adhesion molecule-A, a TJ protein, have a more permeable gut and up-regulated
inflammatory cytokines (Khounlotham et al., 2012). Ageing is an irreversible, complex
and multifactorial process that leads to changes in several systems and is an

additional challenge for the organization and function of the gut epithelium (Funk et
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al., 2020). A recent investigation has addressed the changes occurring to the gut
barrier through life (Man et al., 2015). In particular, biopsies of the terminal ileum of
people aged 7 to 77 years-old demonstrated an increase in the expression of
interleukin 6 (IL-6) in the elderly whereas other proinflammatory cytokines tested in
the investigation (INF-y, TNF-a and IL-1) did not change with ageing (Man et al.,
2015). Analysing the different cell populations, it appeared that CD11c* dendritic cells
(DCs) were responsible for the increased production of IL-6. The increase of IL-6
appeared correlated with an over-expression of claudin-2, a protein involved in the
TJs formation. Upregulation of claudin-2 in terminal ileum led to a decline in
transepithelial electric resistance (TEER) and was explained by the known ability of
the protein to form cation-selective and water permeable paracellular channels
(Venugopal et al.,, 2019). An altered expression of proteins important for the
formation of TJs has been reported in baboons too. Aged baboons show a decrease
in the expression of ZO-1, occludin and other junctional molecules. This altered
pattern of protein expression leads to an increased permeability of the gut
epithelium. Interestingly, aged baboons also have increased levels of claudin-2
expression in colonic biopsies (Tran et al., 2013) corroborating the same findings
observed a couple of years later in humans (Man et al., 2015). Another study in
female vervet monkeys have ascertained the absence of structural alterations in
ageing colon but also a decreased capability to act as a fully functioning epithelial
barrier as assessed by the translocation of microbial molecules. Unfortunately,
however, the latter investigation did not evaluate the level of expression of the Tls

components (Wilson et al., 2018).
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1.1.4. The mucus layer

The gut epithelium is protected by a coating of mucus. The cells responsible for
mucus production are goblet cells whose number is the highest in the colon
(Pelaseyed et al., 2014). Mucins are the main protein constituents of the mucus and
are characterized by heavily O-glycosylated mucin domains. The mucus coating
consists of two layers. The outer layer is in close contact with the IECs and is
characterized by the absence of microbes, whereas the inner layer is less firm
compared to the outer one, allows the food progression and is also a source of
nutrients for some bacteria (Kim and Ho, 2010). The mucus plays a pivotal role in the
preservation of the intestinal epithelium. In fact, it has been seen that mucus
deficient mice (Muc2 ) developed severe colitis around four weeks of age (Van der
Sluis et al., 2006). Although the mucus is an essential component of the gut barrier,
little is known about the changes occurring in ageing. It has been reported that the
thickness of the layer does not change in the stomach and duodenum in healthy
ageing humans (Newton et al., 2000). Controversial results have been reported by
investigating the ileum of aged mice. Tremblay and colleagues reported a rise in the
number of goblet cells/villus as well as bigger mucin granules in the ileum of aged
mice (Tremblay et al., 2017). In contrast, other researchers did not observe any
change in the number of goblet cells located in ileal Peyer’s Patches (PPs) of aged
mice (Kobayashi et al., 2013). More marked differences have been reported in the
thickness of the mucus layer in the colon of ageing animals. In particular, a thinning
of the mucus coating has been observed in both wild-type and a transgenic mice
model of accelerated ageing compared to young controls. Interestingly, the same set
of experiments it showed that it is possible to restore the thickness of the mucus layer
in ageing by supplementation of some probiotic bacteria (van Beek et al., 2016). Also,
it has been reported that the supplementation of prebiotic galacto-oligosaccharides
ameliorates the age-associated gut permeability and also increases the levels of
MUC2 and mucus coating in old mice (Arnold et al., 2021). An additional variable that
affects the thickness of the mucus layer appears to be the sex as it has been reported

that the reduced thickness of the mucus layer is more pronounced in male mice
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compared to females (Elderman et al., 2017). Another important aspect that has
been unveiled about the mucus coating of ageing animals is the change in its chemical
composition. This is important because some bacteria that live in the gut are known
to use glycans as metabolic substrates (Bell and Juge, 2021) whereas other bacteria
exploit O-glycan domains to adhere to the mucus, a propensity that has been

reported to decline with ageing (Bergstrom et al., 2020).
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1.1.5. Anti-microbial peptides (AMPs)

Antimicrobial peptides (AMPs) are a large number of molecules secreted by the
epithelium that contribute to maintain the integrity of the gut barrier and to fight
possible infections. AMPs are small molecules (from 6 to 100 amino acids) that are
active against bacteria, parasites, fungi and even viruses. Their role is also crucial in
regulating the gut microbiota profile. However, the level of expression of these
molecules has to be finely regulated because some AMPs have a harmful effect on
mammalian cells too (Mahlapuu et al., 2016). Ageing also affects the levels of AMPs.
In particular, aged mice show a diminished concentration of a-defensins and
lysozyme (produced by Paneth cells) and an increase in other AMPs (regenerating
islet-derived protein 3 beta and gamma, B-defensins 1, angiogenin-4 and resistin-like
molecule B) (Tremblay et al., 2017). Experiments to evaluate the levels of AMPs in
ageing have been performed also in Drosophila. In particular, in this model both Toll-
like receptors and immune deficiency pathways regulate the expression of seven
families of inducible AMPs. In this context, it is worthwhile to note an up-regulation
of AMPs in aged flies. For instance, the over-expression of drosomycin in ageing has
been linked to the damage of the gut barrier integrity (Loch et al., 2017; Badinloo et
al., 2018; Lin et al., 2018).
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1.1.6. Secretory Immunoglobulin A (sigA)

The secretion of slgAs is of critical importance at the mucosal surface in order to
prevent the infiltration of antigens and pathogens. slgAs have also a crucial role in
forging and preserving the gut microbiota community. Cells producing IgAs are
generated in PPs where precursor antigen-specific B-cells are exposed to signals
(transforming growth factor-p (TGF-B), CD103* DC-secreted retinoic acid and IL-6)
that allow IgA isotype switching (Agace et al., 2012). Data regarding the effect of
ageing on gut elements that are important for IgA response are still very limited.
There is no consensus even on the intensity of IgA-mediated responses in ageing. For
example, experiments in rodents and nonhuman primates showed reduced levels of
gut IgA after the exposure to an oral antigen (i.e., cholera toxin (CT)) (Schmucker,
2002; McDonald et al., 2011; Nagafusa and Sayama, 2020). Other studies, on the
other hand, have reported that IgA antibody response in aged mice and humans is
unaltered or even increased (Santiago et al., 2008). Interestingly, however, the
transfer of antibodies from aged “high responder” mice to young mice was not
protective against Streptococcus pneumoniae. This lack of protection can be
explained as aged mice have an antibody repertoire with a higher heterogeneity of
the variable domain of both light and heavy chains. Such higher heterogeneity, for
instance, is responsible for a decreased affinity to the bacterial antigen
phosphorylcholine (Nicoletti et al., 1991; Nicoletti et al., 1993). Moreover, the
demonstration of a reduced expression of molecules important in B cell homing,
including mucosal addressin cell adhesion molecule 1 in the lamina propria and sub-
mucosa venules, and asbz integrin on peripheral myeloid blood cells, points to an
impairment in IgA-producing cell homing rather than a reduction of their number

(Schmucker et al., 2003).
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1.1.7. Monitoring the luminal content via antigen
sampling

The intestinal epithelium is not only a mere barrier. It also mediates a continuous
monitoring of the luminal content via the antigen sampling operated by specialized
membranous (M) cells. M cells are scattered among absorptive IECs within the follicle
associated epithelium (FAEs) of PPs. Thanks to their localization, M cells deliver
samples of the luminal content in areas where immune cells are concentrated. Then,
immune cells can check the delivered luminal content making a discrimination
between pathogenic and commensal microbes (Nicoletti, 2000; Ohno, 2016).
Contrasting results have been reported regarding M cell up-take and transport of
particles in ageing. In particular, some experiments have shown no change or even
increased M cell activity in ageing. In contrast, recent results by Kobayashi et al.
(2013) unequivocally demonstrated that M cell number, maturation and activity
deteriorate in ageing. In particular, they showed that aged animals had a reduced
transcytosis of particles through the FAE, a decreased number of cells expressing the
M cell specific marker GP2 and, finally, a reduction of cells that play key roles in M
cells maturation and differentiation (Kobayashi et al., 2013). Moreover, M cell-
mediated sampling activity changes in ageing was also affected by the reduction of
the FAE area (Kobayashi et al., 2013) though the number of PPs does not change with
ageing (Kawanishi and Kiely, 1989). Other factors, like cytokine macrophage
inhibitory factor (Man et al., 2008) and receptor activator of NF-kB ligand (Knoop et
al., 2009), are also important for a full activation of M cells. Finally, the antigen-
sampling activity is not restricted to FAE M cells. Other cells implicated in this function
are villous-associated M cells, lamina propria (LP)-CX3CR1* macrophages, and goblet

cells that can deliver antigens to LP-CD103* DCs (Mann and Li, 2014).
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1.1.8. The intestinal barrier: inflammation and
inflammageing

Inflammation is the first response that takes place to face pathogenic agents, clear
cellular debris, and repair lesions (Bosco and Noti, 2021). Inflammation is one of the
central factors in ageing and age-related diseases. Ageing is characterized by an
imbalance between the levels of pro- and anti-inflammatory cytokines. The chronic,
low-grade inflammation that develops during ageing and plays a role in age-related
diseases is referred to as “inflammageing” (Franceschi et al., 2018). Diet, infections,
obesity, stress, sleep deprivation can commence and sustain inflammageing. The
increase in the levels of pro-inflammatory cytokines in gut during ageing has an
impact on the intestinal barrier function resulting in a greater permeability. It has
been reported that IL-13, INF-y, TNF-a and IL-6 levels are increased in ageing. These
cytokines affect TJs proteins expression and in turn gut permeability. In particular,
the perijunctional actomyosin cytoskeleton is affected by several pro-inflammatory
cytokines (IL-1B, INF-y, TNF-a) in inflammatory bowel disease (IBD). This was
connected to an increase of myosin light chain kinase gene and protein expression
(Kaminsky et al., 2021; Al-Sadi et al., 2014; Al-Sadi et al., 2016) (Fig. 4B). Another
example is IL-6. IL-6 increases gut permeability by activating JNK signaling cascade.
This signaling is linked to the increase in claudin-2 gene transcription and protein
production (Al-Sadi et al., 2014) (Fig. 4B). In aged humans, the activation of claudin-
2 expression enables the paracellular movement of molecules with radii less than 4
A and a parallel decrease in TEER. In vitro and ex-vivo experiments in healthy humans
demonstrated that the increase in gut permeability in ageing, mediated by claudin-2,

is abolished by adding IL-6 blocking antibodies (Man et al., 2015).

Data on the cellular source of cytokines are still few and we do not know what is the
contribution of IECs on inflammatory cytokine production in ageing yet. There is a
regular cross-talk between microbiota, IECs and immune cells. IECs express pattern-
recognition receptors (PRRs) that make IECs able to distinguish between harmful and
commensal bacteria (Kelly et al., 2004; Artis, 2008). Commensal bacteria trigger the
production of anti-inflammatory molecules by IECs (lliev et al., 2009). On the

contrary, the presence of pathogenic bacteria induces the production of pro-
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inflammatory molecules such as CCL20, IL-8 and IL-6 (Mowat, 2003). Little is known
on the cytokines that IECs produce in ageing. Recent studies showed that in aged
humans the pattern of cytokines produced by IECs differs based on the type of
microbial challenge. Studies in healthy humans using small intestine biopsies showed
that the production of IL-8, in response to flagellin, is reduced in the elderly compared
to young individuals (Man et al., 2015). However, it has also been reported that the
use of a probiotic mix on human biopsies from young and aged humans led to the
production of similar levels of TNFa. These experiments using human biopsies
demonstrated that the cytokine response by IECs in ageing can be less or more
altered depending on the challenge and the specific cytokine (Man et al., 2015).
Moreover, IECs highly express components of the inflammasome. The environment
in which the IECs are located is highly enriched with molecules (such as
microbes/pathogen associated molecular patterns and damage associated molecular
patterns) that are linked to the activation of inflammasome and that increase in
ageing (Kapetanovic et al., 2015). Finally, it is worth to remember that the microbiota
composition changes with age and these changes can support the imbalance
between pro- and anti-inflammatory cytokines in the gut activating the complex

process of inflammageing (Franceschi et al., 2018).
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1.1.9. Host-microbe interface in the gut

The study of the gut microbiota and its interaction with the host has gained a great
relevance in the last decade. Studies in mice exposed to the same environmental
conditions showed an age-dependent change in gut microbiota composition (Miyoshi
et al., 2018). The changes occurring to the microbial community has been attributed
to altered cytokine balance, immunological profile, different expression of PRRs,
impaired nutrient absorption and hormonal status (Langille et al., 2014). On the other
hand, the matter is still controversial as other investigations reported that changes in
gut microbiota precede age-related alterations of the intestinal epithelial barrier. For
example, the transfer of the gut microbiota from aged mice into young germ-free
mice by itself is capable of initiating local and systemic inflammation (Fransen et al.,
2017). Even studies in Drosophila models reported that changes in the microbe
composition precede alterations in the gut (Clark and Walker, 2018). A very active
and regulated cross-talk between microbes and host is considered important in
preserving intestinal homeostasis. An important example in this context is the cross-
talk occurring between microbial molecules (histamine, taurine, spermine) and the
IEC-associated NLRP6 inflammasome, the latter being important in the regulation of
IL18 expression (Elinav et al., 2011; Levy et al., 2015). Another relevant example is
the influence exerted by microbe-derived short-chain fatty acids (SCFAs) on IECs.
SCFAs act as an important source of energy for IECs and also for the secretion of
factors important for barrier function (Fachi et al., 2019; Wang RX. et al., 2021).
Recent observations suggest that the interaction between host and microbes in
keeping barrier integrity in ageing is crucial to increase the life-span and possibly the
quality of life. Experiments on the gut barrier in C. elegans and Drosophila have
shown that the integrity of the gut barrier is important in extending the life-span of
flies and worms (Libina et al., 2003, Galenza and Foley, 2021). Studies in humans have
reported that age-related neurodegenerative diseases are linked to dysfunctions of

the gut epithelial barrier (Pellegrini et al., 2021). Taken together, these findings have
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opened the possibility of using probiotic and prebiotics in the attempt to restore

barrier integrity and reduce inflammageing (Franceschi et al., 2018) (Fig.5).
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Figure 5. Host-microbe interface in ageing and impact on local and systemic inflammageing.

(from Branca et al., 2019).
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1.1.10. Gut microbiota and
microbiota-gut-brain axis

The “human microbiota” is an expression used to indicate the microorganisms that
live in and on us (Cryan et al., 2019). Trillions of bacterial cells colonise different
anatomical sites (mouth, skin, genito-urinary and intestinal tracts) and co-evolve with
the host (Santoro et al., 2020). With the advancing of sequencing techniques, it has
been estimated that there is a ratio of 1.3 microbial cells:1 human cell (Cryan et al.,
2019). The human digestive tract is populated by a microbial community consisting
of bacteria, viruses, fungi and archaea (Conway and Duggal, 2021). Bacterial
colonization of the gut starts after birth and is influenced by mode of delivery,
medications, geographical localization, diet, stress, host genetic, physical activity,
smoking, sleep quality and also ageing (Thursby and Juge, 2017; Ragonnaud and
Biragyn, 2021; Conway and Duggal, 2021). The composition of gut microbiota is
subjected to modifications in infants whereas in adulthood it tends to be more stable.
In particular, in healthy adults, the gut microbiota is characterized by members of
Actinobacteria (Bifidobacterium), Bacteroidetes (Bacteroides, Prevotella), Firmicutes
(Clostridium,  Faecalibacterium, Lactobacilli Ruminococcus), Proteobacteria
(Escherichia, Helicobacter, Shigella) and Verrucomicrobia (Akkermansia) phyla (Fig. 6)

(Ragonnaud and Biragyn, 2021).
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Figure 6. The composition of gut microbiota in ageing. (From Ragonnaud and Biragyn, 2021).

The gut-associated microbiota (i.e., gut microbiota) is currently the most investigated
component of the human microbiota and has key functions in metabolism,
biosynthesis of vitamins, and in enhancing energy extraction from food. It has also a
major role in defending the host from pathogens invasion and in keeping the gut
barrier integrity (Santoro et al., 2020). The gut microbiome goes through functional
and compositional modifications with ageing, a process referred to as microbial
dysbiosis. In particular, studies in human population have reported a decrease in the
genera Faecalibacterium and Roseburia (butyrate producing bacteria) in ageing. On
the other hand, there is an increase in members of the families Enterobacteriaceae,
Streptococcaceae and Staphylococcaceae (low abundant and potentially noxious
bacteria, also called pathobionts). The increase in those aforementioned pathobionts
could be the result of the low-grade inflammation in the intestinal mucosa in ageing
(Santoro et al., 2020). The increase of pathobionts in age-associated microbial
dysbiosis could alter the gut barrier integrity, increase inflammation and enhance the
risk of infections (e.a. Clostridium difficile, Helicobacter pylor infections) (Conway and

Duggal, 2021). Studies in mice have highlighted that the ageing process in itself could
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be a driving force for the changes in the composition of the gut microbiota. In
particular, an age-dependent change in the gut microbiota is observed in mice
populations exposed to the same environmental conditions (Miyoshi et al., 2018;
Langille et al., 2014). On the other hand, experiments on Drosophila showed different
results with changes in the microbiota that anticipate alterations in barrier function
(Clark and Walker, 2018). However, the impact of gut microbiota and microbial
dysbiosis in the ageing process go beyond the gastro-intestinal tract. Actually, it has
been reported that events taking place in the gut have an impact on brain too. The
reciprocal communication between gut microbiota and brain, the so called
“microbiota-gut-brain axis”, is one of the hottest scientific topics and the focus has
been recently shifted to the effects of this axis on CNS functions (Cryan et al., 2019)
(Fig. 7). One of the first study looking at the communication pathway between gut
and brain found that germ-free mice had less anxiety-related behaviours and
increased serotonin (5-HT) production in the thalamus compared to specific-
pathogen free mice (Diaz Heijtz et al., 2011). Recent studies in amyloid precursor
protein (APP/PS1) transgenic mice have demonstrated that FMT from conventional
APP/PS1 transgenic mice to germ free APP/PS1 mice has an impact on cerebral
amyloid deposition (Harach et al., 2017). Although in the last decade there has been
an increasing interest in the microbiota-gut-brain axis, the way these two systems
communicate is still unclear. Different routes and/or systems involved have been
hypothesized: the neural pathway that comprehends the autonomic nervous system,
vagus nerve and enteric nervous system; the neuroendocrine-hypothalamic-
pituitary-adrenal axis; the immune system; and the release of microbiota-derived

neuroactive molecules (Fig. 7) (Gwak and Chang, 2021).
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1.1.11. Faecal microbial transplant (FMT)

It has become more and more evident that the gut microbiota is a promising target
to slow down the onset of age-related diseases. A novel therapeutic strategy is
represented by FMT. FMT is a technique that entails the transfer of gut microbiota
from a donor to a recipient (via oral gavage in rodents or colonoscopy in humans).
This technique is aimed to establish a donor-like microbiome in the gastro-intestinal
tract of the recipient. One of the most notable uses of the FMT is for the treatment
of Clostridium difficile infection (CDI) in humans (Cryan et al., 2019). It has been
evaluated that the efficacy of FMT in patients with recurrent CDI is up to 90%
(Mikolasevic et al., 2021). The most common type of FMT in rodents consists of a
preliminary treatment with a cocktail of antibiotics (usually broad-spectrum
antibiotics) via drinking water followed by a single or multiple oral gavages of donor
faecal material for several days. In a recent study comparing three different methods
of eradication of the pre-existing microbiota (pre-treatment with antibiotics,
cleansing of the bowel and no pre-treatment), all followed by FMT through oral
gavage, it was observed that antibiotic pre-treatment gave the highest FMT efficacy
(Cryan et al., 2019). Apart from the use of FMT for CDI and the studies of its efficacy
in other intestinal diseases (e.a. irritable bowel syndrome, IBD) there is a growing
interest in the use of FMT for treating extraintestinal diseases. An increasing body of
evidence suggests that microbial dysbiosis could be a key factor for mental health
and psychiatric diseases (Mikolasevi¢ et al., 2021). FMT has been even attempted in
children affected by autism spectrum disorder with encouraging results (Kang et al.,
2019). Also, another promising area of research is the restoration of a young-like
microbiota in aged hosts in the attempt of delaying or balance behavioural changes
observed in the elderly. Some results have been achieved in mice with FMT from
young donors to aged mice. The treatment showed the reverse of some age-
associated variations in brain and peripheral immunity but also the metabolome and
transcriptomic profile. An improvement of spatial memory was also reported

(Boehme et al., 2021).
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1.2. Click chemistry

One important achievement to study microbiota-host interactions would be to gain
the possibility to follow small bacterial molecules from microbes to host cells,
tracking down their path. To achieve this goal, click chemistry is a possible

experimental strategy.

Click chemistry is an expression forged by Sharpless and colleagues in 2001. Click
chemistry describes a wide group of chemical reactions that, under the right
conditions, form stable products with high selectivity. As defined by Sharpless et al.
(2002), click chemistry reactions are “modular, wide in scope, high yielding, create
only inoffensive by-products (that can be removed without chromatography), are
stereospecific, simple to perform and require benign or easily removed solvent”. The
application field of click chemistry has greatly expanded from organic synthesis to
drug discovery. One example of click reactions is copper-catalysed version of the
Huisgen 1,3-dipolar cycloaddition of azides to terminal alkynes. Azide and alkyne
moieties are complementary groups widely used in click chemistry (Moses and
Moorhouse, 2007). However, the azide-alkyne reaction rate is not that high. One of
the factors that could be modified to improve the efficiency rate of the reaction is
the temperature. However, in living models it is not possible to increase the reaction
temperature because the biological material is sensitive to heat. Two independent
groups of researchers (Sharpless’ and Meldal’s groups) have separately discovered
that there is an improved reaction rate and enhanced selectivity of the products
obtained under copper(l) (Cu(l)) catalysis. Among the available sources of Cu(l), the
most cost-effective and air-stable is CuSOs (Breinbauer et al., 2003). Copper-
catalyzed azide-alkyne cycloaddition (CuAAC) click chemistry is a bioorthogonal
reaction of broad use from medicinal chemistry to chemical biology (Jiang et al.,
2019). In presence of Cu(l), the reaction of an azide with a terminal alkyne generates
the corresponding stable triazole with excellent selectivity and high vyield
(Kitteringham et al., 2018). The azide and alkyne moieties can be utilized
indiscriminately. In click chemistry experiments, one moiety (alkyne) is used to mark

the molecule of interest (i.e. palmitic acid) and the other one (azide) is employed to
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detect it. Kits employed for click chemistry experiments allows a fluorescently
detection of the molecule of interest using an azide modified fluorophore that reacts
with the alkyne moiety tagged to the molecule of interest. In aqueous solution and

in presence of copper these to molecules reacts to form a stable triazole conjugate

(Fig. 8).
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Figure 8. Copper catalyzed azide/alkyne reaction.
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2. Material and Methods

2.1. Faecal microbial transplant experiment

2.1.1. Animals

Adult (3 months-old) and aged (24 months-old) male C57BL/6 mice were used in this
study. Mice (Envigo, Varese, Italy or Charles River, UK) were provided with food and
water ad libitum. Environmental temperature was kept at 23 + 1 °C with a 12-h
light/dark cycle. All efforts were made to minimize animal suffering and to reduce the

number of mice used.

2.1.2. Faecal material preparation and faecal microbial
transplant regime

Faecal material was collected from adult and aged mice and placed into Eppendorf
tubes containing 500 mL of freezing solution (sterile saline solution with 12.5%
glycerol) and homogenized. The suspended faecal materials were then stored at - 80
°C until utilized. For FMT, mice were randomized into the following groups (n =
12/group): control (no antibiotic treatment, no FMT), FMT-adult (antibiotic
treatment followed by FMT from adult age-matched donors) and FMT-aged
(antibiotic treatment followed by FMT from aged donors). Antibiotic mix was
administered by oral gavage. The antibiotic/anti-fungal regime (scheme 1) was as
follows: days 1-3 mice were gavaged daily with amphotericin B 1 mg/kg, days 4— 17
mice received a daily gavage of metronidazole 100 mg/kg while the antibiotic mix
(ampicillin 1 g/L, vancomycin 0.5 g/L and neomicin 1 g/L) was added to drinking
water, days 18-24 daily oral gavage with the antibiotic mix plus metronidazole and
amphotericin B at the same dosage employed in the previous days. FMT was carried
out via oral gavage with 150 mL of a 100 mg/mL faecal suspension. FMT was

performed daily from day 24 to day 28 and on day 35.
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2.1.3. DNA extraction, amplicon sequencing, analyses of
16S rRNA gene sequence data and metabolomics
analysis

Pre- and post-FMT faecal material was used for microbiota profiling. DNA was
extracted from faecal samples using the FastDNA SPIN Kit for Soil (MP Biomedicals)
with three bead-beating periods of 1 min as previously described (Fernandes et al.,
2014). DNA concentration was normalized to 1 ng/uL by dilution with DNA elution
solution (MP Biomedicals, UK) to produce a final volume of 20 pL. Normalized DNA
samples were sent to the Earlham Institute (Norwich, UK) for PCR amplification of
16S rRNA genes and paired-end lllumina sequencing (2 x 250 bp) on the MiSeq
platform. The V4 hypervariable region of the 16S rRNA genes was amplified using the
515F and 806R primers with built-in degeneracy as previously reported (Caporaso et
al., 2011). Sequence data were provided in fastq format. All processing and analyses
were done in R/Bioconductor making use of the following packages: GEOquery 2.50.0
(Davis and Meltzer,2007), dada2 1.10.0 (Callahan et al., 2016), phyloseq 1.26.0
(McMurdie et al., 2013), tidyverse 1.2.1 (https://www.tidyverse.org), vegan 2.5.3,
viridis 0.5.1, msa 1.14.0 (Bodenhofer et al., 2015), phangorn 2.4.0, ALDEx2 1.14.0
(Fernandes et al., 2014) and gplots 3.0.1. Taxonomy was assigned to chimera-free
Exact Sequence Variants (Callahan et al., 2017) using Silva 132 (downloaded from
https://zenodo.org/record/1172783#.W-B0iS2cZBw on 5 November 2018). Data
were filtered to remove undefined phyla and taxa present in fewer than two animals.
Significance of differences between different diversity measures was determined
using Wilcoxon rank sum test. ALDEx2 was used to determine statistically significant
differences (Welch’s t test, Wilcoxon) between mouse groups. The 16S rRNA gene
sequence data have been deposited in the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under accession number PRINA524024.
Metabolites were analysed and quantified by 1H-NMR analysis as previously
described (Crost et al., 2018). Briefly, 20 mg of frozen faeces was thoroughly mixed
on a vortex with 1 mL of saline phosphate buffer followed by centrifugation (18,000

g, 1 min). High-resolution 1H-NMR spectra were recorded on a 600-MHz Bruker

35



Avance spectrometer fitted with a 5-mm TCl proton-optimized triple resonance NMR
“inverse” cryoprobe and a 60-slot autosampler (Bruker, Rheinstetten, Germany).
Metabolites were identified using information found in the literature or on the
Human Metabolome Database, http://www.hmdb.ca/ and by use of the 2D-NMR
methods, (e.g. COSY, HSQC and HMBC (Le Gall et al., 2011)) and quantified using the
software Chenomx® NMR Suite 7.0TM.

2.1.4. Behavioural tests

The tests were performed between 08:00 am and 03:00 pm and in the following

order:

e Barnes Maze test. This test was conducted according to previously described

methods (Pitts et al., 2018). All sessions were performed on a wet platform
under a room lighting of 400 lux to increase the mouse aversion for the
platform. Sessions were recorded using a video-tracking system (ANYmaze,
Ugo Basile, Varese, Italy). The platform and the escape box were cleaned
thoroughly between each mouse session and the surface of the platform was
moistened again to avoid mice using olfactory clues to solve the task. Before
performing the test, mice were trained to find the escape tunnel for 4 days
with 2 sessions per day.

e Open field test (OFT). OFT was conducted as previously described (Holter et

al., 2015). Briefly, mice were placed in the centre of the OFT and the total
distance the mice travelled as well as the time they spent in the centre of the
field within 5 min was recorded with a video tracking system. The OFT was
cleaned between each mouse with 20% ethanol to eliminate any scent.

e Novel object recognition test. This test was carried out as previously

described (Antunes and Biala, 2014). For each mouse, the time spent
interacting with each object during the acquisition and recognition phases
was video recorded and analysed blindly. The corrected mnesic index (or

discrimination index) was calculated as follows: (time spent exploring the
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novel object - time spent exploring the well-known object)/total time spent
exploring both objects.

o Elevated plus-maze test. To evaluate anxiety-related behaviour, the elevated

plus-maze test was conducted as previously described (Shoji et al., 2016).
Briefly, the apparatus used for the elevated plus maze test is in the
configuration of a + and comprises two open arms perpendicular to two
closed arms with a centre platform. The open arms have a very low (0.5 cm)
wall to decrease the number of falls, whereas the closed arms have a high (16
cm) wall to enclose the arm. The entire apparatus is placed 50 cm above the
floor. One mouse at the time is placed in the center area of the maze. The
elevated plus maze test is recorded using a video camera attached to a
computer, which is controlled by a remote device. Time spent in each kind of
arm (s) was recorded for 5 min Percentage of entries into the open arms and
that of time spent in the open arms were determined. Data acquisition and

analysis were performed automatically using ANY-maze software.

2.1.5. Liquid Chromatography-MS analysis

Microdissections of hippocampus and colon tissues were homogenized by tissue
homogenizer (Bertin, France) using zirconium beads for two cycles of 1 minute at 4°C.
The lysis was performed in lysis buffer (8M urea in 50mM Tris-HCI pH 8.0, 50mM NaCl,
protease inhibitors) at 4°C for 30 minutes. Proteins were reduced by 10mM DTT at
56°C for 30 minutes and alkylated by 55mM iodacetamide at room temperature for
20 minutes. The proteins were then digested by LysC (1/100 w/w) for 4h at 37°C and
by trypsin (1/20 w/w) over night at 37°C. The peptide mixtures were desalted by C18
StageTips (Millipore, USA). Each sample was analysed by nLC MS/MS Orbitrap Fusion
trihybrid mass spectrometer coupled with a nano flow UHPLC system (Thermo
Fischer Scientific, USA), via a nano electrospray source with an ID 0.01mm fused silica
PicoTip emitter (New Obijective). The peptides were separated, after trapped on a
C18 pre-column, using a gradient of 3-40% acetonitrile in 0.1% formic acid, over 50
minutes at flow rate of 300 nL/min, at 40°C. The MS method consisted of a full scan

in Orbitrap analyser (120000 resolution), followed by the combination of CID and HCD
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collisions. The peptides were fragmented in the linear ion trap by a data-dependent
acquisition method, selecting the 40 most intense ions. Dynamic exclusion of
sequenced peptides was set to 30s. Data were acquired using Xcalibur software
(Thermo Scientific, USA). All analyses were performed in triplicate. MS raw data were
analysed by MaxQuant (version 1.6.2.3), using Andromeda search engine in
MaxQuant and consulting the Homo Sapiens UniProtKB database; the tolerance on
parents was 10 ppm and on fragments was 0.02 ppm. The variable modifications
allowed were oxidation on methionine and acetylation on N terminus and
carbamidomethylation on cysteine as fixed modification. The false discovery rate was
below 1%, using a decoy and reverse database, and a minimum number of seven
amino acids were required for peptide identification. Proteins and protein isoforms
were grouped into protein groups. Label-free quantitative analyses were also
performed by MaxQuant software, using the MaxLFQ algorithm. The quantitation
values were obtained on high-resolution three-dimensional peptide profiles in mass-
to-charge, retention time and intensity space. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-

Riverol et al., 2019) partner repository with the dataset identifier PXD016432.

2.1.6. Western blot

Hippocampal protein samples were prepared as described in Liquid Chromatography-
MS analysis. Equal amounts of proteins (15 pg) mixed with sample buffer were
separated on a polyacrylamide gradient gel (Invitrogen, Milan, Italy) by
electrophoreses and transferred onto nitrocellulose membrane (Porablot NPC,
MACHEREY-NAGEL, Milan, Italy). After 1 h blocking with 3% bovine serum albumin
(BSA) in Tris-buffered saline containing 0.1% Tween 20 (Tween-TBS) at room
temperature (RT), the blots were incubated in Tween-TBS/3% BSA overnight at 4°C
with the following primary antibodies; mouse anti-Map-tau or rabbit anti-RNA-
splicing ligase RtcB homolog (rtcb) (ThermoFisher Scientific, Milan, Italy), at a 1:500
dilution. After washing with Tween-TBS, the corresponding secondary antibodies HRP
conjugated (Santa Cruz Biotechnology) was added at 1:5,000 dilution in Tween-TBS

for 1 h at RT and washed again. Proteins were detected by ImageQuant TL (v2003,
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Amersham Biosciences, Piscataway, NJ, USA). Protein expression levels were then
quantified by the ImagelJ analysis software (ImagelJ, National Institute of Health, USA,
http://imagej.nih.gov/ij, 1.47t). GAPDH (1:10,000 dilution, Cell Signaling Technology)
(Santa Cruz Biotechnology, Santa Cruz, CA, United States) normalization was

performed for each sample. Each experiment was performed three times.

2.1.7. Intestinal permeability, plasma, brain and gut
cytokines

Plasma levels of cytokines were assessed by Enzyme-linked immunosorbent assays
(ELISA). Assays were carried out according to the manufacturer’s instructions (all kits
from eBioscience). Hippocampal and colon levels of cytokines were assessed using
ProcartaPlex multiplex protein assays (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Intestinal permeability was assessed using a slightly
modified previously described method (Arques et al., 2009). Animals were orally
delivered with 0.5 ml of PBS containing 25 mg of FITC-labelled dextran (FD4; Sigma-
Aldrich) and blood samples were collected after 45 minutes. Plasma concentration of
FD4 concentration was assessed using fluorescence spectrometer (LS 55 conducted
with FL WinLab software, PerkinElmer, USA) at an excitation wavelength of 490 nm
and emission wavelength of 520 nm. Standard curves to calculate FD4 concentration

in the samples were prepared from dilutions of FD4 in PBS.

2.1.8. Immunofluorescence and confocal microscopy

Seven to eight um-thick frozen coronal sections of a hemibrain were cut and placed
on superfrost slides. Sections were fixed with 10% buffered formalin for 30 minutes
and subsequently incubated with rabbit anti-glial fibrillary acidic protein (GFAP)
antibody (code 18-0063, Zymed, San Francisco, CA) or with rat anti-F4/80 antibody
(code MCA497GA, AbD Serotec) for two hours. Sections were then incubated with
the appropriate FITC or Cy3-conjugated secondary antibody (Jackson

Immunoresearch Europe, Cambridgeshire, UK) for one hour and nuclei were
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counterstained with TO-PRO-3 (Invitrogen, Carlsbad, CA). Sections were analysed by
confocal microscope (LSM 510, Carl Zeiss microscopy, Jena, Germany) and

fluorescence intensity evaluated with Image) software (NIH, Bethesda, MD).

2.1.9. Statistical analysis

Microbiome data (genus level) were correlated (Pearson) with metabolomic and
proteomic data using aldex.corr() within the Bioconductor package ALDEx2
(Fernandes et al., 2014). For the MS study, all data were evaluated by Perseus
statistical software. The protein expression fold change variation between two
groups was analysed by two sides t test, setting FDR less than 0.015 and sO of 0.1.
The differentially expressed proteins, with a significant ratio FMT-aged/FMT-adult (P
value < 0.05), were analysed by Ingenuity Pathway Analyses (IPA) (Qiagen), and only
the differentially regulated pathway with a significant z-score, after Bonferroni test,
was considered. The symbols shown in the network are explained at

http://www.qgiagenbioinformatics.com/products/ingenuity-pathway-analysis.

Behavioural measurements were performed for each treatment in two different
experiments (n = 10—12 mice/group). All assessments were performed in blind of the
treatment received by the mouse groups. Results were expressed as means = S.E.M.
and the analysis of variance was performed by two-way ANOVA. A Bonferroni’s
significant difference procedure was used as post hoc comparison. P values of less
than 0.05 or 0.01 were considered significant. Data were analysed using the “Origin

9” software (OriginLab, Northampton, USA).
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2.2. Click chemistry

2.2.1. Bacterial culturing

Bacteroides thetaiotamicron (BT) strain VPI 5482 was used in click chemistry
experiments. BT was grown under anaerobic conditions at 37° C in either brain heart
infusion media (BHIS) or in a minimal medium supplemented with glucose (MMG) as
the sole carbon source. The minimal medium composition per L is: 3.6 g KH2POas,
0.875 g NaCl, 1.125 g (NH4)2S04, 5 g glucose, (pH adjusted to 7.2 with 1M NaOH), 1
mL hemin solution (500 mg dissolved in 10 mL of 1 M NaOH then diluted to a final
volume of 500 mL with H,0), 1 mL of 0.1M MgCl,, 1 mL of 0.01% (w/v) FeSO4x7H0,
1 mL of 1 mg/mL vitamin K3 dissolved in absolute ethanol, 1 mL of 0.8% (w/v) CaCl,,
250 pL of 0.02 mg/mL vitamin B12 solution. Optical density was measured using
Benchmark Plus Microplate Reader (BIO-RAD).

2.2.2. Caco-2 cell culture

Human epithelial colorectal adenocarcinoma cells (Caco-2, ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (FBS, Gibco) and 1%
penicillin/streptomycin. Ten cm plates were seeded at 5x10° cells and incubated at
37 °C with 5% CO;. Sub-confluent cultures (70-80%) were split 1:3 to 1:6 using 0.25%
trypsin-EDTA solution. Cells were counted using Countess™ cell counting chamber

slides (INVITROGEN) using Countess Il Automated Cell Counter (INVITROGEN).

41



2.2.3. SK-N-SH cell culture

Human neuroblastoma cell line (SH-N-SK, Merk) were cultured in minimal essential
medium (MEM, Sigma Aldrich) supplemented with 10% FBS (Gibco) and 1%
penicillin/streptomycin. Cells were seeded in T25 flasks at 1.5x10° cells and incubated
at 37 °C with 5% CO,. Sub-confluent cultures (70-80%) were split 1:3 to 1:10 in T25

using 0.25% trypsin-EDTA solution. Cells were counted as described above.

2.2.4. Eukaryotic cell lines co-culture with Bacteroides
thetaiotaomicron

To assess the metabolite transfer from BT to eukaryotic cell lines, Caco-2 or SH-N-SK
cells were incubated with BT in tissue culture dishes (Corning Inc.). Eukaryotic cells
were plated on UV-sterilized #1.5 glass coverslips in tissue culture dishes. Caco-2
were seeded at 4x10° cells/well and SH-N-SK were seeded at the same density.
Eukaryotic cells were seeded 24 hr before co-culture experiments. Bacterial cells
were placed on a 0.4 uM cell culture insert (cellQART) situated 1 mm above the
eukaryotic cells. In order to perform coculture experiments, BT was grown in minimal
medium supplemented with 25 uM PAA (Cayman Chemical) or with DMSO (Sigma-
aldrich) as negative control. 50 mL of BT culture (OD600=0.4) were collected and
washed three times in PBS and resuspended in 6 mL of appropriate cell culture media
(with 10% FBS, without antibiotics). One mL of bacterial suspension was added to
upper-well inserts of the 6-well transwell culture dishes and incubated at 37 °C with
5% CO». Contents of the upper bacterial insert and the lower well were collected 4 h
after the addition of the bacteria. Alkyne containing metabolites in bacterial cells and
in eukaryotic cell lines were labelled with Alexa Fluor 647 azide (final concentration
5uM) (Thermo Fisher Scientific) using the Click iT cell reaction buffer kit (Thermo
Fisher Scientific) following the manufacture instructions. Cells that were grown in
transwell without bacterial cells were also incubated with the Click reaction buffer
containing Alexa Fluor 647 as a control of non-specific fluorescence. Eukaryotic cells

and bacterial cells were mounted onto glass slides adding DAPI and Fluoroshield
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(Sigma-aldrich) and imaged on a LSM 880 confocal microscope (Zeiss) using Zeiss Zen

software (Zeiss Zen 2012 SP1black edition).
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3. Results

3.1. Faecal microbial transplant

3.1.1. Microbiota of adult mice acquires an aged phenotype
following FMT from aged donors

Before proceeding to FMT, we analysed the faecal microbiota of two groups of mice
(adult and aged animals). The group of adult mice included 3 months-old mice
whereas the group of aged animals consisted of 24 months-old mice. We evaluated
alpha and beta diversity and also the relative abundance of different taxa (Fig. 1). The
alpha diversity between the aged and adult groups demonstrated a significant
(P=0.0107) difference only in species diversity. In particular, aged mice had more
different amplicon sequence variants (ASVs) compared to adult mice. No significant
differences could be found when looking at the Shannon Index and inverse Simpson
(Fig. 1a). A definite separation between the two groups of mice was evident when
assessing the beta diversity (Fig. 1b). Beta diversity was analysed using Bray-Curtis
dissimilarity (that examines the abundances of microbes shared between two
samples, and the number of microbes found in each sample). The comparison of the
abundance of different taxa showed interesting significant differences between the
two groups of animals. Compared to the aged group, the adult group had more ASVs
associated with Ruminiclostridium, Butyricicoccus, Lachnoclostridium,
Lachnospiraceae spp., Shuttleworthia and Marvinbryantia, and significantly fewer
associated with  Staphylococcus, Jeotgalicoccus, Facklamia, Parvibacter,

Enterorhabdus, Muribaculum, Parabacteroides and Anaerostipes (Fig. 1c).
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Figure 1. Analysis of the faecal microbiota of adult (3-months old) and aged (24-months
old) mice. (a) Alpha diversity measure. Significance of differences between the two groups
was assessed by Wilcoxon rank sum test. (b) Multidimensional scaling (MDS) plot of Bray-
Curtis analysis of beta-diversity between adult and aged mice. Data presented are for ASVs
present in more than two animals and prevalence threshold of 1% at the genus level. (c)
Comparison of the relative abundance of different genera present in the faecal microbiota of

the two groups. Purple text, significantly different genera (Welch’s t test and Wilcoxon; P <
0.05, Benjamini-Hochberg) based on ALDEx2 analyses.

On the ground of these results, faeces from three adult donors and from two aged
mice representative of the two groups were gathered to create two distinct pools to
be used for the FMT treatment. In the present study we did not use germ-free (GF)
animals. Although many researchers use GF models to assess the impact of gut
microbiota on different aspects of host physiology, for our purpose this model was
not suitable because GF mice bear abnormalities in blood-brain barrier structure and

integrity (Braniste et al., 2014) and also changes in microglia morphology and number
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(Erny et al., 2015). For these reasons, using GF mice could have added confounding
factors and could have altered our results or made troublesome their correct
interpretation. Hence, depletion of the gut microbiota before FMT was achieved by
antibiotic treatment. Although antibiotic treatment does not lead to the complete
eradication of the gut microbiota, it has the advantage to avoid the interference of
other factors resulting from a development in a GF environment. For FMT treatment,
adult mice were transplanted with faeces from either aged mice (FMT-aged) or age-
matched donors (FMT-adult). The microbiota profile was assessed before FMT for
both donor pools and for recipient mice. In the latter case, microbiota profile was
ascertained at the end of the antibiotic treatment and was repeated after FMT (Fig.
2). Measure of alpha diversity between post FMT-aged and post FMT-adult mice
showed no significant difference (Fig. 2a). In contrast, analysis of beta diversity using
Bray-Curtis indicated a clear separation of the groups (Fig. 2b). In particular, both post
FMT aged and post FMT adult groups clustered with the respective donors. The
antibiotic treatment was not completely successful for all the recipient mice. In
particular mouse 1 (MS1) and 2 (MS2) clustered with the adult donor and post FMT-
adult group. However, even these two mice clustered with the aged group after the
transplant with faeces from the aged group (Fig. 2b). We were not able to detect
significant differences in the microbiota of the different groups after FMT (as the
differences showed in the initial part of the study) as such a less stringent Benjamini-
Hochberg cut-off (P < 0.1) was used when analysing these data (Fig. 1). However, this
is not surprising because mice analysed in the first part of the study did not undergo
to any intervention (such as antibiotic treatment and FMT). When looking at the
different genera found in the faeces only four were differentially regulated. In
particular, Prevotellaceae, Faecalibaculum, Lachnospiraceae and Ruminococcaceae
were found to be significantly less abundant in the faeces of FMT-aged mice
compared to faeces of FMT-adult animals (Fig. 2c). When analysing the correlation
between the microbiomic and metabolomic data we found only few significant
associations. In particular, O-phosphocholine is positively correlated with
Lachnospiraceae NK4A136 group, hypoxanthine and succinate are negatively
correlated Faecalibaculum. Trimethylamine and isobutyrate are negatively

correlated with Tyzzerella 3 and Marvinbryantia respectively. Guanosine derivate is
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positively correlated with Lachnospiraceae FCS020 group. Finally, tartrate is
negatively correlated with Tyzzerella 3, Bilophila and Faecalibaculum and is positively
correlated with DNF00809, Lachnospiraceae NK4A136 group, Lachnospiraceae
FCS020 group (Fig. 2d).

Post FMT adult vs post FMT aged (Wilcoxon) P values shawn

a N “ ” C post FMT adult
(a) P=0788 P=0315 P=0412 (c) B post FMT aged
Observed Shannen InvSimpson Prevotellaceae UCG-001 Faecalibaculum
020 ——
4 020
4.5~ 2otsq
400- s ) 015
4 Qo010
40 2 010
3
30054 005 pu—r—
2 40- Group T ! ! !
| ] 1 H B 3 3
' 30- *+ Adult donor 3 3 - &
g Aged donor 5 £ 5 il
g past FMT adult & z i g
& G 5 % %
B 0] * post FMT aged ] H g
= * pre FMT e B3 = i
< 35- 20+ - Lachnospiraceas UCG-006 Ruminococcaceas UCG-014
_ 008 0.014
8 0012
100+ g 0.06 0010
3 0.008
10- H 0.04 0.006
2 002 0.004
« 0.002
& 0.00 0.000 —
2 5 H 5 b
g & ¥ k] &
s
& = = ] 5
T o c i
T B F %
Group L H H H
©) ey uos @
06~
050 05
Pearson comalanon
O-Phosphocholine
03- + Hypoxanthine
+ Succinate
Group + Trimethylamine
- ® Adult donor + e + Tartrate
o - "
a : g Aged donor Guanosine derivate
§ - post FMT adult .
. . * post FMT aged _ + Isobutyrate
® pre FMT @ = E = @ a a
£ 5 5 ¢ 8 8 ¢
g g 2 & 8 5 &
§ @ & § £ 8 §
B i 5§ ° 5 8
i x
& = z %
@ &
e % %
£ s
g &
, 5 . £ ]
-05 00 10 5 3
NMDS1 3

Figure 2. Effect of FMT on the faecal microbiotas of adult mice. (a) Alpha diversity measure

among the grouped adut (n = 1) and aged (n = 1) samples, the adult mice pre FMT (n = 11)
and the adult mice after FMT with adult (n = 4) and aged (n = 7) faeces. (b) MSD plot of Bray
Curtis measure of beta diversity. Data presented are for ASVs present in more than two
animals and prevalence threshold of 1% at the genus level. (c¢) Box plots shows the
significantly different genera (Welch’s t test and Wilcoxon; P < 0.1, Benjamini-Hochberg)
between post FMT adult (n = 4) and post FMT (n = 4) aged groups. based on ALDEx2 analyses.
Pearson correlation of faecal microbiomic and metabolomic data. Only rows/ columns that
contained significant data (P < 0.1, Benjamini-Hochberg) are shown.
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3.1.2. Impact of faecal microbial transplant on memory, behaviour
and motor activity

To assess the effect of FMT from aged donors to adult mice, we performed a series
of tests (spatial learning, memory, motor activity and anxiety-like behaviour) (Figs. 3
and 4). Memory and spatial learning were evaluated using Barnes maze test. After
the initial training, a retention test was carried out. In this test the escape tunnel was
taken away and the lapse of time needed to reach the point where the former escape
tunnel was located for the first time was recorded. The average primary latency was
significantly higher for adult recipients of microbiota from aged mice compared to
control groups (untreated or colonized with microbiota from age-matched donors)
(41.7+3.55;30.5+3.9sand 23.5 + 6.7 s, respectively; P < 0.05) (Fig. 3a). Also, during
retention test, FMT-aged mice spent less time in the quadrant that previously had
the escape tunnel (28.9 + 2.6 s in comparison to untreated 46.5 + 6.3 s, and FMT adult
51.8 + 10.2 s; P < 0.05) (Fig. 3b; heat map in Fig. 3c). This test supported an
involvement of the gut microbiota in processes of memory and spatial learning.
Another test that we employed to assess memory and learning was the novel object
recognition test: on day 1, mice were exposed to two similar objects and on day 2
mice were exposed to the same test area with one object substituted by a novel one.
The time spent exploring the novel and the familiar object was recorded. Control
groups would rather explore the novel object than the familiar one whereas FMT
aged mice spent significantly less time in exploring the novel object compared to
control (0.23 + 0.04 and 0.46 + 0.05, respectively; P < 0.01) (Fig. 3d-e) suggesting a

reduced discrimination due to impaired memory.
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Figure 3. Impact of FMT from old donor into adult mice on spatial learning and memory.

Barnes maze test (Fig. 3a—c): in the initial practice mice were trained to find the escape
tunnel for 4 successive days (twice per day). The average primary latency (Fig. 3a) was
significantly higher for adult mice transplanted with faeces from aged donors (FMT aged)
compared to mice either left untreated (control) or transplanted with faeces from adult
donors (FMT adult). During this test FMT aged mice spent significantly less time in the
quadrant that contained the escape tunnel compared to the two control groups (Fig. 3b; heat
map in Fig. 3c). The values represent the mean + SEM for each group (n = 10-12 mice/group).
*P < 0.05 vs control animals and FMT-adult. The novel object recognition test (Fig. 3d—e): on
the acquisition phase (day 1) mice were exposed to two similar objects; on the recognition
phase mice were exposed to the same area containing one familiar object and a novel object.
No differences have been recorded in the discrimination index between the different groups
in the acquisition phase (Fig 3d). In the recognition phase control groups, either untreated or
FMT-adult mice, preferred the novel object more than the familiar one, whereas FMT-aged
mice showed a significant reduction in the time spent exploring the novel object (Fig. 3d and
heat map in 3e). The values represent the mean + SEM for each group (n = 10-12
mice/group). **P < 0.01 vs control animals.
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Moreover, as microbiota has been reported to have an impact on locomotion and
anxiety (Diaz Heijtz et al., 2011; De Palma et al., 2017), we next assessed the effect of
FMT on these activities utilizing the open field and the elevated plus maze tests. In
the open field test, FMT-aged mice showed no difference in the distance travelled
compared to other groups (Fig. 4a) suggesting that FMT from aged mice in adult
recipients has no impact on motor capacity. However, in the same test, untreated or
FMT-adult mice spent a longer time in the centre of the arena compared to FMT-aged
mice who preferred the periphery (Fig. 4b-e). In the elevated plus maze, there was
no differences in the time spent in opened or closed arms, even though most of the

mice spent a longer time in closed arms regardless of the treatment (Fig. 4f-g).
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Figure 4. Effect of FMT from old mice on locomotion, explorative and anxiety-related

behaviour. In the open field test mice transplanted with faeces from aged donors did not
show significant difference in the distance travelled compared to control groups (Fig 4 a). No
significant differences have been observed in the time spent in the center of the arena (Fig.
4b). However, FMT-aged mice displayed a tendency to prefer the periphery of the arena
instead of the center (Fig. 4b and Fig 4e). The representative tracks of movement patterns
are depicted in Fig. 4c—e (ANY-maze software). In the elevated plus maze, FMT-aged mice
did not display significant differences in time spent in open or closed arms of the maze
compared to control groups (Fig. 4f, g). However, mice spent more time in closed arms
regardless of the treatment. The values represent the mean + SEM for each group (n = 10—
12 mice/group).
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3.1.3. Effect of faecal microbial transplant on protein expression in
hippocampus of adult mice

The results obtained with behavioural tests led us to look into the molecular
mechanisms that could be important in explaining FMT-induced different behaviours.
For this purpose, we used one-shot label-free quantitative proteomics method. The
hippocampus was the primary target of this analysis because it has a crucial role in
memory and learning (Bettio et al 2017). The whole protein extracted from
hippocampus yielded 2180 quantified proteins and 16,083 peptides (data not
shown). The volcano plot was obtained comparing by two-sided t test FMT-aged mice

with FMT-adult mice (Fig. 5).
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Figure 5. Volcano plot. Quantitative analysis of proteins in the hippocampus. Plot of
quantified proteins in hippocampus tissue (A). Differentially regulated proteins after
transplant of aged faeces into adult mice (T) versus faeces from adult mice transplanted into
adult age-matched mice (C) are showed (T/C). The proteins in red are up regulated and in
green down regulated.
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One hundred forty proteins were differentially expressed as 52 of them were up-
regulated and 88 were down-regulated. Forty-seven proteins were differentially
regulated with a fold change rate higher than 1.5 (Table 1). To further confirm these
data, western blot analysis was performed on two selected proteins that were found
differentially regulated by proteomics (Figs. 6, 7). In particular, protein expression of
the tRNA-splicing ligase RtcB homolog (Rtcb) in FMT-aged mice was found reduced
compared to controls (Fig. 6d), whereas the microtubule-associated protein (MAPT)
was overexpressed after the same treatment (Fig. 7d). RtcB decreased by less than
half (FMT-aged versus FMT-adult ratio: 0.46) and MAPT doubled its rate of expression
(FMT aged versus FMT adult ratio: 2.38) (data not shown).
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Figure 6. Western Blot analysis. Western blot for Rtcb in the hippocampus of mice
transplanted with aged faeces (treated) or with adult faeces (control). Polyacrylamide (12%)
gel stained with blue Coomassie with a representative image of molecular weight marker
with kDa (a). GAPDH bands (panel b, left) and merged with nitrocellulose membrane (panel
b, right). Rtcb bands (panel c, left) and merged with nitrocellulose membrane (panel c, right).
In (d) histogram shows levels of analysed protein both in treated and control animals. Lane 1
(positive control, SH-SY5Y cell line); lane 2 (negative control, mouse adipose tissue); lane 3
(aged mouse hippocampal proteins); lane 4 (adult mouse hippocampal protein); lane 5 (FMT-
aged hippocampal proteins); lane 6 (FMT-adult hippocampal proteins). Rtcb protein was
detected approximately at 56 kDa (right blots). GAPDH (37 kDa) was used as housekeeping
(left panel). Molecular weight (mw) used was SHARPMASS VII.
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Figure 7. Western Blot analysis. Western blot for MAPT in the hippocampus of mice

transplanted with aged faeces (treated) or with adult faeces (control). Polyacrylamide (12%)
gel stained with blue Coomassie with a representative image of molecular weight marker
with kDa (a). GAPDH bands (panel b, left) and merged with nitrocellulose membrane (panel
b, right). Rtcb bands (panel c, left) and merged with nitrocellulose membrane (panel c, right).
In (d) histogram shows levels of analysed protein both in treated and control animals. Lane 1
(positive control, SH-SY5Y cell line); lane 2 (negative control, mouse adipose tissue); lane 3
(aged mouse hippocampal proteins); lane 4 (adult mouse hippocampal protein); lane 5 (FMT-
aged hippocampal proteins); lane 6 (FMT-adult hippocampal proteins). Rtcb protein was
detected approximately at 56 kDa (right blots). Mapt protein was detected approximately at
50 kDa (right blots). Molecular weight (mw) used was SHARPMASS VII.
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The IPA of the significantly up- and down-regulated proteins revealed modifications
in proteins related to different pathways such as synaptic transmission, cognition,
neurotransmission, axonal elongation, locomotion (Table 1) in the hippocampus of
adult mice transplanted with faeces from aged donors compared to adult mice
transplanted with faeces from age-matched donors. All the aforementioned
pathways were down-regulated in the hippocampus of adult mice transplanted with
aged faeces. In particular, there were 35 molecules differentially regulated in synaptic
transmission, 46 in cognition, 41 in neurotransmission, 12 in elongation of neurites

and 28 in locomotion (Table 1).

Functions Annotation p-Value Activationz-score Molecules #Molecules

AMPH ANKS1B,CAMK2A CNP CPNEG,DLG2 DLG4,DPYSL2

ERC2 FBXO2 GNAIZ HNRNPK MAPT NAPANPTX1NRCAM,
Cell-To-Cell Signaling and
Interaction, Nerious System  synaptic transmission  283E-11 -1763 NSF PAFAH1B1,PARKT PPP3CA PPP3R1,PRKCG,PSMC5 RAB3A, 35
Developmentand Function

§100B,8H3GL2 SLC1245,SLC1A3 SNAP25 SNPH,SYN1T SYN2,

SYNGAP1,UNC13AVDACT
ACTG1,AMPHATP1A3,CAMK2A CFL1,CKB CKMT1AICKMT1B
,CPT1C,CRMP1,CTNND2 DLG3 DLG4 ELAVL4 FBXO2 GMFB,
GSK3B HAPLN1,KCNAB2 MAPT NCAM1NCDN NRAS NRCAM,
Behavior learning 272E-14 -1697 46
NTRK2 PAFAH1B1,PARK7 PDE1B PEX5L PPP3CAPPP3R1,
PRKAR1A PRKARZB,PRKCG,RTN4,5100B SHANK1,SLC1245,
SNAP25,50D2,SRCIN1,SYNGAP1,SYNJ1,5YNPO, TRIM3, TSN,VDAC1
AMPH ANKS1B,CAMK2A CNP CPNES,DLG2 DLG4,DNM1,DPYSL2,
ERC2 FBX02,GDAP1,GNAIZ HNRNPK KCTD 12 MAPT NAPA Nefm,
Cell-To-Cell Signaling and
Interaction, Nervous System neurotransmission 4 44E-12 -1656 NPTX1NRCAM NSF NTRKZ PAFAH1B1 PARKY PPP3CA PPP3R1, 41
Developmentand Function
PRKCG,PSMC5 RAB3A 5100B,SH3GL2,SLC1245 SLC1A3,SNAP25,
SNPH,SRCIN1.SYN1,5YN2 SYNGAP1,UNC13AVDACT
CellMarpholagy, Celluar ALCAM,CAMK2ADPYSL2,GNAS MAPT NTRK2 OMG,PACSINT,

Assembly and Organization, elongationof neurites ~ 4.27E-08 0.228 12

Nervous Sysiem PAFAH1B1,PEN1 PFN2.RAB3S
Developmentand Function

ABAT AGAP2 ATP1AT ATP1A3,CAMK2A CNP DLG3,DLG4,DNM1,
ELAVL4 GMFBHINT1 MAPT NCAM1,NEFL NRCAM NTRK2 OMG,

Behavior locomation 6.83E-07 -0.087 28
QXR1,PAFAH1B1 PARKY PDE1B,RTN4,SNAP25,50D1,50D2,

SPTBN4 TSN

Table 1. IPA in the hippocampus. IPA analysis of the significantly up- and down regulated

proteins (after Bonferroni correction) in the hippocampus of FMT-aged mice versus FMT-
adult mice. The enriched categories, related to specific function annotations, the P value, the
z-score of the software and the involved proteins are displayed.
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The wheel charts graphically underline these movements of protein expression with
up- (in red) and down-regulated (in green) proteins (external side of the wheel)
involved in cognition (Fig. 8) synaptic transmission (Fig. 9) and neurotransmission
(Fig. 10) pathways (centre of the wheel). As regards cognition (Fig. 8), 59 proteins
were associated to this pathway. In particular, the most up-regulated proteins were
CPT1C, MAPT, PEX5L (dark red). Though to a lesser extent, other proteins, like GRN,
KIF1A, PRKAR1A, SHANK1, TSN, UBQLNZ2 (light red), were also up-regulated. All the
other proteins in the graph were down-regulated (green). Among the down-
regulated proteins that are important for their functions we recall: FBXO2 (ubiquitin
ligase substrate adaptor), HOMER1 (postsynaptic density scaffolding protein), RTN4
(a developmental neurite growth regulatory factor and a facilitator of neurite
branching), GMFB (an important protein that causes differentiation of brain cells and
stimulation of neural regeneration), and S100b. The cognition pathway resulted
overall down-regulated. As regards the synaptic transmission pathway (Fig. 9) 43
proteins were associated to this pathway. The majority of the proteins (40 proteins)
were down-regulated (green) and only three proteins (MAPT, SNPH, UNC13A) were
up-regulated (red). As for the latter pathway, also the synaptic transmission pathway
was overall down-regulated in the hippocampus of FMT-aged mice. Fifty-two
differentially expressed proteins were associated to the neurotransmission pathway
(Fig. 10). Those that were the most up-regulated were GDAP1, MAPT and UNC13A.
Other up-regulated proteins, though to minor extent, were KCTD12 and SNPH. All the
other differentially expressed proteins of the neurotransmission pathway were
down-regulated. FBOX2, HOMER1, s100b are some of the proteins down-regulated
in the neurotransmission pathway and are also shared with the cognition and the
synaptic transmission pathways. Taken together, these results show that the
intestinal microbiota characterizing aged animals is capable of inducing behavioural
modifications and changes in the expression of brain proteins regardless the actual
age of the animals. Interestingly, all these modifications pointed to an overall
diminished brain function which is also associated with the physiological ageing

process.
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Figure 8. Wheel chart of the cognition pathway. IPA of the significantly up- and down-
regulated proteins (after Bonferroni analysis) in the hippocampus tissue of FMT-aged mice
versus FMT-adult mice. The up-regulated proteins are marked in red, while those that that
were down-regulated are marked in green. The blue colour indicates that the pathway is

down regulated.
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Figure 9. Wheel chart of the synaptic transmission pathway. IPA of the significantly up- and
down-regulated proteins (after Bonferroni analysis) in the hippocampus tissue of FMT-aged
mice versus FMT-adult mice. The up-regulated proteins are marked in red, while those that
that were down-regulated are marked in green. The blue colour indicates that the pathway

is down regulated.
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Figure 10. Wheel chart of the neurotransmission pathway. IPA of the significantly up- and

down-regulated proteins (after Bonferroni analysis) in the hippocampus tissue of FMT-aged
mice versus FMT-adult mice. The up-regulated proteins are marked in red, while those that
that were down-regulated are marked in green. The blue colour indicates that the pathway

is down regulated.
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3.1.4 Glial cells of the hippocampus fimbria of adult mice undergo
phenotypic changes after faecal microbial transplant from aged
mice but no differences in the level of cytokines in the
hippocampus of adult mice transplanted with aged faeces

To further substantiate the results obtained with the proteomic approach, we
analysed the expression of GFAP by immunofluorescence in astrocytes in different
hippocampal regions (dentate gyrus, CA4 and CA3). In this case, we did not find any
significant difference in the expression of GFAP in the hippocampus of FMT-aged
mice compared to adult recipients receiving faeces from age-matched animals (Fig.
11a-i). This result pointed to the absence of an evident neuroinflammatory state. We
also evaluated, by immunofluorescence, the expression of F4/80 in the microglia of
the hippocampus fimbria (Fig. 11 j-I). Contrary to GFAP, in this case we did find a
significant (P=0.0168) increase in the expression of F4/80 in the fimbria of adult mice
transplanted with faeces from aged donors (Fig. 11 j-l). The levels of expression of
F4/80 were subsequently further confirmed by western blot analysis (data not

shown).
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Figure 11. Levels of GFAP and F4/80 in hippocampal areas. Representative images acquired
at the confocal microscope with anti-GFAP antibody (green) and the mean fluorescent
intensity in different areas of the hippocampus (a—i). No difference was observed between
FMT-adult (left panels a, d and g) and FMT-aged (middle panels b, e and h) in the expression
of GFAP. The analysis was carried out in the dentate gyrus region (a, b, fluorescent intensity
shown in c), CA4 region (d, e, fluorescent intensity shown in f) and CA3 region (g—I,
fluorescent intensity shown in i). On the contrary, a significant increase of the expression of
F4/80 (red) (j, k, fluorescent intensity shown in |) was observed in the white matter of the
hippocampus fimbria between FMT-adult (j) and FMT-aged mice (k). Fluorescence intensity
bars represent the mean + SEM from 3 mice/group and asterisk indicates P = 0.0168. Nuclei
have been counterstained with ToPro-3 (in blue). (Scale bars=30 um).
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We also analysed cytokines levels in the hippocampus of mice after FMT experiments
(Fig. 12). In particular, we evaluated five cytokines (IL-12p70, IL-4, TNFa, IL-23, IL-9)in
the hippocampus of FMT-aged and FMT-adult mice without any significant difference
in their level of expression. All these results supported the absence of an overt FMT-

induced neuroinflammation in adult mice at least at the time point tested.

IL-12p70 -4

o FMT-adult W FMT-adult

 FMT-aged

u FMT-aged
20 20
15 15
g 10 % 10
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5 5
04 . [

W FMT-adult

IL-9

& FMT-adult W FMT-adult
B FMT aged

FMT-aged FMT-aged
20 ' 20

Figure 12. Cytokines levels in the hippocampi. Cytokines levels were evaluated in the
hippocampi of FMT-aged mice and FMT-adult mice. We detected no difference in the levels
of the cytokines tested. Bars represent the mean + SEM (n = 8 mice/group).
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3.1.5. Effect of faecal microbial transplant on protein expression in
colon of adult mice

In order to get a better insight in the molecular mechanisms behind the changes
observed in both behavioural tests and in proteomics of the hippocampus, we
applied the one-shot label-free quantitative proteomics method on colon samples.
Since mice were subjected to FMT, it is crucial to understand changes in the colon
that could precede the modifications observed in the brain. The obtained whole
protein extract resulted in 2389 quantified proteins. The volcano plot was obtained

by two-sided t test of the two groups: FMT-aged versus FMT-adult mice (Fig. 13).

-log10(p)

log2(T/C)

Figure 13. Volcano plot in colon. Quantitative analysis of proteins in the colon. Plot of

quantified proteins in colon tissue. Differentially regulated proteins after transplant of aged
faeces into adult mice (T) versus faeces from adult mice transplanted into adult age-matched
mice (C) are showed (T/C).
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Among the top ten up-regulated proteins (Table 2) the one showing the highest rate
of protein expression increase was protein disulphide-isomerase (PDI) A2 (PDIA2).
PDIA2 was 10.5-fold more expressed in the colon of mice transplanted with faeces
from aged animals compared to controls. PDIA2 is a disulphide isomerase involved
cell redox homeostasis, protein folding and retention in endoplasmic reticulum
lumen. Carboxypeptidase B1 (CPB1) and A1 (CPA1) were also over-expressed (8.1 and
7.3-fold respectively) in FMT-aged mice. These proteins are well-known proteolytic
enzymes. Chymotrypsin-like elastase family member 1 (CELA1) is 8.1-fold more
expressed in colon of FMT-aged mice compared to FMT-adult animals. CELA1 has
different functions such as hydrolase activity, metal ion binding, and peptidase
activity. It is implicated in digestive system development, elastin catabolic processes,
inflammatory response. Among the down-regulated proteins (Table 3) Prostaglandin
E synthase 2 (PTGES2) was the one with the highest rate of decrease in expression
levels (3.7-fold down-regulated) in the colon of FMT-aged mice. Map2k1, in turn, was
3.3-fold down-regulated and it is involved in several different functions including
apoptosis, cell cycle progression and proliferation. Vasoactive intestinal peptide
(VIP), on the other hand, was 3.2-fold down-regulated in mice transplanted with aged
faeces. VIP is produced and released by some enteroendocrine cells and it is also

expressed in fibres of the autonomous nervous system.

Expr Log Ratio up-regulated

Molecules Expr. Value
PDIA2 +10.512
CPB1 +8.147
CELA1 +8.112
CPA1 +7.391
CTRB2 1+6.731
PRSS3 +6.339
ALDH1L2 * 4.887
SEC11C T 4.868
CRELD2 14329
2210010C04Rik 14178

Table 2. The top ten up-regulated proteins in colon. Expression protein levels in colon of

mice transplanted with faeces from aged animals compared to mice transplanted with
adult faeces.
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Expr Log Ratio down-regulated

Molecules Expr. Value
PTGES2 -3.729
MAP2K1 -3.300
VIP -3.219
CARHSP1 -3.125
DCPS -3.074
RBM47 -2.920
DYNLL1 -2.479
NDUFB9 2432
ARF5 -2.352
CHGB -2.304

Table 3. The top ten down-regulated proteins in colon. Expression protein levels in colon

of mice transplanted with faeces from aged animals compared to mice transplanted with
adult faeces.

The IPA showed a different regulation of some pathways in the colon of FMT-aged
mice compared to the colon of FMT-adult mice. The IPA showed that some of the
pathways were up-regulated, including LPS/IL-1 mediated inhibition of RXR function,
EIF2 signaling, integrin signaling, paxillin signaling, actin cytoskeleton signaling and
integrin-linked kinase (ILK) signalling. Other pathways were down-regulated like
remodelling of epithelial adherens junctions, peroxisome proliferator-activated
receptor (PPAR)a (PPARa)/retinoid X receptor a (RXRa) activation and fMLP signaling
(Fig. 14).
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Figure 14. Canonical pathways. Analysis of differentially regulated pathways in colon.
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Twenty-six molecules were associated with the EIF2 signaling (Table 4). The majority
of these molecules were cytoplasmatic whereas five molecules were nuclear
proteins. Twenty-three molecules were up-regulated and three were down-
regulated. Though heat shock protein family A member 5 and tryptophanyl-t RNA
synthetase were expected to be down-regulated, they were actually found up-
regulated. In contrast, mitogen activated protein kinase 1 and 3, expected to be up-
regulated, were actually found down-regulated. Overall, the EIF2 signaling was up-

regulated.

Location

154600

Idertifier

GenBark/Gane Symisel - mouse [Entrez Gena Expe Log Ratia

Enres Gene Name

Symbal
2

T EEEEEEE LR

CESEEaEE

Table 4. EIF2 signaling. Analysis of molecul
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As for the EIF2 signaling, also the integrin signaling (Table 5) was up-regulated in the
colon of adult mice transplanted with aged faeces. Twenty-four proteins were
associated with the integrin signaling. Fourteen of them had a cytoplasmic
localization, eight were plasma membrane-associated proteins, one had a nuclear
localization and one was referred to the extracellular space. Eleven molecules were

up-regulated and thirteen were down-regulated.

use (Entrez Gene| Expr Log Ratio

piri2b

P
Ti
i

, regulatory (inhibitor) subunit 128

Entrez Gene Name

Symbol

Table 5. Integrin signaling. Analysis of molecules involved in the integrin signaling.
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The paxillin signaling (Table 6) and the actin cytoskeleton signaling (Table 7) were

both up-regulated pathways. Ten molecules were associated with the paxillin

signaling and 22 proteins with the actin cytoskeleton signaling. Five proteins of the

paxillin signaling pathway were associated with plasma membrane, four had a

cytoplasmic localization and one had a nuclear localization. Seven proteins out of ten

were up regulated. Twelve proteins of the actin cytoskeleton signaling pathway had

a cytoplasmic localization, six were plasma membrane proteins, three were referred

to the extracellular space and one was a nuclear protein. Twelve molecules out of 22

were up-regulated.

ACTH
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Table 6. Paxillin signaling. Analysis of molecules involved in the paxillin signaling.
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Table 7. Actin cytoskeleton signaling. Analysis of molecules involved in the actin

cytoskeleton signaling.
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Two other pathways that activate in response to pro inflammatory cytokines were
found up-regulated: the LPS/IL-1 mediated inhibition of RXR function (Table 8) and
the ILK signaling pathway (Table 9). Twenty-one proteins were associated with the
LPS/IL-1 mediated inhibition of RXR function and 18 with the ILK signaling pathway.
In the LPS/IL-1 mediated inhibition of RXR function all but one of the identified
molecules had a cytoplasmic localization. The only protein which was not cytoplasmic
had a nuclear localization. Eleven identified molecules belonging to the ILK signaling
had a cytoplasmic localization, 5 were plasma membrane-associated proteins and 2

were referred to the extracellular space.

Wdentifier

Hame

Entre: Gene

Symbol

Table 8. LPS/IL-1 mediated inhibition of RXR Function. Analysis of molecules involved in
the LPS/IL-1 mediated inhibition of RXR function signaling.
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Table 9. ILK signaling. Analysis of molecules involved in the ILK signaling.
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Some pathways were found down-regulated in the colon of FMT-aged mice. One of
these was the remodelling of epithelial adherens junctions (Table 10). Thirteen
molecules were associated with this pathway: eight of them were cytoplasmic
proteins whereas the other 5 were associated with the plasma membrane. Finally,
two other pathways that are activated in response to IL-1 were also down-regulated:
the PPARa/RXRa (Table 11) and the fMLP signaling (Table 12). The proteins found
associated with these pathways were 14 and 10 respectively. With the exception of
one plasma membrane-associated protein and one protein referred to the
extracellular space, all molecules associated with the PPARa/RXRa pathway had a
cytoplasmic localization. As for the fMLP signaling pathway, 7 molecules were
cytoplasmatic and three were plasma membrane-associated. All the proteins
associated with this pathway were expected to be up-regulated but only two out of

ten were found actually up-regulated.
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Table 10. Remodeling of epithelial adherens junctions. Analysis of molecules involved in

the remodeling of epithelial adherens junctions signaling.
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Table 11. PPARa/RXRa activation. Analysis of molecules involved in the PPARa/RXRa

activation signaling.
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Table 12. fMLP Signaling. Analysis of molecules involved in the fMLP signaling.
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3.1.6. Faecal microbial transplant from aged mice did not induce
differences in gut permeability or in levels of local and
systemic cytokines

It has been suggested that FMT from aged mice boosts inflammation in young germ-
free mice and contribute to the leakage of inflammatory components into the
circulation (Fransen et al., 2017). This led us to investigate whether FMT from aged
into adult mice could cause an increase in the levels of plasmatic (Fig. 15) and colon
(Fig. 16) cytokines and in gut permeability (Fig. 15). Gut permeability was assessed
evaluating the plasmatic level of previously orally administered FITC-dextran. We
found that FMT from aged mice did not affect gut permeability in adult mice
recipients (Fig. 15A). As regards the plasma levels of the cytokines we found no
significant differences in the levels of different proinflammatory (IL-1B, IL-6, INF-y,
TNF-a) or anti-inflammatory (IL-10) cytokines (Fig. 15B) in adult mice recipients after

FMT from aged mice.

14 -
A T
E I
=3 |
= |
c !
i
s 1,2 -
9
=
L
o
E
w
)
&g
FMT-Y FMT-A

6 r
= B
% aFMT-adult @FMT.aged
2

4
w
]
=
3
]
E 2} Z h
w
s .
) I.' .I

0

TNF-a

IL-1B IL-6 IL-10 IFN-y

Figure 15. Gut permeability and plasma level of different cytokines. Mice received a FITC-
dextran solution and plasma levels of FITC were measured after 3 hours. A) There were no
differences in the levels of plasma FITC-dextran between mice transplanted with age-
matched faeces (FMT-Y) or with aged faeces (FMT-A). B) No significant differences were
observed in the levels of plasma anti- or pro-inflammatory cytokines in both FMT-adult or
FMT-aged mice (n = 8 mice/group).
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In addition, levels of a large group of cytokines (IL-13, IL-4, IL-22, TNFa, GM-CSF, IL-
23, 1L-9, MCP-1, MIP-1a) were also tested in protein extracts from colon samples. We
found no differences in the concentration of these molecules between the colon of
FMT-aged mice and the colon of FMT-adult animals (Fig. 16). All these results
supported the absence of an overt FMT-induced inflammation in adult mice after

FMT from aged donors at least at the time point tested.
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Figure 16. Colon level of different cytokines. Cytokines levels were evaluated in the colon of
FMT-aged and FMT-adult mice. We detected no difference in the levels of the cytokines
tested. Bars represent the mean + SEM (n = 8 mice/group).
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3.2.Click chemistry

FMT experiments showed that, somehow, a different gut microbiota can induce
behavioural changes in mice. In particular, transplant of faeces from aged animals
into adult recipients switched the results of some behavioural tests towards those
that are typical of older mice. In addition, the same FMT experiments induced a
modification in the expression levels of several proteins in the hippocampus. This
suggests that some bacterial products could operate as signaling molecules capable
of inducing the above-mentioned changes. In order to set up a useful technique to
track down bacterial products and to find the paths that they can follow through the
host we endeavoured ourselves to chemically modify small bacterial metabolites, to
see if they are efficiently incorporated in bacterial cells and, finally, to verify if they
can be transferred from bacteria to eukaryotic cells observing their progress within

cells.

3.2.1. Optimisation of bacterial growth curve in minimal medium

Click chemistry experiments were performed using Bacteroidetes thetaiotamicron
(BT) as model organism. First of all, we wanted to optimize BT growth in minimal
medium and we tested three different inoculum concentrations in minimal medium
(1%, 2% and 5%). To evaluate bacterial growth rate, we measured the optical density
(OD) at 600 nm at different time points after the inoculum. As shown in figure 17, we
obtained an almost classical growth curve (lag phase, log phase, stationary phase and
death phase) for all the concentrations tested. As expected, when bacteria were
inoculated in minimal medium at a higher concentration, they grew faster compared
to inocula at lower concentrations (Fig. 17). For the click chemistry experiments, 1%

inoculum was used.
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Figure 17. Bacteroidetes thetaiotamicron (BT) growth curves in MMG. BT was grown in

minimal medium at three different inoculum concentration: 1% (blue), 2% (orange), 5%
(grey). Optical density at 600 nm was measured at different time points. BT was able to grow
in the minimal medium and at all the concentration tested.

3.2.2. Click chemistry experiments in bacterial cells

After growth curve optimization, we evaluated the incorporation of chemically
modified molecules. BT was grown in minimal medium supplemented with PAA or
with DMSO as negative control. OD was recorded until bacteria reached a value of
0.4. We chose that level of optical density because it was in the mid-log phase in
which the majority of bacteria are metabolically active. Then bacteria were
chemically fixed and PAA was fluorescently detected using a commercially available
kit (see materials and methods) and an Alexa Fluor 647 azide. Bacterial cells were
detected with DAPI. As expected, when bacteria were grown in minimal medium
supplemented with DMSO we only detected bacterial cells (Fig. 18A). On the other

hand, when they were grown in the presence of PAA, they could be subsequently
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labelled by the modified fluorochrome (Fig. 18B). This preliminary experiment
demonstrated that bacteria incorporated PAA and that it could be detect in the

bacterial cells.

Figure 18. Incorporation of chemically modified molecules in bacterial cells. Fluorescent

microscopy images of Bacteroides thetaiotamicron grown in minimal medium supplemented
with DMSO (A) or with PAA (B). We detected the incorporation of PAA only when bacterial
cells were grown in minimal medium supplemented with PAA (B). Bacterial cells were
detected with DAPI. (Scale bar 20 uM).

3.2.3. Co-culture experiments

After successfully detecting the presence of PAA in bacterial cells, we tried to co-
cultivate bacteria with eukaryotic cell lines. Co-culture experiments were performed
to try to evaluate: 1) lipid transfer between bacteria and eukaryotic cells; 2) the ability
to detect bacterial molecules in eukaryotic cells. To this aim, BT cells were placed in
a transwell system with either Caco-2 intestinal cell line (Fig. 19) or with SK-N-SH
neuroblastoma cell line (Figs. 20, 21). In particular, bacteria were placed in the upper
chamber and eukaryotic cells in the lower chamber. After 4 hours, cells were fixed
and PAA stained using the above-mentioned kit. As expected, when eukaryotic cells
were grown without bacteria (Fig. 19A and Fig. 20A) or with bacteria cultivated in
minimal medium supplemented with DMSO (Fig. 19B and Fig. 20 B) we didn’t detect
any fluorescent signal referable to the presence of PAA. When eukaryotic cells lines

were co-cultivated with Bacteroides grown in minimal medium supplemented with
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PAA we successfully detected the presence of PAA in eukaryotic cells (Fig. 19C, Fig.
20C, D and Fig. 21). This experiment demonstrated that a lipid transfer from bacteria
to eukaryotic cells is actually possible and that chemically modified lipids can be

fluorescently detected in different eukaryotic cell lines.

Figure 19. Co-culture experiments. Fluorescent microscopy images of Caco-2 intestinal cell
line cultivated without bacteria (A), with bacteria grown in minimal medium either with
DMSO (B) or with PAA (C). We detected the presence of PAA only when eukaryotic cells were
co-cultivated with bacteria grown in minimal medium supplemented with PAA (C). Cells were
detected with DAPI. (Scale bar 20 uM).
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Figure 20. Co-culture experiments. Confocal microscopy images of SK-N-SH neuroblastoma

cell line cultivated without bacteria (A), with bacteria grown in minimal medium either with
DMSO (B) or with PAA (C and D). We detected the presence of PAA only when eukaryotic
cells were co-cultivated with bacteria grown in minimal medium supplemented with PAA (C
and D). Cells were detected with DAPI. (Magnification 20x).
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Figure 21. Co-culture experiments. Confocal microscopy image of SK-N-SH neuroblastoma
cell line cultivated with bacteria grown in minimal medium supplemented with PAA. Cells
were detected with DAPI. (Magnification 63x).
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4. Discussion

It is well-known that the gut microbiota has an impact on human health. The interest
in the gut microbiome and its possible involvement in different aspects of health and
disease has begun approximately since 2010. One factor acting as catalyzer of
attention by investigators was possibly the beginning of the Human Microbiome
Project in 2008 (Buford, 2020). Actually, in the following decade the gut microbiota
became the focus of intense research testified by the increasing number of published
articles dealing in general with the correlations health/microbiota but also with
ageing/microbiota. Starting from O’Toole and Jeffrey’s work (2015) showing age-
related changes of gut microbiota, many investigations tried to demonstrate a
causative correlation between microbiota changes and age-related health decline.
Nevertheless, a better understanding of the role played by gut microbiota on health
and in the context of ageing is still needed (Buford, 2020). The work required to
accomplish such task appears overwhelming as much as it is overwhelming the
variety of the microbial population that dwells within the gut. Recent studies have
highlighted a functional connection occurring between the gut and the brain (the so-
called gut-brain axis) and, in particular, the important role that the gut microbiota
plays in the axis. The explosion of interest for the gut microbiota and its role in the
gut-brain axis certainly derives from researches that have established a link between
gut microorganisms (in particular bacteria) and memory and learning performances,
stress, mood and even neurodevelopment and neurodegenerative diseases (Dinan
and Cryan, 2017). Despite the enormous advancement of knowledge accumulated
over the last 15 years, much work is still required to understand the mechanistic
aspect of the microbiota-gut-brain axis and how the shift of the gut microbiota is
capable of affecting gut and CNS functions in ageing (Petrella et al., 2021). Loss of
cognitive functions is one of the typical traits of ageing (Juan and Adlard, 2019). In
particular, spatial learning and memory are hippocampal-dependent functions that
decline with ageing (Bartsch and Wulff, 2015). The present thesis has described the

work undertaken to study the impact in adult mice of a sudden shift of the microbiota
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from the one regularly residing in the adult intestine to the one characteristic of aged
individuals. This study was conducted operating an FMT from aged donor mice to
adult recipients. This sudden change in microbiota population, therefore, was aimed
to highlight the effects due exclusively to the microbiota rather than to the
microbiota-unrelated intrinsic changes occurring to aged subjects. Our interest has
been focused on studying behavioral modifications, as well as alterations in protein
expression levels and inflammation markers in the hippocampus and in the large
intestine. We also started to set up a technique to follow bacterial metabolites within
eukaryotic cells.

Our results show that the microbiota dwelling in aged hosts transplanted in adult
mice is sufficient to recapitulate memory and cognitive alterations normally seen in
aged animals. These results are important in reinforcing the concept that gut
microbiota is capable of affecting CNS functions. It has also been reported that in
ageing there are changes in anxiety-like behaviors and a decrease in locomotion in
aged mice that could be attenuated by the supplementation of prebiotics (Bordner
et al., 2011; Shoji et al., 2016; Yang et al., 2020). In contrast, we report that FMT from
aged animals did not impact locomotion and anxiety-like behaviors in adult
recipients. These observations suggest that, at least in our experimental setting, FMT
from aged animals has a targeted impact on cognition and memory rather than on
locomotion and anxiety. Results obtained in cognitive and behavioral tests led us to
examine the molecular mechanisms that could underlie the observed modifications.
To this end, we used one-shot label-free quantitative proteomic method analysing
the hippocampus. The IPA showed alterations in pathways related to synaptic
transmission, cognition and neurotransmission. Also, we found that MAPT is up-
regulated in the hippocampus of mice transplanted with faeces from aged
individuals. MAPT encodes for tau protein that is important in microtubule assembly
and serves for axonal transport and synaptic plasticity. In accordance to our
experimental setting, increased expression levels of MAPT have been previously
observed in age-related neurodegeneration (Shunsuke et al., 2020). Ageing and
changes in gut microbiota have been linked to the so-called “inflammageing”, the
low-grade activation of the innate and adaptive immune system observed in ageing

(Lietal., 2021). However, we could not observe changes in the levels of inflammatory
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cytokines in the hippocampus of FMT-aged mice, pointing to the age-related
inflammageing in the CNS as a phenomenon unrelated to gut microbiota. This latter
concept is further reinforced by the observation, carried out by immunofluorescence
and western blotting, that levels of GFAP protein do not increase in the hippocampus,
indicating the absence of an overt activation of astrocytes. However, cytokines levels
have been assessed at the end of the FMT treatment and we cannot rule out the
possibility that transient changes might have been occurred at earlier time points.
Interestingly, FMT-aged mice show changes in microglia morphology in the fimbria.
Microglia are the immunocompetent cells in the CNS and are important in neuronal
surveillance in both homeostatic and pathological conditions (Galloway et al., 2019).
As observed in ageing (Hart et al., 2012), a significant increase in the expression of
F4/80 in the microglia cells in the hippocampus fimbria can be observed even in our
experimental setting. If these phenotypic changes and increased expression of F4/80
in microglia are indeed related to the changes observed to the expression levels of
other CNS proteins and in memory and cognition remains to be explored. F4/80 is a
seven transmembrane G-protein coupled receptor with an extracellular domain
containing repeated Epidermal Growth Factor-like calcium binding domains. Even
though the enhanced expression of F4/80 has been correlated to oral tolerance, its

function still remains to be determined (Gordon et al., 2011).

The results obtained in behavioral tests and the modifications observed in the
hippocampus of FMT-aged mice prompted us to investigate if there were earlier
alterations in the colon that could explain changes observed in the CNS. It has been
reported that in ageing there is an increase in both systemic and gut inflammation
that is linked to changes in gut microbiota (dysbiosis) and to a partially impaired
barrier function (leaky gut) (Qi et al., 2017; Nagpal et al., 2018). The increase in gut
permeability leads to an influx of antigens, pathogens and inflammatory molecules
from gut into the systemic circulation that activates systemic inflammation. In turn,
inflammation has a negative impact on gut barrier function generating a vicious circle
where increased gut permeability generates inflammation which further promotes
gut permeability (Nagpal et al., 2018). In this context, microbial dysbiosis is a key
player. In fact, it has been reported that GF mice conventionalized with FMT from

aged animals induces systemic inflammation. This assertion, based on the greater
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level of T cell activation achieved by FMT with faeces from aged mice compared to
FMT with faeces from young mice, unfortunately was not paralleled by investigations
on behavioral differences in the recipients nor evaluated the levels of local and
systemic inflammatory cytokines (Fransen et al., 2017). Also, gut dysbiosis and
increased gut permeability in humans, assessed by levels of circulating biomarkers
and bacterial inflammatory molecules, have been correlated to depression and
anxiety (Stevens et al., 2018). Intriguingly, we did not observe changes in gut
permeability as well as in the levels of gut and systemic cytokines. As for the
hippocampus, however, both cytokine levels and gut permeability assessments have
been weighed at the end of FMT treatment and we cannot exclude that there might
have been earlier changes or that significant changes in gut permeability may require

longer time to become evident.

As regards changes in gut microbiota composition, we found a decrease in genera
Prevotellaceae, Faecalibaculum, Lachnospiraceae and Ruminococcaceae in FMT-aged
mice. Changes in microbiota composition have been observed in several
experimental settings investigating CNS disorders and some changes involve the
same bacterial populations that were affected in our experiments. For instance,
lower levels of Ruminococcaceae and Prevotellaceae have been reported in human
apolipoprotein E4 (APOE4)-targeted replacement mice and APOE4 is the most
prevalent genetic risk factor of Alzheimer disease (Tran et al., 2019). On the other
hand, sequencing of the microbiota and quantitative analysis of SCFA concentrations
in fecal samples from patients with Parkinson’s disease revealed reduced populations
of Bacteroidetes and Prevotellaceae, increased populations of Enterobacteriaceae, as
well as reduced production of SCFAs when compared to faeces from age-matched
controls (Unger et al., 2016). Populations of Ruminococcaceae have been found
decreased even in models of osteoarthritis (OA) which is not a CNS disease but
certainly affects aged individuals with a greater frequency. In mice transplanted with
faeces from humans suffering of OA, a greater abundance of Fusobacterium and
Faecalibacterium, and a decrease in Ruminococcaceae were consistently correlated

with OA severity and systemic inflammatory biomarkers (Huang et al., 2020).
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The IPA on colon samples revealed modification in several pathways after the
transfer of faeces from aged animals into adult mice. Interestingly, one of the up-
regulated pathways in the colon of FMT-aged mice is the paxillin signaling. Although
there is no evidence for a role of paxillin in the ageing colon yet, this pathway has
been extensively studied in the colorectal cancer (CRC), a disease which increases in
frequency with ageing, where it was found consistently up-regulated (SEER 2014-
2018; Zhao et al., 2015; Zhao et al., 2017; Wen et al., 2020). Paxillin is a cytoplasmic
multi-domain focal adhesion adaptor protein important for the recruitment of
structural and signaling molecules involved in the regulation of cytoskeletal
rearrangements and cell motility. In vitro and in vivo experiments demonstrated that
the downregulation of paxillin reduced migration and invasion ability in CRC. Also,
the downregulation of paxillin was paralleled with a reduced expression of epithelial-
mesenchymal transition (EMT) markers (like N-cadherin, vimentin and Snail) and with
an increase in E-cadherin. Knockdown of paxillin inhibits EMT, an important process
required for cell migration and invasion in cancer (Wen et al., 2020). Another pathway
that we found up-regulated in the colon of FMT-aged mice is the ILK pathway. The
ILK pathway controls different processes such as cell cycle, angiogenesis and cancer.
The up-regulation of ILK has been linked to different cancers including prostate
cancer, gastric cancer, non-small cell lung cancer and CRC. This is not surprising as ILK
binds to paxillin and the two proteins pathways (ILK and paxillin) share many
molecules (e.a. vinculin, integrin B1 and integrin B4). In addition, ILK signaling
upregulation has been linked to EMT (lowering the expression of E-cadherin) and
promotes tumor invasion (Zhuang et al.,, 2016). Interestingly, our experiments
demonstrated that paxillin and ILK upregulation in FMT-aged mice is paralleled by a
decrease in the populations of Lachnospiraceae and Ruminococcaceae, the same
families that are found depleted in CRCs (Peters et al. 2016). It is indeed tempting to
correlate changes in the microbiota of aged individuals to the upregulation of the
paxillin and ILK signaling pathways and to the increased incidence of CRC.
Alternatively, paxillin and ILK upregulation might be indicative of a rearrangement of
cell focal adhesions and increased motility that could predict a reorganization of the

epithelial gut barrier.
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Among the down-regulated pathways we found the activation of PPARa/RXRa. PPARs
are transcription factors activated by a ligand. Several different isoforms, PPARaq,
PPARB/& and PPARYy, have been characterized. PPARa is expressed in different tissues
including liver, hearth, brown adipose tissue, kidney and gut. PPARs trigger the
transcription of their target genes when heterodimerized with RXRs. PPARs are
important regulators of lipid metabolism but also of cell proliferation, survival and
differentiation. PPARYy is highly expressed in colon where it promotes the maturation
of colonocytes. In the small intestine, PPARB/S is important for the maturation of
Paneth cells (Feige et al., 2006). Interestingly, PPARa is important in the context of
inflammation. In particular, experiments in PPARa’" mice are characterized by a
protracted inflammatory response (Korbecki et al., 2019). Also, in the context of
colon carcinogenesis it has been reported that the loss of PPARa in the gut supports
colon tumorigenesis in mice with carcinogen-induced CRC (Luo et al., 2019). Thus,
reduced activation of PPARa/RXRa in FMT-aged mice fits well with the upregulation
of paxillin and ILK signaling pathways in the context of epithelial modifications in
CRCs. Although we did not detect any sign of cancer, for which longer experiments
are needed, nor we observed increased levels of inflammatory cytokines or
disruption of the epithelial gut barrier in FMT-aged mice, taking together data
obtained from the proteomic analysis outline a general frame-work pointing to CRC
tumorigenesis in FMT-aged mice. This hypothesis is indirectly supported by the
finding that among the up-regulated proteins in the colon of FMT-aged mice we could
detect PDIA2 and CPB1 that have been also related to cancer (Lee and Lee, 2017;
Kothari et al., 2021). In particular, over-expressed PDI proteins have been frequently
correlated with metastasis and invasiveness. PDIA1 is significantly over-expressed in
brain, kidney, ovarian, prostate and lung cancer. Interestingly, in the context of
cancer, it has been seen that PDI proteins have different functions depending on the
cellular localization. For example, when PDI proteins are found on the cell surface
they are linked to cell migration through the activation of the signaling of
metalloproteases and to cell adhesion through activation of integrin signaling, while
when they are located in the nucleus they are involved in the regulation of apoptosis
and EMT (Lee and Lee, 2017). On the other hand, CPB1 is highly expressed in some

forms of breast cancer (Kothari et al., 2021). Among the proteins down-regulated in
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FMT-aged mice we found VIP and RNA binding motif protein 47 (RBM47). Both
proteins have been also linked to CRC (Rokavec et al., 2017; Yang et al., 2019). In
particular, in a study analysing high-sequenced data, using bioinformatic approach, it
has been observed that VIP is down-regulated in CRC tissues compared to normal
tissues (Yang et al., 2019). As far as RBM47 is concerned, a bioinformatic analysis of
different tumor types allowed to identify a link between RBM47 mRNA
downregulation with metastatic tumors and reduced survival rate in patients with
CRC. Also, a reduced RBM47 protein expression has been related to the presence of

metastasis in individuals with primary CRCs (Rokavec et al., 2017).

Taking together, data obtained from FMT-aged mice seems to point to the possibility
that the microbiota switch could be a predisposing factor for cancer of the large
intestine. Further targeted studies will be needed to evaluate the involvement of

microbiota in CRC development.
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5. Future perspectives

Nowadays there is a worldwide increase in the life expectancy in the population.
However, life expectancy in the elderly should be paralleled by health expectancy. In

this respect, the gut microbiota could be a promising target to work with.

The results obtained in the behavioral tests, the differences in protein expression in
the hippocampus and colon of FMT-aged mice might be explained in the context of
the microbiota-gut-brain axis. Although the concept of the existence of a
communication axis between the gut and the brain is a well-established one, it is not
clear yet the way these two systems communicate. Different routes have been
proposed: neural pathway, neuroendocrine-hypothalamic-pituitary-adrenal axis,
immune system, vagus nerve and the release of microbiota-derived neuroactive
molecules (Gwak and Chang, 2021). In particular, it has been showed that different
bacterial strains can produce different neurotransmitters such as y-aminobutyric
acid, 5-HT, dopamine and noradrenaline. In turn, these molecules have an impact on
microglia activation and other cerebral functions. Other mediators in the microbiota-
gut-brain axis include enterochromaffin cells that can be engaged by microbial
molecules and secrete 5-HT in the lamina propria, thus increasing the levels of this
neurotransmitter locally in the colon and systemically (Silva et al., 2020). Another
important player in this axis is the vagus nerve. In particular, thanks to their proximity,
bacteria can interact and trigger the activation of the vagus nerve and in this way
promoting CNS effects (Bonaz et al., 2018). The importance of the vagus nerve in this
axis has been well demonstrated in studies in which mice treated either with
probiotics or pathogens have an activation of vagal sensory neurons in the
gastrointestinal tract affecting CNS functions. These effects are abolished in
vagotomized mice (Wang et al., 2002; Goehler et al., 2005). However, it is still unclear
if the activation of the vagus is mediated by a physical interaction with bacteria or via
bacterial metabolites (Bonaz et al.,, 2018). Also, bacterial-derived molecules are
considered important mediators in the microbiota-gut-brain axis. Among these

molecules, SCFAs play an important role and altered SCFAs production has been
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reported in neurological disorders (Silva et al., 2020). In our experimental setting,
there is a decreased representation of Lachnospiraceae and Ruminococcaceae that
are SCFAs producing bacteria. Our results showed that differences in gut microbiota
induce behavioral changes and also altered expression of several proteins in the
hippocampus. Although we cannot exclude other mechanisms involved in gut-brain
axis communication, one hypothesis that could be put forward is that some bacterial
molecules might act as signaling molecules. In order to set up a protocol to visualize
bacterial molecules and track their pathway in the host we used chemically modified
bacterial molecules. Click chemistry is a group of chemical reactions that, under the
right conditions, form stable products with high selectivity (Moses and Moorhouse,
2007). There are different click chemistry reactions and, in this work, we used copper
catalyzed azide-alkyne cycloaddition. In particular, we added PAA to the minimal
medium of Bacteroides thetaiotaomicron to evaluate both the incorporation of this
molecule in the bacterial cells and the possibility to stain and track it. We were able
to detect this chemically modified molecule in the bacterial cells using an alkyne
modified dye and a commercially available kit. Once established, this protocol has
been used in co-culture experiments where we could successfully track the presence
of bacterial derived molecule in eukaryotic cell lines. We believe that click-chemistry
is promising tool that can be exploited to track bacteria-derived molecules in order
to shed some light on the pathway that bacterial metabolites follow to interact with

the host nervous system.
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