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Summary

The human gastrointestinal tract is colonized by a complex community of micro-
organisms, the gut microbiota. The majority of these are bacteria, which perform
various functions involved in host energy metabolism and immune system
stimulation. The field of gut microbiology is continuously expanding as novel
species are isolated and high-throughput techniques are developed. The research
focus is shifting from DNA-based techniques, looking at microbial community
composition, to techniques relying on analysis of RNA and proteins, which reveal
more about the activity and functionality of the microbiota.

The mucosa-associated microbiota forms a distinct population in the gut, and is
influenced by the close proximity of the epithelial layer and nutrients present in
the mucus layer. One of the key players in this community is the mucus degrader
Akkermansia muciniphila. This Gram-negative, anaerobic bacterium can use
mucin, the main component of mucus, as the sole carbon and nitrogen source for
growth. A. muciniphila belongs to the phylum Verrucomicrobia and is present in
the majority of humans, starting from early life. Interestingly, the levels of
A. muciniphila are negatively correlated with several disorders, including
inflammatory bowel diseases and diabetes. A. muciniphila lives in a symbiosis with
its host, harvesting energy from mucin; whether the relationship is mutualistic,
and thereby also beneficial to the host, remains to be discovered. In this thesis, the
ability of A. muciniphila to utilize the host-derived glycans mucin and human milk
oligosaccharides was studied in detail. In addition, the host-bacterial interactions
were examined by immunological assays, focusing especially on the effect of
A. muciniphila outer membrane proteins on host immune response.

The genome of A. muciniphila encodes numerous enzymes involved in mucin
degradation. Transcriptome analysis comparing the gene expression of
A. muciniphila grown on mucin or the non-mucin sugar glucose confirmed the
activity of these genes and revealed most of them to be upregulated in the presence
of mucin. This was also confirmed by a proteome analysis, reinforcing the
adaptation of A. muciniphila to the mucosal environment. A genome-based
metabolic model was constructed to test amino acid auxotrophy, vitamin
biosynthesis, and sugar-degrading capacities of A. muciniphila. The model
predicted A. muciniphila to be able to synthesize all the essential amino acids, with
the exception of threonine, which was added to the mucin-free medium designed to
test A. muciniphila growth on single sugars. A. muciniphila was able to
individually metabolize all the main monomeric sugars present in mucin, albeit
with limited efficiency in comparison to mucin. As mucin shares structural
similarities with human milk oligosaccharides (HMOs), which stimulate the
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bacterial community colonizing the gut in early life, growth of A. muciniphila on
human milk and its components was tested. A. muciniphila showed metabolic
activity on human milk and one of the HMOs, 2-fucosyllactose. Comparison of
A. muciniphila activity during growth on human milk or mucin revealed that the
expression of genes involved in mucin degradation was similar for both
experimental conditions, suggesting that A. muciniphila might be capable of also
using the corresponding gene products for utilization of human milk glycans. The
capacity to survive in the early life environment by degrading and consuming
human milk components would be beneficial for A. muciniphila during initial
colonization before reaching the mucosal layer in the intestine.

Several mouse studies have indicated that A. muciniphila is able to modulate the
host immune system, possibly to the benefit of the host, but not much is known
about its immunological mechanism of action. The cell envelope structures of
bacteria can have a big influence on their immunostimulatory capacities, and
therefore the outer membrane (OM) proteome of A. muciniphila was characterized.
The membrane structure of A. muciniphila is also of interest because it belongs to
the Planctomycetes-Verrucomicrobia-Chlamydiae superphylum, which contains
bacteria with features that differentiate them from classical Gram-negative
bacteria, including a complex endomembrane system. Mass spectrometry data,
coupled with bioinformatics analysis, revealed the presence of highly abundant OM
proteins involved in secretion, transport and biogenesis of the Gram-negative
membranes, as well as proteins predicted to take part in formation of the fimbriae-
like structures observed in A. muciniphila by electron microscopy. Live
A. muciniphila and the identified OM proteins induced production of a wide range
of cytokines and activated the intestinal Toll-like receptors 2 and 4. Moreover, a 30
kDa protein that was predicted to form a part of the fimbriae, increased
transepithelial resistance, indicating it may be involved in improving gut barrier

function.

Based on the evidence from in vitro and in vivo studies, A. muciniphila is a
promising candidate for a next-generation probiotic. However, further confirmation
of causal relationships between disease development and presence of this species in
the gut is required. The findings of this thesis provide valuable insight into the
bacterial lifestyle and host interactions of the gut symbiont A. muciniphila.
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CHAPTER 1

A woman is known by the company she keeps

What does your microbiota tell about you? More than you may think. The microbial
communities covering our bodies, inside and out, are associated with age, genetic
background, geographic location, diet, health status and use of medication (Ursell
et al., 2012; Xu et al., 2015). This is particularly true for the gut microbiota
(Lozupone et al., 2012). With over a thousand identified microorganisms, including
members of Eukarya, Archaea and Bacteria, the microbial community residing in
the gastrointestinal (GI) tract is essential to the well-being of humans (Rajilic-
Stojanovic and de Vos, 2014).

The GI tract extends from the mouth to the anal canal, dividing into several
separate parts. The oral cavity, and even the acidic stomach, have their distinct
microbial communities (Lopetuso et al., 2014; Zaura et al., 2014), but from here on
the focus is on the microorganisms present in the small and large intestine. The
small intestine can be divided into duodenum, jejunum and ileum, whereas the
large intestine is divided into cecum, ascending, transverse, descending and
sigmoid colon (Figure 1). Physicochemical differences, including pH, redox
potential, nutrient supplies, transit time and host secretions account for the
differences in microbial density and composition between these compartments
(Gerritsen et al., 2011). The small intestinal microbiota contains 102 — 107 cells per
gram of content, while the levels go up to 1010 — 1012 cells/g in the large intestine
and feces (Dethlefsen et al., 2006; El Aidy et al., 2015).

Each person harbors their own unique microbiota, with around 160 different
microbial species per individual (Qin et al., 2010). A part of this community forms a
stable core microbiota, which persists throughout life and can be largely shared
between individuals (Faith et al., 2013). The majority of the bacteria in the gut
microbiota belong to the phyla Bacteroidetes, Firmicutes and Actinobacteria, with
members of Proteobacteria, Fusobacteria, Lentisphareae, Spriochaetes and
Verrucomicrobia also present (Zoetendal et al., 2008). The small intestinal
microbiota is rich in Streptococcus spp. and Veillonella spp., and shows large diet-
related fluctuations (Booijink et al., 2010b; van den Bogert et al., 2013). The large
intestinal microbiota is strongly affected by slow transit time, anaerobic
environment and presence of complex carbohydrates, which were not digested in
the small intestine. Contrary to the small intestinal microbiota, the large intestinal
microbiota is more stable and has a higher species diversity (Eckburg et al., 2005;
Salonen and de Vos, 2014). Importantly, along the GI tract there are two separate
bacterial niches, the lumen and the mucus layer. Considerable variation between
surface-adherent and luminal microbial populations have been observed (Ringel et
al., 2015; Zoetendal et al., 2002).
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GENERAL INTRODUCTION

Stomach

Duodenum Transverse colon

Ascending Jejunum
colon Descending colon
lleum
Caecum Sigmoid colon
Appendix

Rectum

Figure 1. Schematic presentation of the human lower gastrointestinal tract.

The relationship between the host and the intestinal microbes is mutualistic,
indicating that both the microorganisms and the human benefit from the activity of
each other. Bacteria are beneficial for the host for example by harvesting energy,
competitively excluding pathogens and producing essential vitamins and amino
acids (Rajilic-Stojanovic, 2013). The host provides a living environment for the
bacteria, which use both diet-derived and host-derived nutrients as energy sources.
In the intestine bacterial activity leads to production and metabolism of various
metabolites, including short-chain fatty acids (SCFA), branched-chain fatty acids
(BCFA), vitamins and nitrogenous compounds (Cummings and Macfarlane, 1997).
SCFA are produced by microbial fermentation of both diet and host-derived
complex polysaccharides and can have an effect on the health of the host through
various mechanisms. The main SCFA are acetate, propionate and butyrate. They
have been implicated to play a part in metabolic and inflammatory disorders such
as obesity, diabetes and inflammatory bowel diseases (IBD), through the activation
of specific G protein-coupled receptors and modification of transcription factors of
the host (Puertollano et al., 2014). After absorption from the colon, SCFA are
metabolized at different sites of the body. Colonic mucosal epithelial cells use
butyrate as substrate for energy producing pathways, liver cells use propionate and
residual butyrate as substrate for hepatic gluconeogenesis, and muscle cells
conserve energy from the oxidation of acetate (Wong et al., 2006). The modulation
of the gut microbiota by pro- and prebiotics is often targeted at increasing the levels
of beneficial SCFA (De Preter et al., 2011).
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CHAPTER 1

Metabolism of host-derived glycans in the gut

In addition to diet-derived glycans, the gut microbiota can feed on host-derived
glycans. The main sources of these are the mucus layer, which provides a stable
carbon and energy source, and human milk, which is only present in the intestine
early in life. Both of these contain complex oligosaccharides, which stimulate the
growth of bacteria that are able to utilize them, and thus select for specific bacterial
populations.

Mucus layer and mucin-degrading bacteria

The entire gastrointestinal tract is covered by a mucus layer consisting mainly of
large glycoproteins (mucins), water (~95 %) and low amounts of salts, lipids and
several intestinal proteins (lysozyme, defensins), immunoglobulins, growth factors,
trefoil factors and released epithelial cells (Clamp and Ene, 1989; Hamer et al.,
2009). The thickness of the mucus layer varies depending on the location. In the
small intestine it consists of a single layer because food components need to be
taken up. However, in the stomach and colon there are two layers as there is a need
for additional protection. The looser outer layer is colonized by mucin-degrading
bacteria whereas the dense inner layer is largely devoid of bacteria (Johansson et
al., 2008). Mucus is constantly secreted by goblet cells leading to up to 10 liters of
mucus production each day in humans (Cone, 2009). In addition to serving as a
niche for commensal bacteria, the mucus layer has many other purposes. It can
function as a lubricant facilitating passage of food particles, as a selective barrier to
allow the passage of nutrients to the epithelial cells, and as a protective system
against mechanical damage, pathogens or harmful substances such as toxins
(Gouyer et al., 2011).

The main components of the mucus layer, mucins, are complex glycoproteins
characterized by a heavily glycosylated protein backbone. Approximately 70 — 80 %
of the glycosylation is O-linked. The MUC gene family, with more than 20 genes
identified so far, is responsible for production of mucin in humans (Dekker et al.,
2002; Gum, 1992). Mucin molecules are grouped into gel-forming mucins (MUCZ2,
MUC5AC, MUC5B, MUC6), which form extremely large polymers, and
transmembrane mucins (MUC1, MUC3, MUC4, MUC12, MUC13, MUCI1s6,
MUC17), which cover the apical membranes of epithelial cells. MUC5AC, MUC6
and MUC1 are found in the stomach, and MUC2 and MUC6 along with several
different transmembrane mucins in the small intestine (Pelaseyed et al., 2014). In
the colon the gel-forming mucus is MUCZ2, and the transmembrane mucins are
composed of MUC1, MUC3, MUC4, MUC12, MUC13 and MUC17 (Johansson et al.,
2013).
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GENERAL INTRODUCTION

Mucin is rich in serine and threonine, and these together with proline, alanine and
glycine make up to 80 % of the total amino acid content (Schrager, 1970). All
mucins contain at least one so called PTS domain, which is abundant in proline,
threonine and serine, and these PTS domains account for the great variability in
mucin length and extent of glycan attachment. The oligosaccharide structures in
mucin are highly diverse with fucose, galactose, N-acetylgalactosamine (GalNAc),
N-acetylglucosamine (GlcNAc) and N-acetylneuraminic acid (sialic acid) as the
main sugar monomers (Johansson et al., 2011). Out of the eight core structures of
the mucin O-glycan chain, core 1 — 4 glycans are most commonly found in intestinal
mucins (Tailford et al., 2015a) (Figure 2A). The core structures can be extended
with different sugar residues by attaching one of the multiple termination
structures (Figure 2B). The presence of these structures varies along the GI tract
and can even be affected by the gut bacteria (Hooper et al., 1999; Robbe et al.,
2004).

For a bacterium to be able to use mucin as an energy source, it must possess the
enzymes needed for mucin degradation. Some bacteria may benefit from mucin also
indirectly by feeding off the sugars released from mucin by other bacteria. Various
members of the phyla Bacteroidetes, Firmicutes, Actinobacteria and
Verrucomicrobia have been shown to be able to consume mucins. One of the well-
studied mucin-degrading organisms is Bacteroides thetaiotaomicron, whose genome
contains specific polysaccharide-utilization loci (PULs), which include genes coding
for mucin-degrading enzymes (Martens et al., 2008). PULs are also found in the
genome of Bacteroides fragilis (Marcobal et al., 2011). In addition, several
bifidobacteria, including Bifidobacterium bifidum and Bifidobacterium longum
subsp. infantis, are capable of growing on mucin as the sole carbon source (Abe et
al., 2010; Hoskins et al., 1985; Ruas-Madiedo et al., 2008). Two members of the
Lachnospiraceae, Ruminococcus gnavus and Ruminococcus torques, can also utilize
mucin (Hoskins et al., 1985; Png et al., 2010). Recently, it has been shown that the
genome of R. gnavus encodes a specific trans-sialidase that allows this potential
pathogen to degrade sialomucin in a dedicated way (Tailford et al., 2015b). Finally,
Akkermansia muciniphila was isolated from a human fecal sample due to its ability
to thrive on mucin (Derrien et al., 2004). A. muciniphila and its mucin-degrading
capacities will be discussed in detail later in this chapter. In addition to the
abovementioned commensal bacteria, many pathogens have evolved enzymes to
degrade mucus (McGuckin et al., 2011).

The essential enzymes needed for mucin degradation are proteases, sulfatases and
multiple glycosyl hydrolases, such as sialidases, fucosidases, B-galactosidases, a-N-
acetylglucosaminidases and a-N-acetylgalactosaminidases (Tailford et al., 2015a).
Generally bacteria have the ability to produce only some of these enzymes and the
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CHAPTER 1

complete degradation of mucin molecules requires the cooperation of several
bacterial species.

Human milk oligosaccharides

The other important host-derived glycans in regards to the microbiota are the
human milk oligosaccharides (HMOs) present in human milk. While lactose is the
most abundant source of carbohydrate in human milk, HMOs are particularly
important in stimulating the bacterial community colonizing the gut in early life.
HMOs are only partially digested in the babies’ small intestine and thus they
function as natural prebiotics, selectively stimulating the growth of beneficial
bacteria in the colon.

Human milk contains 5 — 15 g/l HMOs, and over 200 different HMO structures
exist (Zivkovic et al., 2011). Interestingly, the structures of HMOs resemble those of
mucin, suggesting that bacteria capable of degrading mucin may also be able to
consume HMOs. The monosaccharides present in HMOs are glucose, galactose, N-
acetylgalactosamine, fucose and sialic acid (N-acetylneuraminic acid). Lactose is
found at the reducing end of all milk oligosaccharides described so far. Addition of
fucose or N-acetylneuraminic acid to lactose by the action of glycosyltransferases
leads to formation of small soluble milk glycans, which are resistant to digestion by
human enzymes (Engfer et al., 2000) (Figure 2C). More complex HMOs are formed
by sequential elongation and decoration of these simple structures. HMOs can be
linear, branched, fucosylated and/or sialylated, usually with lacto-IN-tetraose or
lacto-N-neotetraose as core structures (Kobata, 2010) (Figure 2C). The genotype of
the mother plays a role in which HMOs are present in human milk as the enzymes
necessary for the synthesis of these structures are not equally distributed amongst
humans. Fucosylation of HMOs is dependent on the status of the mother in regards
to two histo-blood group systems: Lewis and Secretor (Thurl et al., 1997). The
Secretor gene encodes the al-2 fucosyltransferase FUT2, and the Lewis gene
encodes the al-3/4 fucosyltransferase FUT3. Based on the production of these
fucosyltransferases, four milk groups can be distinguished. These genotypes affect
the fucosylation of mucin in a similar manner (Figure 2B). The secretor genotype
has been shown to be associated with gut microbiota composition (Rausch et al.,
2011; Wacklin et al., 2011; Wacklin et al., 2014).
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Human milk oligosaccharides
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Figure 2. Mucus glycans and human milk oligosaccharides share structural
similarities. (A) The four most commonly found mucin core structures in the intestine.
(B) Mucin molecule termination structures. (C) Examples of small soluble milk glycans,
linear HMO and branched HMO. 2’-FL, 2'-fucosyllactose; 3-FL, 3-fucosyllactose; 3’-SL,
3'-sialyllactose; 6’-SL, 6'-sialyllactose. Adapted from (Castanys-Munoz et al., 2013;
Ouwerkerk et al., 2013; Wu et al., 2010).

Host-derived glycans are particularly important in early life when few types of

glycans transit the gut, and the carbohydrate composition is an important factor in
guiding the establishment of the gut microbiota. Colonization of the gut and

composition of the infant microbiota is further discussed in Chapter 2.
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CHAPTER 1

The mucosal immune system

The human host is continuously exposed to the external environment through food,
microorganisms and other substances that enter the GI tract. The mucosal immune
system is thus faced with the challenge of discriminating between potential
pathogens and commensal microbiota. The gut-associated lymphoid tissue (GALT)
contains immune cells responsible for coordinating this antigenic challenge by
remaining immunologically hypo-responsive to commensal bacteria while retaining
the capacity to respond to pathogens (Artis, 2008).

In the intestine, the epithelial monolayer functions as a barrier between the
intestinal lumen and lamina propria where the immune cells reside. As discussed
above, the mucus layer forms a protective layer on top of the epithelial cells. The
epithelium contains several different cell types including enterocytes,
enteroendocrine cells, paneth cells and goblet cells, which secrete mucin as
mentioned before. Enteroendocrine cells secrete peptide hormones and regulate
food intake, glucose homeostasis and gastric emptying (Mellitzer et al., 2010).
Paneth cells produce bactericidal products such as lysozyme, defensins,
phospholipases and ReglIl proteins (Sato et al., 2011). Enterocytes are the most
abundant cell types and their main function is nutrient absorption and metabolism.
Additionally, they take up and process luminal antigens and thereby play an
immunosensory role in the gut by secreting signaling molecules, such as cytokines,
in response to luminal signals (Snoeck et al., 2005).

Peyer’s patches are specialized lymphoid structures, which are located in the
mucosa of the small intestine. They form areas where luminal antigens are
sampled via microfold (M) cells, which lack surface microvilli and the normal
mucus layer (Mowat, 2003). In addition to M cells, sampling of antigens is done by
specialized dendritic cells, which can penetrate between the epithelial cells and
sample directly from the lumen (Mann et al., 2013). Antigen sampling is crucial for
downstream immunological responses. M cells pass on the antigens to professional
antigen presenting cells (APCs) such as macrophages, B cells and dendritic cells
(Artis, 2008). The antigens are presented to naive T cells which in turn
differentiate into defense-directed T helper (Th) cells and tolerance-associated
regulatory T (Treg) cells (Hooper and Macpherson, 2010). Differentiated T cells
secrete cytokines, which can be either proinflammatory or anti-inflammatory and a
balanced ratio between these controls immune homeostasis. As the microbiota acts
as a major source of antigens for the GI immunosensory cells, it critically affects
cellular host responses and is capable of regulating and sustaining immune
homeostasis. The differentiation of B cells leads to cells that produce
immunoglobulin A (IgA), which is transported to the epithelium and released as
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GENERAL INTRODUCTION

secretory IgA (sIgA). Commensal bacteria and soluble antigens are coated by sIgA
to inhibit their binding to the epithelium, and by doing this sIgA promotes
intestinal barrier function and helps to maintain host-bacterial mutualism
(Fagarasan et al., 2010).

The ability of the immune cells described above to recognize, capture and process
antigens is based on their pattern recognition receptors (PRRs), which recognize
microbe-associated molecular patterns (MAMPs) (Wells et al.,, 2010). These
patterns are shared by a variety of microbial species and include for example
lipopolysaccharide (LLPS), lipoteichoic acid (LTA), flagellin and bacterial DNA. Most
PRRs belong to one of the four families: Toll-like receptors (TLRs), NOD-like
receptors (NLRs), C-type lectin receptors (CLRs) and retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs) (Kamada et al., 2013). The receptors are expressed
either at the cell surface or in intracellular membrane vesicles. Following antigen
binding to a PRR, a complex signaling cascade is triggered that leads to expression
of genes associated with defense mechanisms. In the case of TLRs, the specificity of
the response is governed by differential recruitment of the adaptor proteins MyD88,
MAL, TRIF, SARM and TRAM, which in turn leads to activation of key regulatory
pathways such as nuclear factor kappa B (NF-kB) or mitogen-activated protein
(MAP) kinases (O'Neill and Bowie, 2007). The molecular structures recognized by
the known human TLRs and NLRs, and their cellular locations are shown in Table
1.

Animal studies have shown that the host intestinal immune system requires the
presence of commensal microbes for its development and proper functioning
(Hooper et al., 2012). Germ-free mice have a severely impaired immune system, and
they lack for example sIgA and isolated lymphoid follicles in the small intestine.
Perturbation of the balance between the host and the microbiota caused by
microbial aberrations can lead to immune dysregulation and susceptibility to
diseases. Changes in microbiota composition are associated with many diseases,
including the autoimmune diseases type 1 diabetes, coeliac disease and rheumatoid
arthritis (McLean et al., 2015). However, the question of whether the microbial
deviations are a cause or an effect still remains, and further research is needed to
examine the interplay between the host and its microbes. Restoration of a healthy
gut microbiota by fecal microbiota transplantation (FMT) has the potential to be an
efficient therapeutic option in the treatment of several diseases, and also an
effective way to study the involvement of the gut microbiota in these diseases
(Cammarota et al., 2014). FMT has shown promising results in the treatment of
recurrent Clostridium difficile infection, metabolic syndrome and IBD (Angelberger
et al., 2013; van Nood et al., 2013; Vrieze et al., 2012).
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CHAPTER 1

Table 1. Localization, ligands and their origin of Toll-like receptors (TLRs) and
NOD-like receptors (NLRs). Abbreviations used in this table: G-, Gram-negative
bacteria; G+, Gram-positive bacteria.

Receptor Localization Ligand Origin of ligand
TLR1 Cell surface Triacyl lipoproteins G- bacteria
TLR2 Cell surface Lipoteichoic acid Bacteria
Lipoproteins
Peptidoglycan
Lipomannan Mycobacteria
Zymosan Yeast
TLR3 Endolysosomal membrane Double-stranded RNA Viruses
TLR4 Cell surface Lipopolysaccharide G- bacteria
Endolysosomal membrane
TLR5 Cell surface Flagellin Bacteria
TLR6 Cell surface Diacyl lipoproteins G+ bacteria
Lipoteichoic acid Mycoplasma
Zymosan Yeast
TLR7 Endolysosomal membrane Single-stranded RNA RNA viruses
Bacteria
TLRS8 Endolysosomal membrane Single-stranded RNA Viruses
Bacteria
TLR9 Endolysosomal membrane CpG-containing DNA Bacteria
RNA:DNA hybrids Viruses
TLR10 Cell surface Unknown Unknown
NOD1 Cell cytoplasm Meso-diaminopimelic acid bacteria
NOD2 Cell cytoplasm Muramyl dipeptide Bacteria

Akkermansia muciniphila - a mucin specialist like no other

The Gram-negative, non-motile, anaerobic bacterium Akkermansia muciniphila
was isolated from a human fecal sample in a quest to discover new mucin-
degrading bacteria (Derrien et al., 2004). A. muciniphila cells are oval-shaped and
most often observed singly or in pairs (Figure 3). The complete genome of A.
muciniphila MucT (ATTC BAA-835) is composed of one circular chromosome of
2,664,102 bp and has a total of 2,176 predicted protein-coding sequences (van
Passel et al., 2011).
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GENERAL INTRODUCTION

A. muciniphila is the only intestinal member of the Verrucomicrobia phylum
described so far, and it is present in the majority of the human population. The
levels of A. muciniphila reach 1 to 4 % of the total fecal microbiota, and it has also
been detected abundantly in biopsies from the mucosal layer in the colon (Collado et
al., 2007; Derrien et al., 2008; Lyra et al., 2012; Png et al., 2010). A. muciniphila
colonizes the infant gut relatively early, as fecal samples from 1-month-old infants
already have low levels of this bacterium (Collado et al., 2007). After this, the
amount of A. muciniphila increases, reaching a level close to that observed in
adults within a year. In addition to Finnish and Danish infants, A. muciniphila has
been observed to be present in Malawian infants, albeit in low levels (Grzeskowiak
et al., 2012). Besides humans, Akkermansia-like organisms are found in many
mammals, such as mice (Sonoyama et al., 2010), hamsters (Sonoyama et al., 2009),
squirrels (Carey et al., 2013), guinea pigs (Hildebrand et al., 2012), rabbits (Zeng et
al., 2015), donkeys (Liu et al., 2014) and also non-mammals such as pythons
(Costello et al., 2010), chickens (Belzer and de Vos, 2012) and zebrafish (Roeselers
et al., 2011).

Figure 3. Electron microscope images of A. muciniphila. Images by Justus
Reunanen, University of Helsinki.

A. muciniphila is capable of using mucin as the sole carbon and nitrogen source and
has so far been shown to grow on human MUC2 and pig gastric mucin (Tailford et
al., 2015a). The genome sequence revealed 61 proteins (2.8 % of all proteins)
predicted to be involved in the degradation of mucin (van Passel et al., 2011). These
proteins include numerous enzymes such as glycosyl hydrolases, proteases,
sulfatases and sialidases. No mucus-binding domains were found in the genome,
and it was later shown that the bacteria do not adhere to human colonic mucus but
do bind to intestinal cells (Reunanen et al., 2015). A metaproteomic study of two
human fecal samples identified close to 200 proteins deriving from A. muciniphila-
like bacteria (Rooijers et al., 2011). Apart from the housekeeping proteins, the
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majority of proteins were predicted to be involved in carbohydrate transport and
metabolism as well as amino acid transport and metabolism. Various mucin-
degrading enzymes were among the identified proteins, reflecting the intestinal
lifestyle of A. muciniphila. The high mucin-degrading capacity has also been shown
in vivo 1n mice with a complex gut ecosystem. In this setting A. muciniphila and
Bacteroides acidifaciens were the most important host-protein foragers as
determined by stable isotope labeling of threonine (Berry et al., 2013). During
nutrient deprivation A. muciniphila has a competitive advantage over bacteria not
capable of degrading mucin. This is demonstrated in studies where the relative
abundance of A. muciniphila increases during fasting in humans and animals
(Carey et al., 2013; Dill-McFarland et al., 2014; Remely et al., 2015a; Sonoyama et
al., 2009). As a result of mucin fermentation A. muciniphila produces acetate and
propionate. In addition to mucin, A. muciniphila can grow on glucose, GlcNAc, and
GalNAc, but with a lower growth rate and final density than on mucin and only in
the presence of a large amount of tryptone, peptone, casitone and yeast extract
(Derrien et al., 2004).

Interestingly, soon after its discovery, the levels of A. muciniphila in the gut have
been negatively correlated with many diseases. Some examples of these include
IBD (James et al., 2014; Png et al., 2010; Rajilic-Stojanovic et al., 2013; Vigsnaes et
al., 2012), appendicitis (Swidsinski et al., 2011), obesity (Karlsson et al., 2012;
Remely et al., 2015b), autism (Wang et al., 2011) and atopy (Candela et al., 2012;
Drell et al., 2015). The most convincing evidence of the beneficial effect of A.
muciniphila comes from studies linking the bacteria to metabolic disorders, such as
diabetes. The administration of the prebiotic oligofructose to genetically obese mice
increased the abundance of A. muciniphila by ~100-fold (Everard et al., 2011).
Thereafter, a decrease of A. muciniphila in obese and type 2 diabetic mice was
restored with prebiotic feeding, and increase of the bacteria was correlated with an
improved metabolic profile (Everard et al., 2013). In the same study treatment of
mice with live but not dead A. muciniphila reversed the high-fat diet-induced
metabolic disorders and increased the intestinal levels of endocannabinoids that
control inflammation, the gut barrier, and gut peptide secretion. These results were
soon confirmed by another study, where feeding A. muciniphila to mice on a high-
fat diet enhanced their glucose tolerance and increased the number of goblet cells
and adipose tissue-resident CD4 Foxp3 Tregs (Shin et al., 2014). In the same study,
treatment of the obese mice with metformin, a medicine used to treat type 2
diabetes, was associated with increased levels of A. muciniphila, along with
improvement of the glycaemic profile. The enrichment effect of metformin on the
growth of A. muciniphila was later confirmed in vitro and in vivo (Lee and Ko,
2014). Possible protective effects of A. muciniphila on both type 1 and type 2
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diabetes have been observed also in several other studies (Anhe et al., 2014;
Ellekilde et al., 2014; Hansen et al., 2012; Marietta et al., 2013; Zhang et al., 2013).

Based on these findings, A. muciniphila has been proposed as a candidate for a
next-generation probiotic (Neef and Sanz, 2013). The results point to an anti-
inflammatory role of A. muciniphila via interactions with intestinal epithelial cells,
but the exact mechanisms of the host-microbial interaction behind these beneficial
effects remain unknown. Furthermore, it is not clear if A. muciniphila only exerts
positive effects on the host. Increased levels of A. muciniphila, or genes deriving
from it, have been positively correlated with type 2 diabetes (T2D) (Qin et al.,
2012), dextran sodium sulfate (DSS)-induced colitis (Berry et al., 2012; Hakansson
et al., 2014), and colorectal cancer (CRC) (Baxter et al., 2014; Weir et al., 2013;
Zackular et al., 2013). However, some caution is needed for the interpretation of
these studies. The association to T2D could not be reproduced in a well-controlled
cohort in absence of the use of metformin, suggesting that the initial association of
A. muciniphila with T2D may have been due to metformin treatment (Karlsson et
al., 2013). Moreover, A. muciniphila extracellular vesicles ameliorated DSS colitis
(Kang et al., 2013), and the increase of A. muciniphila in the DSS models may be
just a reflection of increased mucus production. Finally, in mice or humans with
CRC food intake is reduced, which is known to increase the levels of A. muciniphila
as mentioned above.

Going beyond genomics

For most of its existence, the field of gut microbiology has been dependent on the
culture and isolation of microbes in the laboratory. However, recent advances in
culture-independent, sequence-based methods have revolutionized the manner in
which bacterial communities in the gut can be studied. Metagenomics and other
‘meta-omics’ applications provide powerful tools for studying gut ecosystem
dynamics. However, as the hype of these research methods is settling down,
scientists are now starting to recognize that culture-dependent methods still have
crucially important roles in the interpretation of metagenomic data, progressing
understanding of the microbiota, and developing novel therapeutics aimed at
improving gut health (Allen-Vercoe, 2013; Rajilic-Stojanovic and de Vos, 2014;
Walker et al., 2014).

One of the benefits of the availability of cultured microbes is the ability to obtain
completely sequenced genomes from these species. Still, the genome only tells about
the genetic potential of the organism, and while predictions of the functionality can
be made based on this, other experiments are needed to verify the predictions. Gene
expression profiles can be studied by transcriptome analysis, which has so far
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mainly been done by microarray analysis. As sequencing techniques have evolved
and become more affordable, sequencing of RNA sequence libraries (RNA-seq) has
shown to be an effective method for gene expression analysis (Creecy and Conway,
2015; Forde and O'Toole, 2013). While transcriptome analysis gives a view on what
the organism is aiming to accomplish, a proteomic approach will describe what was
accomplished by revealing which proteins were actually produced. Proteomics
techniques have also advanced vastly in the recent years, and they are increasingly
being used for microbial research. Sample preparation techniques have evolved
from the classical 2DE-based proteomics to include other gel-based methods as well
as gel-free approaches based on ‘in solution’ digestion (Otto et al., 2014). Modern
mass spectrometry-based quantitative techniques usually rely on either metabolic
or chemical labeling of the sample, but label-free quantification methods are also
becoming exceedingly popular. A variety of mass analyzers can be used depending
on the throughput requirements of the research. Some examples of these are
quadrupole instruments, ion trap instruments and time of flight (TOF)
instruments, as well as the orbitrap instrument, which is one of the most commonly
used instruments in the current proteomics applications due to its high mass
resolution and high mass accuracy (Graham et al., 2011). In addition to studying
the proteome of single organisms, the improved proteomics techniques and
instruments have stimulated the field of metaproteomics, in which the collective
proteome of microbial communities, in this case the gut microbiota, is studied
(Kolmeder and de Vos, 2014).

In this thesis, the information derived from the genome of A. muciniphila is used in
combination with transcriptomic and proteomic techniques to gain insight into the
metabolism, membrane structure and immunomodulatory capacities of this
prominent member of the gut microbiota.
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Research aim and thesis outline

The aim of the research described in this thesis was to unravel the mechanisms of
immune stimulation and substrate utilization of the human commensal bacterium
Akkermansia muciniphila. Transcriptome and proteome analyses in combination
with in vitro growth experiments and immune assays were used to reach this goal.

Chapter 2 provides an overview of the functionality of human intestinal
microbiota based on available metagenome, metatranscriptome, and metaproteome
data. It highlights the importance of early life nutrition, dietary habits in adults
and health status on the activity of the gut microbiota. As such, it complements the
information summarized above on the effect of the microbiota on the host.

In Chapter 3 the substrate utilization capacities of A. muciniphila are studied and
new metabolic pathways are described. The focus is on the environmental response
by using high throughput transcriptomic and proteomic techniques that indicate
differences between bacteria feeding on mucin or the non-mucin sugar glucose. In
addition, a genome-based metabolic model is generated and validated with in vitro
growth experiments in which the carbohydrate degradation abilities, amino acid
requirements and final fermentation profiles of the bacteria are examined.

The metabolic capacity of A. muciniphila is further investigated in Chapter 4,
where its ability to degrade and consume human milk glycans is observed. This
suggests that these bacteria may benefit from the breast milk environment during
colonization in early life, before settling into their niche, the mucus layer.

After establishment in the gut, A. muciniphila is in close contact with the host and
other members of the microbiota. Bacterial outer membrane proteins play an
important role in this cross-talk and thus they are characterized in Chapter 5.
This has led to the confirmation of the presence of a Gram-negative outer
membrane and identification of candidate proteins for immune stimulation.

The role of outer membrane proteins with respect to the immunostimulatory
properties of A. muciniphila is elucidated in Chapter 6. A specific gene cluster
potentially involved in the formation of fimbriae is identified as a key component in
activating TLR2 and cytokine response as well as increasing transepithelial
resistance. These results indicate that the outer membrane protein composition of
A. muciniphila prompts immunological homeostasis in the gut mucosa by keeping
the immune system alert and by improving gut barrier function.

Chapter 7 summarizes the findings of this thesis, discusses the outcome in a
broader setting and provides future perspectives for research.
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CHAPTER 2

Abstract

Current metagenomics developments provide a portal into the functional potential
and activity of the intestinal microbiota. The comparative and functional
metagenomics approaches have made it possible to get a molecular snap shot of
microbial function at a certain time and place. To this end, metagenomics is a DNA-
based approach, metatranscriptomics studies the total transcribed RNA,
metaproteomics focuses on protein levels and metabolomics describes metabolic
profiles. Notably, the metagenomic toolbox is rapidly expanding and has been
instrumental in the generation of draft genome sequences of over 1000 human
associated microorganisms as well as an astonishing 3.3 million unique microbial
genes derived from the intestinal tract of over 100 European adults. Remarkably, it
appeared that there are at least 3 clusters of co-occurring microbial species, termed
enterotypes, that characterize the intestinal microbiota throughout wvarious
continents. The human intestinal microbial metagenome further revealed unique
functions carried out in the intestinal environment and provided the basis for
newly discovered mechanisms for signaling, vitamin production and glycan, amino-
acid and xenobiotic metabolism. Individual’s age, diet and health status are all
factors that contribute to the composition and activity of the microbiota in several
ways. Utilization of high throughput techniques is gradually increasing the
knowledge available on the causalities of these phenomena. In this review we will
focus on our current understanding of the functionality of the intestinal microbiota.
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Introduction

The human intestinal microbiota is known to play a key role in several metabolic,
nutritional, physiological and immunological processes and recent years have seen
a rapid development in the techniques for studying this previously overlooked
organ (O'Hara and Shanahan, 2006). The human microbiota is established after
birth and starts out as a dynamic ecosystem, dominated by bifidobacteria, that
stabilizes during the first 2-3 years (Koenig et al., 2011; Scholtens et al.). During
life the microbial composition increases in both diversity and richness (Scholtens et
al.) (Figure 1) and reaches highest complexity in the human adult, with several
hundred species-level phylotypes dominated by the phyla Bacteroidetes and
Firmicutes (Rajilic-Stojanovic et al., 2009). Each human individual reaches a
homeostatic climax composition, which likely remains relatively stable during most
of a healthy adult’s life. Although the individual microbial composition has an
‘individual core’ that varies at the bacterial phylotype level and depends on the
depth of the analysis (Jalanka-Tuovinen et al., 2011; Zoetendal et al., 2008), the
overall phylogenetic profile can be categorized into a limited number of well-
balanced host-microbial symbiotic states, the so-called enterotypes (Arumugam et
al., 2011). At the late stages of life the microbiota composition becomes again less
diverse and more dynamic, characterized by a higher Bacteroides to Firmicutes
ratio, increase in Proteobacteria and decrease in Bifidobacterium (Biagi et al.,
2010).

The establishment of the bacterial ecosystem in early life is suggested to play a role
in the microbial composition and disease susceptibility throughout life (Scholtens et
al., 2012). A different microbiota composition is associated with chronic intestinal
disorders and the severity of perturbation during disease and after antibiotic use
(Sekirov et al., 2010). Diet is another important factor in microbiota composition
development. Early in life there is already an impact of the diet on the microbiome:
the microbiota of breastfed and formula-fed infants was found to differ significantly
in both composition and diversity. Breastfed babies contain a microbiota that is
more heterogeneous than that of formula-fed babies and contain a higher
taxonomic diversity (Schwartz et al., 2012). In addition, food habits can influence
microbiota composition, and malnutrition results in lower abundance of
Bacteroidetes that are shown to be specialized in breaking down the carbohydrates
in energy rich western diet foods. Diet-related diseases such as allergies and
obesity are also characterized by microbiota changes. Obesity is characterized by a
typical Firmicutes to Bacteroides ratio. Energy harvest potential and short chain
fatty acids (SCFA) are determined by the microbiota composition and have a direct
effect on the host epithelial cell energy availability. A microbiota stimulated with
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probiotic microbes can even decrease the incidence of infant diarrhea and atopic
eczema due to host immune stimulation (Niers et al., 2009; Sjogren et al., 2009).

Numerous meta-omics approaches have vastly increased the knowledge available
on the genome, activity and functionality of the complex ecosystem residing in the
human gut. By far the most commonly applied technique is metagenomics, which is
based on direct isolation and, in most cases, sequencing of the complete genetic
material obtained from an environmental sample, such as the intestine. However,
one of the biggest drawbacks of this technique is its inability to display the actual
metabolic activity due to the fact that it detects both expressed and non-expressed
genes. In addition, it may generate information from dead cells as it is known that
more than half of the cells in fecal samples are non-viable or heavily damaged (Ben-
Amor et al., 2005). Instead of focusing on microbiota composition the purpose of this
review is to combine the available knowledge on microbial genomics with reports on
the functional metagenomics i.e. transcriptomics and proteomics approaches. This
combination is expected to provide a refined understanding of the role of the
microbiota and its capabilities in regulating human health.

Role of the microbiota in early and late life

Early life

During natural birth, a newborn is exposed to the environmental, mainly maternal,
microbiota which commences the acquisition of what we assume is a normal
microbiota. The mode of delivery strongly affects the composition of the microbiota.
In the case of caesarean delivery (C-section), other environmental bacteria form the
basis for the microbiota instead of vaginal and fecal bacteria from the mother,
reportedly resulting in a substantial reduction of bifidobacteria (Biasucci et al.,
2008). In a comparison of the microbiota of babies delivered either vaginally or via
C-section, it was shown that the newborns harbored undifferentiated bacterial
communities across skin, oral, nasopharyngeal and gut habitats regardless of
delivery mode, and that the microbiota of C-section babies was similar to the skin
communities of the mothers whereas vaginally delivered infants acquired bacterial
communities resembling the vaginal microbiota of their mothers (Dominguez-Bello
et al., 2010). Other factors influencing the microbiota are the type of infant feeding,
gestational age, infant hospitalization and antibiotic use by the infant. The
microbiota of breastfed infants is dominated by bifidobacteria whereas the counts of
Escherichia coli, Clostridium difficile, Bacteroides fragilis and lactobacilli are
higher in exclusively formula-fed infants (Penders et al., 2006).
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Figure 1. Human microbiota: onset and shaping through life stages and perturbations.
The graph provides a global overview of the relative abundance of key phyla of the
human microbiota composition in different stages of life. Measured by either 16S RNA
or metagenomic approaches (DNA). Data arriving from: Babies breast and formula fed
(Schwartz et al, 2012), baby solid food (Koenig et al,, 2011), toddler antibiotic treatment
(Koenig et al, 2011), toddler healthy or malnourished (Monira et al, 2011), adult,
elderly and centenarian healthy (Biagi et al, 2010), adult obese (Zhang et al, 2009).
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The composition of the intestinal microbiota plays an important role in immune
system development, and it is possible that childhood allergies are related to
differences in the microbiota (Sjogren et al., 2009). The intestinal defense of the
preterm infant is rather immature and exaggerates inflammatory responses that
can be evoked by both commensal and pathogenic bacteria (Nanthakumar et al.,
2000). Thus, the first microbes colonizing the intestinal tract hold a pivotal role.
Once the core microbiota has developed, it stabilizes and is expected to become less
sensitive to modification. The question is at what age does the microbiota become
adult-like and recent data with large cohorts of babies in various parts of the world
indicate that this is at ages after at least 3 years (Yatsunenko et al., 2012).

The succession of the microbial ecosystem in the intestinal tract of newborns is a
complicated process, which is not yet fully understood. The increasing diversity of
the microbiota is believed to have an effect on the functional gene content over
time. Several studies have provided insight in the infant gut community structure
and its perturbations during early development and highlighted the impact of
weaning (Favier et al., 2003; Favier et al., 2002). Moreover, a recent 2.5-year case
study was reported, where sixty fecal samples were collected from a healthy infant
(Koenig et al., 2011) (Figure 1). The results of this study showed a gradual increase
in the phylogenetic diversity of the microbiome over time. Life events such as
changes in diet, illnesses and antibiotic treatments were associated with large
shifts in the abundances of major groups in this single infant. Assignment of gene
functions to the metagenomic data from this study revealed an enrichment of
carbohydrate-metabolizing genes involved in lactate utilization from the very
beginning of life. Interestingly, during an exclusive breast-milk diet genes
facilitating the breakdown of plant-derived polysaccharides were already present,
suggesting that the microbiota is metabolically prepared to receive simple plant-
derived foods. This is consistent with other observations that showed high
similarity in the proportions of Clusters of Orthologous Groups (COG) encoding
proteins specialized for the transport and metabolism of plant polysaccharides or
COGs encoding proteins transporting and metabolizing human milk
oligosaccharides (HMOs) between infant and maternal microbiota samples
(Vaishampayan et al., 2010) (Table 1). Baby gut microbiomes are also enriched in
functions involved in using glycans represented in breast milk and the intestinal
mucosa, even more so in the microbiomes of Amerindian and Malawian babies
compared with US babies, possibly reflecting differences in the glycan content of
breast milk (Yatsunenko et al., 2012).
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Recently it has been shown that the use of specific human milk derived glycans
such as HMO utilization is not exclusive to certain well-known infant colonizers,
such as Bifidobacterium species, since members of the genus Bacteroides can also
use milk glycans as a sole carbon and energy source (Marcobal et al., 2010).
Moreover, it has been shown that Bacteroides thetaiotaomicron responds to
common structural motifs found in oligosaccharides from mother’s milk and
intestinal mucin glycans, suggesting that HMOs may mimic mucus glycans to
attract mucin-adapted resident mutualists to an infant microbiota (Marcobal et al.,
2011). However, specific HMO components select for HMO-adapted species such as
Bifidobacterium longum subsp. infantis, and provide a selective advantage to this
species in vivo when biassociated with B. thetaiotaomicron in the gnotobiotic mouse
gut. The complex oligosaccharide mixture within HMOs thus attracts both
mutualistic mucus-adapted species and HMO-adapted bifidobacteria to the infant
intestine that likely facilitate both milk and future solid food digestion.

Little is known of the effect of diet on the composition and in particular the activity
of the developing gut microbiota. Comparison of host epithelial cell gene expression
and microbiota profile between breast- and formula-fed infants demonstrated that
differences in the diet of infants can have an influence on the host gene expression
via the gut microbiota (Schwartz et al., 2012). Virulence characteristics of the
microbiota were the only functional properties that were found to differ among
these two groups. Further analysis of the host transcriptome revealed a subset of
eleven immunity and mucosal defense-related genes exhibiting evidence of a
multivariate relationship with microbiome virulence characteristics. This provides
additional proof for the capability of human milk to promote the mutualistic
interactions between the mucosal immune system and the microbiome in
maintaining intestinal homeostasis. Gene content analysis of the gut microbiome of
110 individuals including both adults and babies from Venezuela, Malawi and the
United States revealed age-related changes in the metabolism of vitamins B12
(cobalamin) and folate (Yatsunenko et al., 2012). Genes involved in de novo
biosynthesis of folate decreased with age whereas genes encoding most enzymes
associated with cobalamin biosynthesis increased, correlating with previous data of
blood levels of these vitamins in different age groups (Monsen et al., 2003).

The key players in the neonate gut are the bifidobacteria, which dominate the
microbial community of human milk-fed infants. A number of studies using
metagenomic approaches have also demonstrated the importance of this genus in
the developing gut (Turroni et al., 2012; Yatsunenko et al., 2012), while at the same
time other studies have reported low abundance or even absence of bifidobacteria
(Koenig et al., 2011; Palmer et al., 2007), most likely due to technical biases related
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to DNA extraction protocols or the selected PCR primers. Genome analysis of
Bifidobacterium longum subsp. infantis revealed a nutrient-utilization strategy
targeting milk-derived molecules which are not of nutritional value to the infant
(Sela et al., 2008). The proteomic profile of the organism grown on HMOs confirmed
the activity of these genes (Sela et al., 2008). This suggests B. longum subsp.
infantis coevolved with its infant host and under the presence of human milk
compounds.

Furthermore, the type of milk, either mother’s milk or formula, determines the
colonization with different types of bifidobacteria. Breastfed infants contain a high
abundance of Bifidobacterium breve. In contrast, fecal samples from standard
formula-fed infants lacked detectable amounts of this B. breve but contained B.
longum. Remarkably, infants that received breast milk and later a prebiotic
formula consisting of a standard formula milk containing a mixture of specific
galacto- and fructo-oligosaccharides, continued to harbor a B. breve-dominant fecal
population (Boesten et al., 2011).

Transcriptional analysis of the response of B. longum to human milk and formula
milk indicated upregulation of genes involved in carbohydrate metabolism in breast
milk, endorsing the concept that the bifidogenic effect of breast milk is primarily
based on its oligosaccharides (Gonzalez et al., 2008). Moreover, the same study
found upregulation of putative genes for cell surface type 2 glycoprotein-binding
fimbriae associated with attachment and colonization in the intestine in both
breast milk and formula milk when compared to semisynthetic medium with
glucose. Transcriptome analysis of B. breve in a mouse model also showed
differential expression of genes encoding for the production of type IVb tight
adherence pili, which are essential for efficient in vivo murine gut colonization
(O'Connell Motherway et al., 2011).

Another study comparing the bifidobacterial transcriptome of breast-fed infants
and prebiotic-containing formula-fed infants showed that in the beginning of the
intervention breast-fed infants had higher counts of bifidobacteria compared to the
formula-fed infants (Klaassens et al., 2009). However, during the intervention the
bacterial numbers and species diversity of Bifidobacterium increased significantly
in the formula-fed infants, possibly on account of the galacto- and fructo-
oligosaccharides in the formula. These prebiotics have also previously been shown
to shift the bifidobacterial quantities towards those of breast-fed infants (Knol et
al., 2005). The metatranscriptome analysis in babies revealed that the most
prominent functions of the transcripts were related to carbohydrate metabolism,
with higher expression of genes encoding these functions in breast-fed infants
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compared to formula-fed infants (Klaassens et al., 2009). This included significant
expression of genes involved in HMO degradation. Moreover, the expression of
genes involved in folate production was observed in all babies indicating that
intestinal bifidobacteria produced this important vitamin involved in neural
development. In the same study, a gene for bifidobacterial transaldolase, which is a
key enzyme of the non-oxidative phase of the pentose phosphate pathway, was
expressed in samples from all infants. Bifidobacterial transaldolase was also found
in the only metaproteome study thus far to look at the infant gut microbiota
(Klaassens et al., 2007). Production of the protein spot on a 2D-gel corresponding to
this protein was increased over time suggesting an increase in the numbers and
activity of bifidobacteria in the infant’s gut. Understanding the factors relating to
the existence and host interactions of bifidobacteria and linking the functionality of
this early intestinal colonizer to specific diets and groups of healthy or diseased
individuals may eventually lead to the possibility of guiding the development of the
microbiota. This can be achieved with pro- and prebiotic supplemented infant
formulas that are aimed at increasing the bacterial diversity and a more optimal
bifidobacterial community composition.

Late life

In addition to the beginning of life, the microbiota also undergoes significant
changes towards the other extremity of life, old age. These alterations, however, are
not clear-cut partially due to the various physiological changes that the elderly go
through. These include factors such as modifications in lifestyle, nutritional
behavior, increase in infection rates and inflammatory diseases, and therefore the
need for more medication. All of these issues will certainly also affect the
composition and activity of the microbiota, but the course and mechanisms behind
these changes are not yet completely understood.

The process of ageing has been demonstrated to have a negative effect on the
diversity of the microbiota, but different studies have reported conflicting results on
the age-related changes with regard to the two major phylogenetic groups.
Assessment of the gut microbiota of the elderly with quantitative PCR revealed
high levels of Escherichia coli and Bacteroidetes as well as a significant difference
in the Firmicutes to Bacteroidetes ratio for adults (10.9) and elderly individuals
(0.6) Mariat et al., 2009). In this study the total bacterial counts for adults and
seniors were comparable whereas another study, employing cytosine (%G + C)
profiling and 16S rRNA gene sequencing, described a significant reduction in
overall numbers of microbes in elderly subjects compared to young adults
(Makivuokko et al., 2010). They also observed lower numbers of Firmicutes and an
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increase in Bacteroidetes, with lowered amounts of known butyrate producers
belonging to Clostridium cluster XIVa.

Another study, which included young (20 - 40 years old), elderly (60 — 80 years old)
and an additional group of centenarian citizens (~100 years old), clearly
demonstrated that the process of ageing coincides with decreasing microbiota
diversity (Biagi et al., 2010) (Figure 1). By using the Human Intestinal Tract Chip
(HITChip) and qPCR, they observed that the composition of microbiota was quite
similar between the young and the elderly groups represented by dominant
portions of Firmicutes and Bacteroidetes (95% of total bacteria). The centenarian
group also showed a dominant portion of Firmicutes and Bacteroidetes (93% of total
bacteria). The Firmicutes/Bacteroidetes ratios obtained for the centenarians,
elderly and young adults were 3.6, 5.1 and 3.9, respectively. However, there was a
significant decrease in the Firmicutes subgroup Clostridium cluster XIV and an
increase in Bacilli in the centenarian group. Furthermore, there was a significant
increase in several facultative anaerobes, members of the Proteobacteria phylum,
many of which constitute opportunistic pathogens. This rearrangement of the
microbiota does not seem to be in favor of the aging subjects that showed an
increased level of circulating inflammatory cytokines. These were inversely
associated with bacteria belonging to Clostridium cluster XIV and Clostridium
cluster IV that include the main butyrate-producers in the gut. Butyrate has been
associated with a range of health effects from anti-inflammatory properties to
enhancement of intestinal barrier function (Macfarlane and Macfarlane, 2011).

Recently, pyrosequencing of tagged PCR-amplified 16S rRNA genes was applied to
characterize the fecal microbiota of 161 seniors aged 65 years and older in the
ELDERMET consortium (Claesson et al., 2011). In this extensive study the elderly
microbiota was observed to be dominated by the phylum Bacteroidetes (57%)
compared with Firmicutes (40%). However, the proportions of the major phyla
showed extraordinary variation between individuals, with the proportion of
Bacteroidetes ranging from 3% to 92% and Firmicutes from 7% to 94%. In addition
to the general composition, also the core microbiota of the elderly differed
substantially with that of young adults, characterized by a shift to a more
Clostridium cluster IV-dominated community in the elderly. The microbiota of the
elderly showed temporal stability for the majority of subjects as revealed by
analysis of 3-month follow-up samples.

These studies indicate that there undoubtedly are fluctuations in the elderly
microbiota, but both the threshold for an “aged” microbiota and the trends for these
changes seem to be highly variable. Some of these differences may be explained by
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country-specific dietary habits, as the most recent studies used separate cohorts
from two different European countries, Italy (Biagi et al.,, 2010) and Ireland
(Claesson et al., 2011). The living environments of elderly people are highly
dependent on their health status, with healthier seniors living independently and
subjects with medical issues often living in nursing homes. These factors can also
influence the aging gut microbiota. Follow-up studies assessing the function of the
elderly gut microbiota by functional metagenomic techniques already applied for
the infant and adult microbiota will shed more light on these issues and reveal
prospects for possible dietary interventions aimed at improving the health of the
elderly.

Microbiota activity in response to diet

Host dietary habits appear to affect gut microbiota composition, but the actual
association between different diets and the microbial community composition as
well as the underlying causes for this are still unclear. Although there was no clear
environmental or genetic explanation found for the initial clustering of the
enterotypes (Arumugam et al., 2011), these were found to be strongly associated
with long-term diets, with protein and animal fat correlating with the enterotype
characterized by high levels of Bacteroidetes, and carbohydrates with the Prevotella
enterotype (Wu et al., 2011). Differences in microbiota composition as a result of
diverging dietary habits was also shown in a comparison of the microbiota of
European children, who consumed a diet high in animal protein, sugar, starch and
fat and low in fiber, and children from Burkina Faso, where the predominantly
vegetarian diet consists mainly of carbohydrates, fiber and non-animal protein (De
Filippo et al., 2010). The European microbiome was enriched with Firmicutes and
Proteobacteria, whereas Actinobacteria and Bacteroidetes were more represented in
the African children. Interestingly, Xylanibacter and Prevotella were only present
in the children from Burkina Faso, leading the authors to hypothesize that
members of these genera could improve the ability to extract calories from
indigestible polysaccharides commonly consumed in rural Africa indicating a
coevolution of the microbial community with the polysaccharide-rich diet.
Malnourished children from poor socio-economic status families in Bangladesh
were found to have lower diversity of gut microbiota compared to healthy children
from moderate to high income families in the same region, characterized by lower
relative abundance of Bacteroidetes and a dominance of Proteobacteria (Monira et
al., 2011). The authors suggest that the low presence of Bacteroidetes, which are
known to digest complex dietary material and thus improve energy extraction from
various foods, and the higher presence of potentially pathogenic Proteobacteria
might contribute to explaining the poor health of the malnourished children.
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In a metagenome study, short-term dietary intervention (high-fat/low-fiber or low-
fat/high-fiber diets) lead to rapid changes in the microbiome composition but was
not sufficient to shift individuals between the two enterotypes described in the
same study (Wu et al., 2011). Few functional gene categories, including bacterial
secretion system, protein export and lipoic acid metabolism, differentiated between
the two test diets suggesting a shift in selected bacterial functions in response to
the dietary changes. Microbiome analysis of subjects on a diet rich in protein,
typically consumed in the US, showed enrichment of multiple Enzyme Commission
(EC) groups when compared with Malawian and Amerindian subjects consuming a
diet high in carbohydrates (Yatsunenko et al., 2012). These included degradation of
glutamine and other amino acids, catabolism of simple sugars, vitamin biosynthesis
and bile salt metabolism. Degradation of glutamine has earlier been found to be
overrepresented in carnivorous mammalian microbiomes, while glutamate
synthase, which was enriched in Malawian/Amerindian microbiomes, was present
in higher proportions in herbivorous mammalian microbiomes (Muegge et al.,
2011).

Several metatranscriptome and metaproteome studies describing the human
intestinal microbiota have confirmed the importance of bacterial functions related
to carbohydrate metabolism in the colon. Enrichment of these genes has earlier
been shown in metagenomic studies of the human gut (Gill et al., 2006; Kurokawa
et al., 2007; Turnbaugh et al., 2009a). Metatranscriptome analysis of fecal samples
from two healthy volunteers found that most expressed genes (26 % of all
sequenced and annotated transcripts) were involved in the metabolism of
carbohydrate (Booijink et al., 2010a). Recently the majority of bifidobacterial
transcripts within the fecal community of adults were also reported to be involved
in metabolism of carbohydrates of plant origin (Klaassens et al., 2011).

Similar results were seen in a transcriptional analysis of fecal samples from a
monozygotic, obese twin pair (Turnbaugh et al, 2010) (Table 1), and
metatranscriptomics analysis of fecal samples from ten healthy volunteers
(Gosalbes et al., 2011) (Table 1). Metatranscriptomic data from the less studied
small intestinal microbiota showed enrichment in sugar phosphotransferase (PTS)
and other carbohydrate transport systems, as well as energy- and central
metabolic, and amino acid conversion pathways as compared with the metagenome
(Zoetendal et al., 2012b). This suggests rapid uptake and fermentation of available
simple sugars by the small intestinal microbiota, compared to the degradation of
more complex carbohydrates by the bacteria in the colon. The importance of
carbohydrate metabolism 1is also evident from the enormous amount of
carbohydrate-active enzymes (CAZymes) present in the gut microbiome. By
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applying a multi-step functional screening procedure of a metagenomic library from
the feces of a volunteer following a fiber-rich diet, 73 CAZymes from 35 different
families were recently discovered (Tasse et al., 2010).

Shotgun metaproteomics approach used to identify microbial proteins in fecal
samples from a female twin pair identified several COG categories more highly
represented in the microbial metaproteome compared to the average metagenome
(Verberkmoes et al., 2009) (Table 1). A high proportion of the proteins that were
equally abundant in both samples were from common gut bacteria, such as
Bacteroides, Bifidobacterium and Clostridium. These included proteins involved in
translation, carbohydrate metabolism and energy production. In another study, two
human fecal samples were analyzed and the functions of the identified proteins
were predicted (Rooijers et al., 2011). The most abundantly present COGs were
involved in translation, energy production and conversion as well as carbohydrate
transport and metabolism, which supports the findings of studies linking the
microbiota with carbohydrate metabolism (Kovatcheva-Datchary et al., 2009). The
study also pointed out the abundance of Akkermansia muciniphila, the only
intestinal member of the Verrucomicrobia, within the microbiota and showed that
most of the proteins produced by these bacteria are involved in carbohydrate
transport and metabolism as well as amino acid transport and metabolism. This is
in line with observation that A. muciniphila can use mucin as the sole carbon and
nitrogen source (Derrien et al., 2008). The fecal samples were also subject to
metagenome sequencing and the phylogenetic diversity was determined with two
approaches, 16S rRNA sequence analysis of the metagenomic data sets and an
abundance analysis of the metagenomic sequences using a synthetic metagenome
as reference set. The results showed that Bacteroidetes, Firmicutes, Actinobacteria,
Verrucomicrobia and Proteobacteria were the dominant groups in the microbiota of
the study subjects.

These results were further confirmed by analyzing the gut metaproteome of three
healthy subjects over a period of six to twelve months (Kolmeder et al., 2012). In
this study, proteins involved in carbohydrate transport and metabolism accounted
for over 10 % of the detected proteins, forming a part of the core metaproteome
found in all the test subjects. The glycolysis pathway, in particular, was noticeable
with several related enzymes identified. After assigning the spectral hits for each
COG functional category per phylum, it was apparent that Firmicutes and
Actinobacteria were responsible for the active carbohydrate metabolism, while
Bacteroidetes showed more mixed functions. Both Firmicutes and Bacteroidetes
were found to have an active carbohydrate metabolism on a transcriptional level in
an earlier report (Gosalbes et al., 2011). Furthermore, Kolmeder and co-authors
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(2012) observed that the majority of the identified actinobacterial peptides were
predicted to be involved in sugar metabolism. The importance of carbohydrate
metabolism has been shown also previously for the core genome of bifidobacteria
(Bottacini et al., 2010). Temporal analysis showed that the metaproteome is stable
over time, as is the microbial composition of the gut, suggesting that homeostasis in
function and composition of the intestinal microbiota are tightly linked (Kolmeder
et al., 2012).

Recently, a metatranscriptomics approach with RNA-seq has been applied to
investigate the effect of a fermented milk product (FMP) containing several
probiotics on the gut microbiome of gnotobiotic mice colonized with a model human
gut microbiota and monozygotic twins (McNulty et al., 2011). There were no or
minimal changes observed in the bacterial species composition in mice and humans
after consumption of FMP. Still, transcriptional analysis revealed significant
changes in numerous metabolic pathways, especially in carbohydrate metabolism,
in both mice and human subjects. The question, however, is whether this reflects a
functional difference in the colon or is a result of technical or biological effects such
as variations in the transit time of the fecal material used for this analysis.

Metagenomic approaches combined with studies using gnotobiotic animals
colonized with only a few known microorganisms or even the entire human fecal
microbiota, provide a powerful tool for examining the relationship between the host
and the functionality of the microbial community under controlled conditions. A
study of humanized gnotobiotic mice transplanted with either fresh or frozen adult
human fecal microbial communities into germ-free C57BL/6J mice revealed a stable
and heritable colonization which enabled a diet intervention, where the mice were
switched from a low-fat, plant polysaccharide to a high-fat, high-sugar diet
(Turnbaugh et al., 2009b). This diet change induced a structural shift in the
microbiota within one day and presented an enrichment for various KEGG
pathways involved in nutrient processing compared to the control diet.
Metatranscriptome analysis of rTRNA-depleted RNA isolated from the ceca of the
humanized mice demonstrated a clear difference in the gene expression of the mice
on the Western diet compared to the control group, with upregulation of clusters
containing Clostridium innocuum strain SB23 genes encoding Western diet-
associated transcripts (pyruvate formate-lyase, phosphotransferase system,
phosphoglycerate kinase) and Firmicutes gene clusters encoding ABC-type sugar
transport systems.
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A shift in the microbial community was also seen after switching both wild-type
and RELMB-deficient mice to a high-fat diet, indicating that the diet itself was
responsible for the detected changes independent of obesity (Hildebrandt et al.,
2009). RELMB is a colonic goblet cell-specific gene, whose expression is dependent
on the presence of the gut microbiome. After the dietary switch the amounts of
Proteobacteria, Firmicutes and Actinobacteria increased whereas Bacteroidetes
decreased, as measured from fecal samples. Analysis of gene functions revealed a
decrease in the number of metabolic genes under the high-fat condition, possibly as
a result of nutrient deficiency. However, as also noted by Turnbaugh and colleagues
(2009b), a group of genes for ABC-transporters increased in abundance, indicating
adaptation to the high-fat diet by enhancing nutrient intake in an environment
with limited substrate availability.

Mice colonized with 10 sequenced human gut bacteria, and fed with a series of
refined diets showed that casein concentration was highly correlated with the yield
of total DNA per fecal pellet in all 17 test diets (Faith et al., 2011). The abundance
of all of the ten species was significantly associated with casein, with seven of them
positively correlated with casein concentration and three negatively correlated.
None of the diets caused significant changes in the gene expression of the bacterial
species, analyzed by RNA-seq, but high expression of genes predicted to be involved
in pathways using amino acids as substrates for nitrogen, as energy and/or carbon
sources were found for the species positively correlated with casein.

In conclusion, the studies to date endorse the concept that the intestinal microbiota
thrives on using polysaccharides and peptides, which are indigestible to human
(Guarner and Malagelada, 2003). The metagenomic data is confirmed on a
functional level by the metatranscriptomics and metaproteomics data. The
composition of the microbiota in the colon is dominated by Firmicutes that appear
to be active in carbohydrate metabolism whereas Bacteroidetes show activity in a
number of functions like energy production and conversion as well as amino acid
transport and metabolism, in addition to carbohydrate metabolism. The complex
polysaccharides are degraded by a specialized microbial community and the
released oligosaccharides can in turn be used by other commensal bacteria. In this
manner, diet is has a crucial influence on the intestinal microbial activity.
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Microbial imbalances and disease

Inflammatory bowel diseases

The gut microbiota has been connected to several diseases, with obesity and
inflammatory bowel diseases (IBD) representing the most studied disorders to date.
Most research about potential differences of microbiota related to different disease
states has so far focused on describing the composition and diversity of the
microbiome in patients compared to healthy subjects, and consequently revealing
interesting associations between them. In order to get a better understanding of the
underlying mechanisms of the relationship between the microbial communities and
specific disorders, functional microbiomic approaches need to be employed.

Despite exhaustive research efforts, the etiology and pathogenesis of IBD, including
Crohn’s disease (CD) and ulcerative colitis (UC) have stayed unclear. The causes of
these intestinal diseases are most likely linked with both human gene- and
microbiome-associated factors (Pflughoeft and Versalovic, 2012). Crohn’s disease
and ulcerative colitis patients seem to harbor separate microbial communities both
from each other and healthy subjects, and also have lower bacterial diversity
compared to healthy people (Dicksved et al., 2008; Manichanh et al., 2006; Qin et
al., 2010). Several bacterial groups have been implied to be either increased or
decreased in association with IBD. However, it is not clear whether this dysbiosis is
the reason for the inflammation in IBD, or simply something caused by the
disturbed environment in the GI tract.

Metagenomic studies and microarray analyses have demonstrated a reduction of
Firmicutes, such as Faecalibacterium prausnitzii, in Crohn’s disease (Kang et al.,
2010; Manichanh et al., 2006). A 16S rRNA gene pyrosequencing study of twin
pairs who were concordant or discordant for Crohn’s disease or ulcerative colitis
showed a clear division in the microbial composition between CD and healthy
individuals but not between UC and healthy individuals (Willing et al., 2010).
There were more Firmicutes detected for colonic involvement CD and less for ileum
localized CD (ICD) compared to healthy subjects. In addition to F. prausnitzii, also
other core members of the microbiota, such as Roseburia, were less abundant in
ICD. Interestingly, a separate study analyzing the same samples showed clear
shifts in metabolic profiles corresponding to the same bacterial groups (Jansson et
al., 2009). Pathways with differentiating metabolites included those involved in the
metabolism and or synthesis of amino acids, fatty acids, bile acids and arachidonic
acid.
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A recent analysis of the fecal microbiota of UC patients in relapse and remission
further confirmed the reduction of bacterial diversity in these patients and showed
that this mainly affects members of the Clostridium cluster IV within the phylum
Firmicutes (Rajilic-Stojanovic et al., 2013). The authors also speculated on the role
of SCFA in UC as they reported reduced numbers of butyrate-producing bacteria,
along with other studies (Frank et al., 2007), and a disturbed abundance of typical
propionate producers. A depletion of one propionate producer, A. muciniphila, was
observed in the fecal samples while another one, Megamonas sp. was increased. A.
muciniphila was previously found to be decreased in biopsies of patients with UC
with an associated increase in Ruminococcus sp. (Png et al., 2010). The role of
butyrate and propionate, both of which have anti-inflammatory properties
(Tedelind et al., 2007), in UC is still under debate (Chapman et al., 1994; Roediger
et al., 1997). These, and forthcoming studies will eventually help in screening and
diagnosing IBD patients.

Obesity & metabolic syndrome

Obesity and obesity-associated metabolic disorders, such as metabolic syndrome
and type 2 diabetes have been suggested to be associated with the composition and
function of the intestinal microbiota. Initial research showed an increase in the
relative abundance of Firmicutes and decrease in Bacteroidetes in both obese mice
(Ley et al., 2005) and humans (Ley et al., 2006), but later studies have failed to
endorse these findings and showed inconsistent results with respect to the changes
in the microbiota of obese people (Nadal et al., 2009; Santacruz et al., 2010;
Santacruz et al., 2009; Schwiertz et al., 2010; Zhang et al., 2009) (Figure 1). In
addition, the transfer of the gut microbiota of obese (0b/0b) mice to germ-free wild-
type mice causes an increase in fat mass in the recipients, indicating that the obese
microbiota has an increased capacity to harvest energy from the diet (Turnbaugh et
al., 2006).

Departing from these findings, scientists are now trying to unravel the mechanisms
behind the observations. One study found that loss of Toll-like receptor (TLR) 5,
which is a transmembrane protein recognizing bacterial flagellin, in a mouse model
results in a phenotype resembling human metabolic syndrome (Vijay-Kumar et al.,
2010). The authors speculated that the loss of this receptor alters the microbiota
inducing low-grade inflammatory signaling, which eventually leads to hyperphagia
and metabolic syndrome. In another study, TLR2-deficient mice, which are
protected from diet-induced insulin resistance under germ-free settings, developed
a condition reminiscent of metabolic syndrome after colonization (Caricilli et al.,
2011). The microbiota of the mice showed notable increase in Firmicutes and slight
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increase in Bacteroidetes compared to controls. The authors suggested that the
mechanisms by which the TLR2-deficient mice became insulin resistant and, later,
obese could be related to increased capacity for energy harvesting from the diet or
alternatively to increased level of lipopolysaccharides (LPS) caused by increased
gut permeability and LPS absorption. Recently, it was shown that antibiotic
treatment with vancomycin for diet-induced obese mice significantly reduced the
proportions of Firmicutes and Bacteroidetes, and increased Proteobacteria (Murphy
et al., 2012). These changes were associated with improvement in the metabolic
abnormalities associated with obesity, by reducing body weight gain and improving
inflammatory and metabolic health of the host. Based on these studies, it seems
plausible that the ability of the gut microbiota to regulate inflammatory responses
play an important role in the complex mechanisms behind obesity and metabolic
syndrome. Still, more long-term studies in animal models and humans are required
to acquire a clearer picture of the relationship between the intestinal microbiota
and different diseases.

Concluding remarks

The complexity of the microbiota—host interactions has been the prime obstacle in
defining microbial functionality at a postgenomic level. The recent technical
advances in analyzing genomes, transcriptomes and proteomes of complex bacterial
consortia and intra- and interspecies metabolic networks help to tackle this
problem and will enable systems-level analyses of the crosstalk between the
microbiota and the host.

There are multiple reports providing circumstantial evidence to support the concept
that microbiota composition and activity influence host metabolism and disease
development. These examples include the differences in microbiota composition and
microbiota expressed proteins of breast feeding as compared to formula fed babies
(Schwartz et al., 2012), differences between microbiota composition and activity
between healthy and malnourished infants (Monira et al., 2011), differences in the
microbiota composition of elderly and centenarians as compared to youngsters
(Biagi et al., 2010) and differences in microbiota composition and activity between
humans that are either lean or obese (Ley et al., 2005; Zhang et al., 2009) and
healthy or suffering of IBD (Willing et al., 2010). The data suggest that the activity
and composition of the microbiota is affected by food intake and genetic background
of the host. Most findings are supported by animal studies but there is also data on
human subjects. The field of functional microbiomics is still rapidly advancing with
continuously emerging new techniques and results. Nevertheless, a lot of times the
high throughput techniques fail to correlate bacterial species and genome content
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to function due to the lack of characterized isolates and genes. It is important to
identify the regulating parameters of the functioning intestinal ecosystem to gain
insight into the influence of the microbiota on human development, aging and
disease.
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Abstract

The composition and activity of the microbiota residing in the human
gastrointestinal tract is primarily shaped by the nutrients derived either from food
or the host. Bacteria colonizing the mucus layer have evolved to use mucin, the
main component of mucus, as a source of energy. One of the members of the
mucosa-associated microbiota is Akkermansia muciniphila, which is capable of
producing an extensive repertoire of mucin-degrading enzymes according to genome
analysis and experimental data. To further study the substrate utilization abilities
of A. muciniphila, we constructed a genome-based metabolic model to test sugar
degrading capacities. The findings of the model were validated by in vitro growth
experiments, which showed A. muciniphila to be able to grow on the mucin-derived
monosaccharides N-acetylglucosamine, N-acetylgalactosamine, fucose, and
galactose. The uptake of these sugars, and also the non-mucin sugar glucose, was
enhanced in the presence of mucin, indicating additional mucin-derived
components are needed for optimal growth. Transcriptome analysis comparing the
gene expression of A. muciniphila grown on mucin or glucose confirmed the activity
of the genes involved in mucin degradation, and revealed most of them to be
upregulated in the presence of mucin. A. muciniphila grown on glucose showed a
considerable stress response and upregulation of specific genes, such as
Amuc_1094, which was identified as a glucokinase-encoding gene induced by
glucose. The transcriptional response was confirmed by proteome analysis,
reinforcing the adaptation of A. muciniphila to the mucosal environment. These
new findings provide molecular insights into the lifestyle of A. muciniphila, and
further confirm its role as a mucin specialist in the gut.
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Introduction

Microbial community composition and activity in the human gastrointestinal (GI)
tract are largely dependent on the nutrition sources accessible to the gut microbiota
(Lacroix et al., 2015; Nicholson et al., 2012; Zoetendal et al., 2012a). Availability of
diet-derived nutrients changes according to the diet of the host, whereas host-
derived nutrients, such as mucin, are constantly available. Therefore, the capacity
to use host-derived glycans can confer a competitive advantage to the bacteria
residing in the gut (Koropatkin et al., 2012; Martens et al., 2008).

The intestinal mucus layer, which is one of the bacterial niches in the gut, serves
several purposes: it acts as a lubricant for food passing over membranes, as a
selective barrier to allow the passage of nutrients to the epithelial cells, and as a
protective system against mechanical damage or harmful substances such as
pathogens and toxins (Cone, 2009). Regarding the commensal microbiota, the
mucus layer offers the bacteria substrates for growth, adhesion and protection
(Johansson et al., 2013). Oppositely, microbiota composition has been shown to
influence mucus barrier properties, with bacterial species commonly related to
inflammatory conditions increasing the permeability of the mucus layer and thus
decreasing the barrier function (Jakobsson et al., 2015).

The mucus layer covers the entire GI tract and can be divided into inner and outer
layer in the stomach and the colon, whereas the small intestine only has one layer.
It is believed that in the colon commensal bacteria only exist on the outer layer,
whereas the inner layer is meant to keep the bacteria at a distance from the
epithelial cells and to enforce immune tolerance in the gut by delivering
antimicrobial proteins and IgA (Johansson et al., 2011; Johansson et al., 2008).
Mucins, the main components of the mucus layer, are large glycoproteins, secreted
by goblet cells in the epithelium and consisting of a protein backbone decorated
with a variety of carbohydrate chains. The main sugar monomers present in mucin
are fucose, galactose, N-acetylgalactosamine (GalNAc), N-acetylglucosamine
(GleNAc) that in some cases are modified with sialic acid (N-acetylneuraminic acid)
and sulfate. These glycans are attached to the protein backbone via O-glycosidic
linkages to serine and threonine residues (Johansson et al., 2011).

One of the key players in the mucus-associated microbiota is Akkermansia
muciniphila, which colonizes the GI tract of a considerable part of the human
population (Derrien et al., 2008). A. muciniphila is the only isolated intestinal
member of the Verrucomicrobia phylum. It has been associated with a healthy
intestine and numbers of A. muciniphila in the gut are inversely correlated with
inflammatory bowel diseases (Png et al., 2010; Rajilic-Stojanovic et al., 2013),
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appendicitis (Swidsinski et al., 2011), obesity (Karlsson et al., 2012) and diabetes
(Zhang et al., 2013). A. muciniphila seems to be highly adapted to its living
environment as it has a great capacity of breaking down mucin. Analysis of its 2.7-
Mb genome predicted 61 proteins (2.8 % of all proteins) involved in the degradation
of mucin (Derrien et al., 2010; van Passel et al., 2011). These enzymes include
various proteases, sulfatases and glycosyl hydrolases, including sialidases.

A. muciniphila has previously been shown to produce acetate and propionate
during its growth on mucin. A. muciniphila is also able to grow on glucose and on
the mucin-derived amino sugars GlcNAc and GalNAc, albeit much less efficiently
than on mucin, and only in the presence of large amounts of peptone, tryptone,
casitone and yeast extract (Derrien et al., 2004). The specific substrate
requirements, enzyme activities and metabolic pathways behind these
observations, however, are not well understood. Moreover, the physiological growth
parameters during growth on non-mucus substrates have been poorly described. To
assess the metabolic potential of A. muciniphila, we constructed a genome-scale,
constraint-based model of its metabolism and transport. We validated it
experimentally with in vitro growth experiments measuring short-chain fatty acid
(SCFA) production, and the global transcriptional and proteomic response as a
read-out, based on RNA-seq and advanced mass spectrometry, respectively. In
addition, we compared the metabolic responses of A. muciniphila grown on mucin
to growth on mucin-derived monosugars (GlcNAc, GalNAc, fucose, galactose, and
the decorating sialic acid), and the non-mucin sugar glucose. Moreover, the results
were used to identify mucin-specific pathways and provided indications for the
hierarchal use of sugar sources, reflecting the adaption of A. muciniphila to a
mucus—degrading lifestyle.

Materials & methods

Bacterial growth conditions. Akkermansia muciniphila MucT (ATTC BAA-835)
was grown in a basal medium as described previously except without the addition
of rumen fluid (Derrien et al., 2004) and supplemented with 1 mM L-threonine and
8 g/l tryptone. This medium was termed Basal Tryptone Threonine Medium
(BTTM). BTTM was supplemented with carbon and nitrogen sources (Table 1) and
used to test the growth of A. muciniphila on single sugars. Hog gastric mucin
(Type III; Sigma-Aldrich, St. Louis, MO, USA) was purified by ethanol precipitation
as described previously (Miller and Hoskins, 1981). All medium components were
purchased from Sigma-Aldrich, except for tryptone (Oxoid Ltd, Basingstoke,
Hampshire, England). Incubations were performed in serum bottles sealed with
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butyl-rubber stoppers at 37°C under anaerobic conditions provided by a gas phase
of 182 kPa (1.5 atm) No/COs. Culture volume was 20 ml. The cultures were
inoculated with 2 X 107 bacterial cells from bacterial cultures that were three times
transferred on the respective carbohydrate before start of the experiment, except
for the cultures with galactose or a mixture of more than one sugar, which were
inoculated from a culture grown on mucin. Growth was followed
spectrophotometrically by determining the optical density at 600 nm (OD600).

For RNA-seq analysis, the bacteria were grown on mucin (0.5 %), D-glucose (20
mM) or a mixture of D-glucose (10 mM) and mucin (0.25 %). Cultures with only
glucose were supplemented with 16 g/l tryptone and 10 mM threonine. The culture
volume for cultures containing mucin was 50 ml and for cultures with only glucose
100 ml. Cells from cultures containing mucin were harvested for RNA-extraction at
exponential phase 10 - 12 h of incubation and cells from cultures containing only
glucose at 32 — 33 h (Figure 1, Figure S1, Table S1, S2, S3). For each condition
triplicate cultures were used. Cells were collected by centrifugation at 4800 g for 15
min at 4°C. Cell pellets were suspended to Trizol® Reagent (Ambion, Life
Technologies, Carlsbad, CA, USA) and stored at —80°C until RNA was purified.

High-performance liquid chromatography. For fermentation product analysis,
samples were taken at different time points during the incubation. One ml of
bacterial culture was centrifuged and the supernatant was stored at —20°C until
further analysis. Substrate conversion and product formation were measured with
a Thermo Scientific Spectrasystem high-performance liquid chromatography
(HPLC) system equipped with a Varian Metacarb 67H 300 X 6.5 mm column kept
at 45°C and run with 0.005 mM sulfuric acid as eluent. The eluent had a flow of 0.8
ml/min and metabolites were detected by determining the refractive index and
identified by using standards of pure compounds as described previously (van
Gelder et al., 2012).

RNA-purification. Total RNA was isolated by a method combining the Trizol®
Reagent and the RNeasy Mini kit (QIAGEN GmbH, Hilden, Germany) essentially
as describe previously (Chomezynski, 1993; Zoetendal et al., 2006). Briefly, 0.2 ml of
chloroform was added per 1 ml of Trizol® Reagent containing the cell pellet. The
tube was shaken for 15 s, incubated for 2-3 minutes at room temperature and
centrifuged at 12 000 g for 15 min at 4°C. Phase Lock Gel heavy tubes (5 Prime
GmbH, Hamburg) were used during phase separation. The upper aqueous phase
was removed into a new tube. Subsequently, the RNA isolation was continued with
the RNA Cleanup according to the manufacturer’s instructions for the RNeasy Mini
kit. Genomic DNA was removed by an on-column DNase digestion step during RNA
purification (DNase I recombinant, RNase-free, Roche Diagnostics GmbH,
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Mannheim, Germany). For the RNA purified from cultures containing only glucose
as the growth substrate TURBO™ DNase Treatment was performed according to
manufacturer’s instructions (Ambion, Life Technologies). Yield and RNA quality
was assessed using the Experion™ RNA StdSens Analysis Kit in combination with
the Experion™ System (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Depletion
of rRNA was performed using the Ribo-Zero™ Kit for bacteria (Epicentre, Madison,
WI, USA) according to manufacturer’s instructions. The success of the rRNA
depletion step was checked using the Experion™ RNA StdSens Analysis Kit in
combination with the Experion™ System. Library construction for whole-
transcriptome sequencing (RNA-seq) was done using the ScriptSeq™ v2 RNA-Seq
Library Preparation Kit in combination with ScriptSeq™ Index PCR primers
(Epicentre) according to the manufacturer’s instructions.

Transcriptome analysis. The barcoded ¢cDNA libraries were sent to BaseClear
(Leiden, The Netherlands) where they were pooled, and 50 bp sequencing (single
end reads) was performed on two lanes using the Illumina HiSeq2500 platform in
combination with the TruSeq Rapid SBS and TruSeq Rapid SR Cluster Kits
(Illumina).

Reads were mapped to the genome with Bowtie2 v2.2.1 (Langmead and Salzberg,
2012) using default settings, and BAM files were converted with SAMtools v0.1.19
(Li et al., 2009). BEDTools v2.17.0 was used to determine the read count for each
protein coding region (Quinlan and Hall, 2010). Only reads with a minimum 30%
length overlap and mapped on the correct strand were counted. Details on the
RNA-seq raw data analysis can be found in Table S4 in the supplemental material.
Differential gene expression was assessed using edgeR (Robinson et al., 2010) with
default trimmed mean of M-values (TMM) settings. Raw sequence files can be
found at the ENA repository under sample group ERG004891.

Proteome analysis. The whole proteome of A. muciniphila was obtained from
cultures grown with mucin or glucose as the carbon source. Bacterial cells from an
overnight 2 ml culture were spun down, washed with PBS and suspended to 500 ul
of PBS. Cells were lysed by sonication, using a Branson sonifier equipped with a 3
mm tip (four pulses of 20 s with 30 s rest on ice in-between each pulse, strength of
the pulse was 4). The samples were stored in 2 ml low binding tubes (Eppendorf,
Hamburg, Germany) at —20 °C. Qubit® Protein Assay Kit (Life technologies,
Oregon, USA) was used according to the manufacturer's instructions to determine
the protein content of cell extracts. Samples were loaded on a 10 % acrylamide
separation gel (25201, Precise™ Protein Gels, Thermo Scientific, Rockford, IL,
USA) using the mini-PROTEAN 3 cell (Bio-Rad Laboratories, Hercules, CA, USA).
The electrophoresis procedure was according to the manufacturer's instructions.
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Gels were stained using CBB R-250 as indicated in the protocol of the mini-
PROTEAN 3 system.

In-gel digestion of proteins and purification of peptides were done following a
modified version of the protocol described earlier (Rupakula et al., 2013). Disulfide
bridges in proteins were reduced by covering whole gels with reducing solution (10
mM dithiothreitol, pH 7.6, in 50 mM NH4HCO3), and the gels were incubated at
60°C for 1 h. Alkylation was performed for 1 h by adding 25 ml of iodoacetamide
solution (10 mM iodoacetamide in 100 mM Tris-HCL, pH 8.0). Gels were thoroughly
rinsed with double distilled H20 water in between steps. Each lane of SDS-PAGE
gels was cut into five slices, and the slices were cut into approximately 1 mm3 cubes
and transferred to separate 0.5 ml protein LoBind tubes (Eppendorf, Hamburg,
Germany). Enzymatic digestion was done by adding 50 pl of trypsin solution (5
ng/pl trypsin in 50 mM NH4HCO3) to each tube, and by incubating at room
temperature overnight with gentle shaking. Extraction of peptides was performed
with manual sonication in an ultrasonic water bath for 1 s before the supernatant
was transferred to a clean protein LoBind tube. Trifluoroacetic acid (10 %) was
added to the supernatant to reach a pH between 2 and 4. The supernatant was
used for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Samples were measured by nLC-MS/MS with a Proxeon EASY nL.C and a LTQ-
Orbitrap XL mass spectrometer as previously described (Lu et al., 2011).

LC — MS data analysis (false discovery rates were set to 0.01 on peptide and protein
level) and additional result filtering (minimally 2 peptides necessary for protein
identification of which at least one is unique and at least one is unmodified) was
performed as described previously (Rupakula et al., 2013). To analyze the
abundance of proteins, their label-free quantification (LFQ) intensities were
compared (Cox et al., 2014). Non-existing LFQ intensity values due to not enough
quantified peptides were substituted with a value lower than the LFQ intensity
value for the least abundant, detected peptide. Differential protein abundance was
assessed using edgeR similarly to the transcriptome analysis.

Construction of a metabolic model. A genome-scale constrained-based model of
metabolism and transport in A. muciniphila was constructed. A draft model was
generated using pathway-tools GPR mapping and gap filling for improvement of
genomic annotation (Karp et al., 2010). The model was manually curated in the
MATIlab COBRA environment to get a functional model (Schellenberger et al.,
2011). By considering maximization of growth yield as objective function, the model
was subsequently used to qualitatively test amino acid auxotrophy, vitamin and
cofactor biosynthesis, and sugar degrading capacities.
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Results & discussion

The metabolic model predicted A. muciniphila to be able to synthesize all the
essential amino acids, with the exception of threonine. This is a first adaptation to
the mucosal environment as threonine is abundantly present in mucin (Schrager,
1970). Furthermore, according to the metabolic model, A. muciniphila is able to
individually metabolize all the main sugars present in mucin (fucose, galactose,
GlcNAc, N-acetylneuraminic acid), except for GalNAc. Hence, a mucin-free
medium, BTTM, containing threonine and the amino acid source tryptone was
designed to test A. muciniphila growth on single sugars. The model-based predicted
fermentation profiles for each of the monomeric sugars are shown in Table 1. The
Gibbs energy of the reactions was calculated using eQuilibrator (Flamholz et al.,
2012). The current version of the metabolic model contains 746 reactions and 736
metabolites to which a total of 337 unique genes are associated.

Table 1. Summary of the predicted degradation of mucin-derived monomeric
sugars by A. muciniphila. ArG' is the standard reaction Gibbs energy (1M), ArG'm is
the reaction Gibbs energy with 1 mM standard which is more suitable for comparing
reactions in biological settings. The pathways for degradation of sugars were derived
from the constructed metabolic model.

Substrate | Degradation reaction ArG'm | ArG"
Glucose(aq) = 4/3 Propionate(aq) + 2/3 Acetate(aq) + 2/3

Glucose COx(aq) + 2/3 H0(1) -340,1 | -311,6
Galactose(aq) = 4/3 Propionate(aq) + 2/3 Acetate(aq) + 2/3

Galactose COs(aq) + 2/3 H20() -347,1 | -318,5
Fucose(aq) + 1/3 H20(1) = 1,2-Propanediol(aq) + 2/3

Fucose Acetate(aq) + 1/3 Propionate(aq) + 2/3 COz(aq) -187,3 | -158,8
N-Acetyl-D-glucosamine(aq) + 4/3 H2O(l) = 5/3

GleNAc Acetate(aq) + Ammonia(aq) + 4/3 Propionate(aq) + 2/3 -375,6 | -312,9

CO2(aq)

N-Acetyl-D-galactosamine(aq) + 4/3 H20(l) = 5/3
GalNAc Acetate(aq) + 3/3 Ammonia(aq) + 4/3 Propionate(aq) + 2/3 | -376,1 | -313,3
COz2(aq)

N-Acetylneuraminate(aq) + 5/3 H20(1) = 5/3
NeuAc Propionate(aq) + 7/3 Acetate(aq) + 4/3 COz(aq) + -477,2 | -385,9
Ammonia(aq)

GleNAc, N-acetylglucosamine; GalNAc, N-acetylgalactosamine; NeuAc, N-acetylneuraminic acid
Qualitative testing of the model

It was confirmed that A. muciniphila could grow, but with limited efficiency as
compared to mucin, on fucose, GlcNAc and GalNAc as the main energy source on
BTTM (Figure 1B, C, D). Measuring growth rates was in some cases challenging
because a clear exponential phase was absent, suggesting that some unknown
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limitation was occurring. However, it was obvious that growth rates on single
sugars were markedly lower than on mucin (Table 2). Moreover, while GlcNAc,
GalNAc and to some extent fucose were supporting growth, N-acetylneuraminic
acid did not (Chapter 4). Utilization of fucose was confirmed by the presence of
1,2-propanediol, an end product of fucose fermentation, in the culture supernatant.
In addition to N-acetylneuraminic acid, also galactose did not support growth in our
in vitro experiments even though the genome predicts the ability to ferment
galactose through the Leloir pathway. We proceeded to test the utilization of
galactose in combination with mucin, and observed that galactose was not only
taken up but it was depleted very rapidly, between 15 and 24 h (Figure 2G). This
suggests that A. muciniphila indeed has the system for efficient galactose
metabolism, but additional, mucin-derived components are needed for induction of
the galactose utilization pathway. A transporter for galactose has not been
identified in the genome of A. muciniphila, and as fermentation of galactose
requires several steps in the metabolic process, further research is needed to
recognize the inducible genes.

Table 2. Growth rates of A. muciniphila on different carbon and nitrogen sources

Growth substrate p (hY)

Mucin 0.5 % 0.41 +0.05
Mucin 0.25 % 0.38 £ 0.04
D-glucose 10 mM + mucin 0.25 % 0.37+0.03
L-Fucose 10 mM + mucin 0.25 % 0.40 + 0.04
N-acetylglucosamine 10 mM + mucin 0.25 % 0.40 = 0.03
N-acetylgalactosamine 10 mM + mucin 0.25 % 0.42 = 0.04
D-galactose 10 mM + mucin 0.25 % 0.39+0.02
D-glucose 20 mM! 0.16 = 0.01
L-fucose 20 mM! 0.08 £0.01
N-acetylglucosamine 20 mM! 0.17 +0.02
N-acetylgalactosamine 20 mM! 0.18+£0.03
D-galactose 20 mM! 0.09 +0.03
D-glucose 2.5 mM + L-fucose 2.5 mM + GIcNAc 2.5 mM + GalNAc 2.5 mM!  0.20 + 0.01
D-glucose 10 mM + L-fucose 10 mM? 0.15 +0.02

1Medium was supplemented with L-threonine (10 mM) and tryptone (8 g/l).
GlecNAc; N-acetylglucosamine, GalNAc; N-acetylgalactosamine
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Figure 1. A. muciniphila utilization of glucose and mucin-derived sugars. A. muciniphila
is able to efficiently grow on glucose (A), N-acetylglucosamine (GlcNAc) (B) and N-
acetylgalactosamine (GalNAc) (D). Highest yields are reached when grown on GlcNAc or
GalNAc. Galactose (F) and fucose (C) degradation by A. muciniphilais weak. However, in
a mixture (G) glucose and fucose are the preferred substrates. Values represent mean of
three replicate experiments. Arrow indicates representative sampling point for RNA-
extraction for the transcriptome analysis of A. muciniphila grown on glucose.
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Figure 2. A. muciniphila degrades single sugars more efficiently in the presence of mucin.
Decreasing the concentration of mucin from 0.5 % (A) to 0.25 % (B) decreases yield, but it
can be compensated with the addition of single sugars. Added sugars, including fucose
(D) and galactose ((), are depleted within 48 h of growth. Values represent mean of three
replicate experiments. Arrows indicate sampling point for RNA-extraction for the
transcriptome analysis of A. muciniphila.
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A. muciniphila was also able to grow on BTTM when the non-mucin sugar glucose
was added as a carbon source (Figure 1A). Interestingly, growth on glucose was
exponential, but only ~6 mM glucose was utilized, after which the OD600 dropped
and glucose utilization slowed down considerably. A similar trend was observed
when the bacteria were grown on a mixture of glucose and fucose (Figure 1E). This
indicates a depletion of an unknown factor, possibly amino acids or proteins, which
prevents further utilization of glucose and growth. Conversely, when grown on
GlcNAc or GalNAc, the exponential phase was very short after which the OD600
increased linearly until the end of measurements (100 h of incubation), and
substrate utilization was stable (Figure 1B, D).

The main difference between these sugars is the presence of an N-acetyl group in
GIcNAc and GalNAc, as compared to glucose and fucose. One benefit of
metabolizing amino sugars is the production of ammonia, which can neutralize the
environment, which is acidified as a result of carbohydrate catabolism to organic
acids, such as acetate and propionate. Furthermore, the production of ammonia
inside the cells has the dual advantage of neutralizing the cytoplasm and providing
a nitrogen source. This eliminates the need to devote energy to importing
ammonium ions or other nitrogen sources from the environment.

Growing A. muciniphila on BTTM with a mixture of the single sugars (fucose,
glucose, GlcNAc and GalNAc; 2.5 mM each) resulted in co-metabolism of all the
sugars, but with differences in consumption rates (Figure 1G). The consumption of
glucose and fucose was three times faster than the consumption of GleNAc and
GalNAc at 20 h of incubation, and GlcNAc and GalNAc still remained in the
medium after 100 h. After the depletion of glucose and fucose, the OD600 increased
linearly and no dip was observed, unlike in the case of glucose alone or in
combination with fucose. This faster and longer growth indicates that the culture
grown on a mixture of sugars shows the combined characteristics of A. muciniphila
growth on both non-amino sugars (glucose and fucose) as well as hexosamines
(GleNAc and GalNAc). A simple explanation could be that the amino sugars serve
as a nitrogen source, and that the non-amino sugars glucose and fucose are rapidly
transported and used for energy generation.

The co-metabolism of sugars could be a consequence of the adaptation of A.
muciniphila to the mucin environment, where a mixture of sugars is constantly
present and the bacteria produce a wide range of enzymes simultaneously to
degrade them. To our surprise, the non-amino sugars were preferred over the
thermodynamically more favorable hexosamines (Table 1). This could be some form
of catabolite repression of monosaccharides even though the canonical catabolite
repression protein was not found to be encoded by the genome of A. muciniphila.
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The release and subsequent consumption of fucose, galactose and sialic acid from
mucin by A. muciniphila was observed using high-performance anion-exchange
chromatography (Derrien, 2007). However, the exact degradation pattern of mucin
by A. muciniphila is not known, and the faster consumption of fucose in comparison
to GlcNAc and GalNAc may reflect the manner of degradation taking place in vivo.
The faster uptake of glucose in the presence of mucin-derived sugars may also
reflect the situation in the gut, where glucose might be present together with

mucin.

Interestingly, the genome predicted two amylase-encoding genes (Amuc_1637,
Amuc_1812), the expression of which was found to be upregulated on glucose in
comparison to mucin (see below), indicating that A. muciniphila prefers to use
glucose. We also tested the growth of A. muciniphila on the di- and trisaccharides
maltose, melibiose, trehalose and raffinose, but observed no growth or metabolic
activity (data not shown).

Eventually all the metabolized sugars ended up going through glycolysis, but the
routes leading up to it and the final fermentation profiles were found to be
different. Differences in growth kinetics of A. muciniphila grown on glucose as
opposed to mucin-derived sugars may be due transcriptional regulation of
transporters or kinases in response to environmental conditions. Overall, these
data suggest that the high-energy nitrogen-carbon compounds are important for A.
muciniphila. This reflects the adaptation of A. muciniphila to the intestinal
environment, as GlcNAc and GalNAc are abundant in mucin.

Quantitative testing of the model

Our results indicate that the BTTM medium with addition of single sugars as
carbon sources does not support optimal growth, as the growth rates are higher on
mucin medium. When grown on 0.5 % mucin, A. muciniphila grows to an OD600 of
~2.5 and produces acetate and propionate, and low amounts of 1,2-propanediol and
succinate (Figure 2A). As the exact decomposition route of mucin by A. muciniphila
is unknown, the expected ratios of fermentation products cannot be predicted.
Assuming that mucin contains signaling molecules essential for optimal growth, we
set out to lower the mucin concentration and compensate carbon availability by the
addition of single sugars. Reducing the concentration of mucin from 0.5 % to 0.25 %
resulted in lower biomass yields (OD600 of ~1.4) and also halved the amount of
fermentation products, indicating substrate availability is the limiting factor
(Figure 2B). Addition of 10 mM of the tested individual sugars together with 0.25 %
mucin partially compensated for the decrease in OD600 and amount of
fermentation products (Figure 2C to 2G). This in turn implies that the energy
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source limits the growth. More importantly, all the sugars, including fucose and
galactose were used by A. muciniphila, and were depleted 48 h after incubation.

The metabolic model predicted a 1:2 ratio of acetate to propionate upon growth on
glucose as the sole carbon source, but we detected equal amounts of these
fermentation products. For growth on GleNAc and GalNAc, a 5:4 ratio of acetate to
propionate was expected, but we observed 1.5 to 2 times more acetate than
propionate. The carbon recovery for glucose, GlcNAc and GalNAc cultures was 80 —
90 %. These discrepancies between the metabolic model and experimental data
suggest the presence of an alternative electron sink. Succinate was produced as an
intermediate compound in the propionate pathway. Succinate can function as an
alternative electron sink (Mattam and Yazdani, 2013), and may partially explain
the higher than expected acetate to propionate ratios. Succinate production co-
occurred with high growth rate and long exponential phase as cultures with glucose
or mucin as the carbon source showed higher succinate levels compared to other
cultures. In these conditions, conversion from succinate to propionate seems to be a
metabolic bottleneck, and as excess succinate is accumulated it is excreted outside
the cell. In Bacteroides the balance between succinate and propionate is controlled
by both CO: and vitamin B12 availability (Fischbach and Sonnenburg, 2011).
Higher succinate levels can be a means to reduce COz levels because conversion of
succinate to propionate releases CO:z. It may also be that during fast growth, the
rate of B12 uptake limits conversion of succinate to propionate, as B12 is the
cofactor for methylmalonyl-CoA mutase, which is required in the process. B12 is
not essential for growth of A. muciniphila, but a part of the B12 biosynthesis
pathway was identified from its genome. The uptake of succinate at the stationary
phase suggests that there is an energetic gain to further metabolize it into
propionate. This is supported by the model where the final step is coupled to
sodium transport, which in turn fuels proton translocation and ATP generation.

Interestingly, acetate is not produced from acetyl-CoA via the commonly used
acetate kinase. Instead the CoA group is transferred to succinate to generate
succinyl-CoA, an intermediate of the propionate cycle, and conversely ATP is
generated via the succinyl-CoA ligase complex. This interlink between the acetate
and propionate pathway may serve to enhance thermodynamic properties of the
primary ATP generating pathways.

As predicted by the metabolic model, 1,2-propanediol was produced when A.
muciniphila was grown on fucose as the sole carbon source. However, the ratio of
1,2-propanediol produced in comparison to acetate and propionate was lower than
predicted (3:2:1, respectively). The carbon recovery for A. muciniphila cultures
grown on fucose was 87 %. The amount of 1,2-propanediol should be equal to the
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amount of fucose consumed, but we observed less than 1 mM of 1,2-propanediol
after consumption of 6 mM fucose. Furthermore, the levels of propionate production
were higher than expected. A pathway in which 1,2-propanediol is converted to
propionate exists in some members of the gut microbiota, but the genes required for
the conversion are not present in A. muciniphila (Reichardt et al., 2014).

It has previously been shown that growth rates and bacterial cell yields are higher
on oligosaccharides than on their monomeric moieties (Palframan et al., 2003;
Tsujikawa et al., 2013; Van der Meulen et al., 2004). It can be speculated that A.
muciniphila substrate transporter systems are designed for oligosaccharide
transport and metabolic features have been optimized for growth on complex
carbohydrates.

Transcriptomic and proteomic response to A. muciniphila growth on
mucin and glucose

To answer some of the questions that arose from the growth experiments, a whole-
genome transcriptome analysis of A. muciniphila grown on mucin, glucose and a
mixture of the two was performed. In addition, we analyzed the proteome of A.
muciniphila grown on mucin or glucose with mass spectrometry. The proteome
analysis showed highly similar results compared to the transcriptional response
corroborating the findings of both methods (Figure 3). As the similarity is so high
(Spearman rank coefficient: 0.581), we focused here mainly on the transcriptome
data, as these were deeper and more global as compared to the proteome results.
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Results showed the largest difference in transcriptome profiles between the mucin
and glucose cultures, while the transcriptomes of cultures grown on the mixture
were highly similar to the mucin cultures. Differential gene expression (DGE)
showed only 57 genes to be significantly (p-value < 0.05) differentially expressed
between the mucin and the mixture (mucin+glucose) cultures. Downregulated in
the mixture cultures were mainly genes encoding hydrolases, indicating a potential
lower requirement for carbohydrate sources normally obtained by release from the
mucin substrate (Figure 4B). Amongst the upregulated genes were those encoding
glycosyl transferases and a glucose kinase (Amuc_1094). Comparing the glucose
culture with the mucin culture showed many more genes to be significantly
differentially expressed (1074 in total and 657 more than 2-fold). In addition to the
processes already seen in the comparison between the mixture and the mucin
culture, genes involved in protein biosynthesis and energy metabolism were
upregulated in the mucin condition (Figure 4A). The mass spectrometry analysis of
A. muciniphila proteome identified peptides from 1129 proteins (52 % of all
predicted protein-coding sequences). The abundance of 207 proteins differed
significantly (fold change > 2, p-value < 0.05) between mucin and glucose-grown A.
muciniphila.

Under mucin condition genes encoding ribosomal proteins, tRNA-charging proteins
and most amino acid biosynthesis pathways were upregulated. Biosynthesis
pathways for cysteine, proline, glutamate and glutamine were downregulated.
While cysteine and proline are both highly abundant in the mucin peptide
backbone this likely reflects the uptake of these amino acids. Interestingly the
incorporation of ammonia via glutamine synthase (Amuc_1252) was downregulated
under mucin conditions, indicating a reduced requirement for ammonia
assimilation.

Glutamate decarboxylase (Amuc_0372) was significantly upregulated in glucose
cultures on both transcriptome and proteome level. The glutamate decarboxylase
(GAD) system is known to be activated in response to acid stress and multiple other
stresses in many bacteria (Feehily and Karatzas, 2013). Oxidative stress response
(Amuc_1466, Amuc_2070) and nucleotide excision repair genes (Amuc_1452,
Amuc_1555, Amuc_1237, Amuc_0683, Amuc_1938, Amuc_0011) were also
upregulated in the glucose cultures, indicating an organism dealing with a non-
optimal, stressful environment. Other processes upregulated in the glucose cultures
were polysaccharide biosynthesis (Amuc_2096, Amuc_2077, Amuc_2078), inorganic
ion transport and motility (Amuc_0166, Amuc_1101, Amuc_1584).
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Figure 4. Gene ontology grouping of differentially regulated genes in A. muciniphila. Each
bar represents the ratio of the number of differentially expressed genes belonging to the
GO terms shown in the y-axis. (A) A. muciniphila grown on mucin vs. glucose. Green,
upregulated in mucin; red, downregulated in mucin. (B) A. muciniphila grown on mucin
vs. mixture (mucin+glucose). Green, upregulated in mixture; red, downregulated in
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A total of 30 hydrolases implicated in mucin degradation were significantly
upregulated in the mucin condition compared to glucose. 17 of these were also
significantly more abundant in the proteome analysis. Conversely, in the glucose
condition 15 glycosyl transferases were significantly upregulated, including the
entire gene cluster Amuc_2079 to Amuc_2098, which contains nine glycosyl
transferase encoding genes. It is likely that A. muciniphila can produce
exopolysaccharides (EPS) as a protection to the sometimes harsh conditions present
in the intestinal environment. Moreover, the production of EPS appears to be
induced by glucose and this is likely to be the case when A. muciniphila is not
anymore located in the protective mucus layer but has a luminal location where
other intestinal bacteria are competing for food-derived substrates, such as glucose.

Out of the 12 sulfatases predicted to be encoded in the genome of A. muciniphila,
six were significantly upregulated in the mucin condition, along with the sulfate
transporter (Amuc_0840). On proteome level one of the sulfatases (Amuc_0491) and
the sulfate transporter (Amuc_0840) were also significantly more abundant in the
mucin condition in comparison to glucose condition. Mucin contains substantial
levels of sulfate covalently bound to the oligosaccharide chains (Wright et al., 2000),
and the sulfatases expressed by A. muciniphila most likely desulfate this to
increase the susceptibility of the mucin to degradation by other mucin-degrading
enzymes (Derrien, 2007).

Out of all the significantly differentially expressed hypothetical proteins, almost 70
% were upregulated in the glucose cultures on both transcriptome and proteome
level. More insight on the adaption of A. muciniphila to glucose could be gained by
further research on the functions of these proteins.

In conclusion, the upregulation of genes and proteins involved in mucin
degradation in A. muciniphila grown on mucin is consistent with the adaptation of
A. muciniphila to this environment. Besides the identified glucokinase
(Amuc_1094), it was more challenging to pin down genes specific to the glucose
environment. As the growth rate and yield of A. muciniphila are higher during
growth on mucin than on glucose, many of the changes in gene expression may be
involved in a global response to fast growth, rather than the specific carbon source.
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Supplemental data
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Figure S1. A. muciniphila cultures were harvested in mid-exponential phase
for RNA-extraction. A. muciniphila was grown on mucin (A), a mixture of glucose and
mucin (B), or glucose (C). Three replicates of each condition were sampled. Arrows
indicate time points for sampling.
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Table S1. Fermentation end products of A. muciniphila during growth on different
substrates. Samples were obtained during mid-exponential phase (~10-12 h incubation,
used for transcriptome analysis) and in stationary phase (24 h incubation). Values
represent means of triplicate cultures with standard deviations. N.D., not detected.

Acetate Propionate Succinate 1,2-propanediol

10-12 h 241 1012 h 924h 10.12h  24h  1012h 2%
Muein 0.5 % 6124 171436 41223 124236 1.8:1.0 01£01 00£00 0701
Clucose LOmM/ o\ 50 199,30 51240 128250 20206 11405 0101 01=02

muein 0.25 %

Table S2. Degradation of sugars in A. muciniphila cultures during growth on different
substrates. Values represent means of triplicate cultures with standard deviations. N.D.,
not detected.

Glucose Fucose Galactose
10-12 h 24h 10-12 h 94h 10-12 h 24h
Mucin 0.5 % N.D. N.D. 01=0.1 N.D. 0.1=0.1 N.D.
Glucose 10 mM / 1706  -8.3:0.0 N.D. N.D. 0.3=0.2 0.0=0.1

muein 0.25 %

Table S3. Glucose degradation and fermentation end products of A. muciniphila during
growth on glucose. Samples were obtained during mid-exponential phase (~32-33 h
incubation, used for transcriptome analysis) and in stationary phase (48 h incubation).
Values represent means of triplicate cultures with standard deviations.

Glucose Acetate Propionate Sueccinate
32.33 h 48h 32-33 h 48h 32-33 h 48h 32.33 h 48h
Glucose o 49 115+98 1.7+0.7 55=0.6 16=0.1 80=09 06=0.1 1.8+0.2
20 mM

Table S4. Summary of the RNA-seq raw data analysis for transcriptome analysis of A.
muciniphila grown on glucose, mucin and a mixture of mucin and glucose.

Glucose Mucin Muein + glucose
1 2 3 1 2 3 1 2 3
Total no. of reads 11047878 10545771 18497197 11645389 17180153 11743614 16724960 14660237 17949331
Total no. of reads mapped to the genome 10302029 10206943 17953823 11459340 16915727 11596495 16215886 14271680 17217612
Percentage of reads mapped to the genome 93.2 96.8 97.1 98.4 98.5 98.7 97.0 97.3 95.9

Total no. of reads mapped to protein coding regions 7063506 6904150 12006340 8300083 11766433 8157964 12130637 9767040 11811538
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CHAPTER 4

Abstract

Microbial colonization of the infant gut is affected by several environmental factors,
and the acquired gut microbiota composition may be associated with health in later
life. One of the elements shaping the microbiota is the glycan composition of human
milk. Human milk oligosaccharides (HMOs) function as natural prebiotics
stimulating the growth of beneficial bacteria. The mucus-resident human
commensal Akkermansia muciniphila is present in the infant intestine from early
life and associated with a healthy intestine in adults. In this study, we evaluated
the ability of A. muciniphila to persist in the human milk environment. Growth
experiments demonstrated metabolic activity of A. muciniphila grown on human
milk, lactose and one of the HMOs, 2’-fucosyllactose. Transcriptome analysis by
RNA-seq showed wupregulation of genes involved in lactose degradation,
carbohydrate transport and translational activity in A. muciniphila grown on
human milk in comparison to mucin. However, the expression of genes involved in
mucin degradation was not affected by the experimental conditions, suggesting that
A. muciniphila is capable of using these genes also for utilization of human milk
glycans due to the similar structures of HMOs and mucin. The capacity to survive
in the early life environment by degrading and consuming human milk components
might be beneficial for A. muciniphila during initial colonization before reaching
the mucosal layer in the intestine.

72



A. MUCINIPHILA GROWTH ON HUMAN MILK

Introduction

Early life microbial colonization can have an influence on health in later life,
including the risk of developing diseases such as obesity, inflammatory bowel
diseases and asthma (Arrieta et al., 2014; Nylund et al., 2014). As bacterial
colonization coincides with development of the infant’s immune system, these two
events are expected to be closely linked to each other (Martin et al., 2010; Wopereis
et al., 2014). Apart from the host immune system, environmental conditions such as
the duration of breast feeding, use of formula’s, and antibiotic use also affect
acquisition of intestinal homeostasis (Mueller et al., 2015). While fecal material is
the most likely source of the new-born’s inoculum, it has recently been suggested
that microbes present in placenta, vagina, and breast milk also play a role in gut
microbiota colonization (Aagaard et al., 2014; Fernandez et al., 2013).

Dietary glycans have a major impact on microbiota composition, and in the infant
gut the main source of glycans are human milk oligosaccharides (HMOs). Human
milk contains 5 — 15 g/l HMOs, and over 200 different HMO structures exist
(Zivkovic et al., 2011). The major monosaccharides present in HMOs are glucose,
galactose, N-acetylglucosamine, N-acetylgalactosamine, fucose, and N-
acetylneuraminic acid (sialic acid). These sugars form complex glycans by
numerous different linkages between them, creating both linear and branched
structures (Wu et al., 2010). Host genetics also play a role in defining which types
of HMOs are present. Human milk can be assigned to four groups based on host
expression of al-2-fucosyltransferase FUT2 and al-3/4-fucosyltransferase FUT3
genes, which lead to different degrees of fucosylation (Bode, 2012). Interestingly, it
was recently shown that relative abundances of some bacterial genera, e.g.
Bifidobacterium, in infant feces can be predicted by the type of HMOs present in
their mother’s milk (Wang et al., 2015). Even in adults there appears to be a
correlation between the FUTZ2 secretor type and the colonic microbiota, with
Bifidobacterium spp. and to some extent Akkermansia being associated with the
presence of fucose (Wacklin et al., 2014).

The composition of the infant gut microbiota is less diverse and temporally stable
than that of the adult microbiota. HMOs are only partially digested in the small
intestine, and thus they function as natural prebiotics, selectively stimulating the
growth of beneficial bacteria, such as bifidobacteria (Zivkovic et al., 2011) and
lactobacilli (Bidart et al., 2014). Several bacteria have been found to be able to grow
on human milk, or HMOs, as their sole energy source. These include for example
Bifidobacterium longum (Gonzalez et al., 2008), Bacteroides thetaiotaomicron and
Bacteroides fragilis (Marcobal et al., 2011). Most of these bacteria are also able to
grow on mucin (Derrien et al., 2010).
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The structure of HMOs shows chemical similarities to mucin. As few other glycans
transit the infant gut, microorganisms capable of utilizing mucin and/or human
milk have a selective advantage for colonization over other organisms in early life.
It has been reported that in B. thetaiotaomicron and B. fragilis the same genes that
are used to harvest mucin glycans are induced during consumption of HMOs
(Marcobal et al., 2011).

Bacteria that are able to degrade mucin efficiently may benefit from the early life
environment, where mucin is already present but the microbial complexity is still
low. One of the most prominent mucin specialists in the adult mucosa is
Akkermansia muciniphila. It colonizes the infant gut relatively early, as fecal
samples from 1-month-old infants already have low levels of this bacterium
(Collado et al., 2007). Subsequently, the amount of A. muciniphila increases,
reaching a level close to that observed in adults within a year. Verrucomicrobia,
most likely represented by A. muciniphila, have also been identified in the
microbiota of human breast tissue (Urbaniak et al., 2014). Notably, two studies
have reported lower levels of A. muciniphila in breast-fed infants in comparison to
formula-feeding (Azad et al., 2013; Bergstrom et al., 2014). However, the study by
Azad et al. had a relatively low sample size (24 infants) and lacked longitudinal
data as only one sample from each 4-month-old infant was analyzed. Bergstrom et
al. studied the microbiota composition of the infants at ages 9, 18 and 36 months,
and A. muciniphila showed decreased levels in breast-fed in comparison to formula-
fed infants only at 9 months of age with relatively low statistical power (p=0.045).
In a more recent study made with 98 Swedish infants, the abundance and
prevalence of A. muciniphila increased between 4 and 12 months of age, and
showed no significant change depending on delivery mode or type of feeding
(Backhed et al., 2015).

A. muciniphila colonization is established in early life and thus, we hypothesized
that its mucin degrading ability is favored within the milk environment. This, in
turn, might be beneficial for bacterial survival during passage through the
gastrointestinal tract, aiding the bacteria to reach its niche, the mucus layer. To
study this, we tested the growth of A. muciniphila on human milk and its
compounds, including HMOs. Additionally, we performed a whole-genome
transcriptome analysis to discover whether A. muciniphila utilizes its mucin-
degrading genes for degradation of human milk compounds.
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Materials & methods

Bacterial growth conditions. A. muciniphila Muc” (ATTC BAA-835) was grown
in a basal medium as described previously, except without the addition of rumen
fluid (Derrien et al., 2004). The medium was supplemented with either hog gastric
mucin (0.5 %, Type III; Sigma-Aldrich, St. Louis, MO, USA) purified by ethanol
precipitation as described previously (Miller and Hoskins, 1981), human milk (10
%), lactose (10 mM, Sigma-Aldrich), glucose (10 mM, Sigma-Aldrich), galactose (10
mM, Sigma-Aldrich), N-acetylneuraminic acid (10 mM, Sigma-Aldrich), 2’-
fucosyllactose (10 mM, Danone, Utrecht, The Netherlands), or 3’-sialyllactose (10
mM, Danone). Human breast milk was provided by a healthy donor after
approximately 3-6 months of lactation collected under sterile conditions, and stored
at —20 °C until use. Except for the incubations with mucin and human milk, the
medium was also supplemented with Bacto™ casitone (BD, Sparks, MD, USA),
BBL™ yeast extract (BD), tryptone (Oxoid Ltd, Basingstoke, Hampshire, England)
and peptone (Oxoid Itd) (2 g/l each) and L-threonine (Sigma-Aldrich) (2 mM).
Incubations were performed in serum bottles sealed with butyl-rubber stoppers at
37°C under anaerobic conditions provided by a gas phase of 182 kPa (1.5 atm)
N2/CO:z. Growth was measured by spectrophotometer as optical density at 600 nm
(OD600). Due to turbidity, measuring the OD was not possible for incubations with
human milk. Therefore, cultures were plated on agar plates, and colony forming
units (CFUs) were counted. Plates were made by preparing BBL™ Brain Heart
Infusion (BD) medium according to the manufacturer’s instructions and
supplementing it with 1 % bacteriological agar (Oxoid), 0.5 % (w/v) hog gastric
mucin and 0.05 % (w/v) cysteine (Sigma-Aldrich). Plates were incubated
anaerobically at 37°C.

For RNA-seq analysis, the bacteria were grown either on mucin or human milk as
described above. Cells were harvested at ~17 h (OD600 of ~1.8) of incubation for
mucin cultures and ~48 h of incubation for human milk cultures. For each
condition, triplicate cultures were set up. Cells were collected by centrifugation at
4800 x g for 15 min at 4°C. Cell pellets were suspended to Trizol® Reagent
(Ambion, Life Technologies, Carlsbad, CA, USA) and stored at —80°C until RNA-
purification.

RNA-purification. Total RNA was isolated by a method combining the Trizol®
Reagent and the RNeasy Mini kit (QIAGEN GmbH, Hilden, Germany) essentially
as describe previously (Chomezynski, 1993; Zoetendal et al., 2006). Briefly, 0.2 ml of
chloroform was added per 1 ml of Trizol® Reagent containing the cell pellet. The
tube was shaken for 15 s, incubated for 2-3 minutes at room temperature and
centrifuged at 12 000 g for 15 min at 4°C. Phase Lock Gel heavy tubes (5 Prime
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GmbH, Hamburg) were used during phase separation. The upper aqueous phase
was removed into a new tube. After this, the RNA isolation was continued with the
RNA Cleanup kit according to the manufacturer’s instructions for RNeasy Mini kit.
Genomic DNA was removed by on-column DNase digestion step during RNA
purification (DNase I recombinant, RNase-free, Roche Diagnostics GmbH,
Mannheim, Germany). Yield and RNA quality was assessed using the Experion™
RNA StdSens Analysis Kit in combination with the Experion™ System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Depletion of rRNA was performed using the
Ribo-Zero™ Kit for bacteria (Epicentre, Madison, WI, USA) according to
manufacturer’s instructions. Success of the rRNA depletion step was checked using
the Experion™ RNA StdSens Analysis Kit in combination with the Experion™
System. Library construction for whole-transcriptome sequencing (RNA-seq) was
done by ScriptSeq™ v2 RNA-Seq Library Preparation Kit in combination with
ScriptSeq™Index PCR primers (Epicentre) according to the manufacturer’s

instructions.

Transcriptome analysis. The barcoded c¢cDNA libraries were sent to GATC
(Konstanz, Germany) where they were pooled, and paired 100 bp sequencing was
performed on two lanes using the Illumina HiSeq2500 platform in combination
with the TruSeq Rapid SBS (200 cycles) and TruSeq Rapid SR Cluster Kits
(Illumina). One of the milk samples was split between two lanes, and marked as 3a
and 3b.

Quality trimming was performed with PRINSEQ Lite v0.20.3 (Schmieder and
Edwards, 2011) with a minimum sequence length of 30 bp and minimum quality of
30 on both ends of the read and as mean quality. Reads were mapped to the genome
with Bowtie2 v2.2.1 (Langmead and Salzberg, 2012) using default settings and
BAM files were converted with SAMtools v0.1.19 (Li et al., 2009). BEDTools v2.17.0
was used to determine the read count for each protein coding region (Quinlan and
Hall, 2010). Only reads with a minimum 30 % length overlap and mapped on the
correct strand were counted. Details on the RNA-seq raw data analysis can be
found in Table S1 in the supplemental material. The reads not mapping to the
genome of A. muciniphila were confirmed to not be due to human or bacterial
contamination by aligning them against the NCBI’s nucleotide sequence database
using MEGADblast. Differential gene expression was assessed using edgeR
(Robinson et al., 2010) with default trimmed mean of M-values TMM settings. Due
to a potential background signal in the milk samples in a second analysis read
counts were quantile normalized before running regular edgeR. Only genes that
were significantly differentially expressed using both methods were considered for
further analysis.
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High-performance liquid chromatography. For fermentation product analysis,
samples were obtained at different time points of the incubations. One ml of
bacterial culture was centrifuged and the supernatant was stored at —20°C until
the HPLC analysis. Substrate conversion and product formation were measured
with a Thermo Scientific Spectrasystem high-performance liquid chromatography
(HPLC) system equipped with a Varian Metacarb 67H 300 X 6.5 mm column kept
at 45°C and running with 0.005 mM sulfuric acid as eluent. The eluent had a flow
of 0.8 ml/min and metabolites were detected by determining the refractive index
and identified by using standards of pure compounds as described previously (van
Gelder et al., 2012).

Results
Metabolic activity of A. muciniphila on human milk

Growth of A. muciniphila on human milk resulted in release of glucose, galactose,
fucose and N-acetylgalactosamine (GalNAc) (Figure S1). These monomeric sugars
were most likely cleaved from lactose and HMOs present in the human milk. In
total, 3.8 mM of lactose was utilized, and 1.8 mM glucose, 1.9 mM galactose, 0.3
mM fucose and 0.5 mM of GalNAc were released (Figure 1C, Table 1).

Growth of A. muciniphila in human milk was determined in several ways. First,
the A. muciniphila CFU counts increased 5-fold during the first 8 h of incubation.
A. muciniphila grown on mucin, its natural substrate, was used as a control
(Figure 1A). Moreover, HPLC analysis showed that a low amount of propionate, one
of the main fermentation products of A. muciniphila grown on mucin, was already
detectable after 8 h of incubation on human milk (Figure 1B, Table 2). The highest
cell number, 6.4 x 107 cells/ml, was reached after 24 h. At this point both acetate
and propionate were detected in the spent medium of human milk grown cells
(Table 2). After 48 h incubation 45 % of bacteria were still viable in comparison to
the situation after incubation for 24 h. Metabolic activity had continued, as
amounts of acetate and propionate had increased, and 1,2-propanediol, an end
product of fucose fermentation, could now be detected. Remarkably, after 8 days of
growth on human milk viable cells were still detectable (Figure 1A).

Next, the growth kinetics of A. muciniphila on various milk-derived sugars
(glucose, lactose, galactose, N-acetylneuraminic acid, 2-fucosyllactose or 3’-
sialyllactose) was tested. N-acetylneuraminic acid did not support growth. In all
other cases weak growth with varying kinetics was observed, apart from glucose,
which supported rapid growth under these conditions in the presence of high levels
of protein hydrolysates, as described previously (Derrien et al., 2004) (Figure 2).
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Metabolic analyses indicated lactose and fucose release as a result of 2'-
fucosyllactose degradation (Figure S2). In addition, very small chromatographic
peaks indicated that A. muciniphila was able to degrade lactose into glucose and
galactose after six days of incubation (Figure S3).
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Figure 1. A. muciniphila growth on human milk shows a mucin-like metabolic
profile. (A) A. muciniphila was incubated with either human milk or mucin as the sole
carbon and nitrogen source. Serial dilutions were plated and CFU counts determined
after 8 h, 24 h, 48 h and 192 h of incubation. Mean and standard deviations from three
experiments are shown. (B) A. muciniphila produces acetate and propionate when
grown on human milk. Fermentation products of A. muciniphila grown on mucin are
shown as comparison. The exact amounts of fermentation products are shown in Table
2. (C) A. muciniphila releases galactose, glucose and fucose from human milk.
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Figure 2. A. muciniphila shows weak growth on human milk-derived
components as the sole carbon source. A. muciniphila was incubated on glucose,
lactose, galactose, N-acetylneuraminic acid, 2’-fucosyllactose, 3’-sialyllactose or fucose
for 72 h, and growth was monitored every 24 h by spectrophotometer as optical density
at 600 nm. Mean and standard deviations from three experiments are shown.

Table 1. Sugar utilization and release of A. muciniphila grown on human milk
and mucin

Lactose Glucose Galactose Fucose GalNAc
Milk Oh 15.9+ 0.3 N.D. N.D. N.D. N.D.
8h 15.7+ 0.5 N.D. N.D. N.D. 0.3+0.2
24h 159+ 1.0 N.D. N.D. 0.2+ 0.0 0.3+ 0.2
48h 150+ 1.8 0.2+ 0.1 0.4+ 0.1 0.3+ 0.1 0.3+ 0.1
192h  12.1+£ 09 1.8+ 0.4 1.9+ 0.4 0.2+ 0.1 0.5+ 0.2
Mucin Oh N.D. N.D. N.D. N.D. N.D.
8h N.D. N.D. N.D. N.D. N.D.
24h N.D. N.D. 0.1+0.1 N.D. N.D.
48h N.D. N.D. N.D. N.D. N.D.
192h N.D. N.D. N.D. N.D. N.D.

Mean and standard deviations from three experiments are shown. N.D., not detected.
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Table 2. Fermentation products of A. muciniphila grown on human milk and
mucin

Acetate Propionate Succinate propla,rzl-e diol
Milk Oh N.D. N.D. N.D. N.D.
8h N.D. 0.1+ 0.2 N.D. N.D.
24h 0.3+ 0.3 0.4+ 0.1 N.D. N.D.
48h 0.7+ 0.2 0.8+ 0.2 N.D. 0.1+ 0.1
192h 1.0+ 0.1 1.2+ 04 N.D. 0.1+ 0.1
Mucin Oh N.D. N.D. N.D. N.D.
8h 1.7+0.4 0.6+0.2 0.5+0.1 0.1+0.1
24h 12.3+1.5 7.5+1.8 0.8+0.3 0.5+0.1
4h 13.2+0.8 8.8+1.6 0.1+0.1 0.6 +0.0
192h 14.9 £ 0.5 10.4 £ 0.8 N.D. 0.7+0.0

Mean and standard deviations from three experiments are shown. N.D., not detected.

Transcriptome analysis during growth on human milk and mucin

After demonstrating that A. muciniphila is capable of metabolizing human milk
and the milk components lactose and 2’-fucosyllactose, we set out to discover the
differences in gene expression between growth on human milk and mucin. This was
done by a transcriptome analysis based on RNA-seq. Sampling of A. muciniphila
grown on human milk was done at 48 h incubation, because according to the
fermentation profile, the cells were most metabolically active at this time point,
with 0.7 mM acetate and 0.8 mM propionate produced on average. For mucin
cultures, sampling was done after ~17 h incubation, when the cells were in late-
exponential phase. For the whole-genome transcriptome analysis, triplicate
cultures of the two different conditions (i.e. 6 cultures), a total of 49,288,456 reads
(with size of 100 bp) were generated by RNA-seq (overview in table S1). After
quality filtering, significantly differentially regulated genes were identified by
pairwise comparisons using a cut off of fold change > 2 and p-value < 0.05. During
growth on human milk 445 genes were upregulated compared to growth on mucin,
whereas 350 genes were down-regulated (Figure 3). Out of all the differentially
expressed genes, 291 encoded for hypothetical proteins.

Gene ontology (GO) analysis of the gene expression profiles indicated an
enrichment of six molecular functions, 16 biological processes and 11 cellular
component genes during growth of A. muciniphila in milk as compared to mucin
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(Figure 4). All but two of these (response to stimulus and proton-transporting ATP
synthase complex) were upregulated in human milk cultures. RNA binding was a
highly enriched molecular function during growth in human milk, whereas protein
and tRNA metabolic processes, gene expression, and translation were among the
enriched biological processes. The cellular process category, which describes the
location in the cell where the gene product executes its function, was enriched for
cytoplasm and ribosomes. On individual gene level the differential regulation of
translation was evident due to the 46 ribosomal proteins and 18 tRNA metabolism
genes that were upregulated in the human milk condition in comparison to mucin.
The ribosomal proteins were expressed at up to 35-fold higher levels in the human

milk cultures in comparison to mucin cultures.
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Figure 3. Volcano plot showing p-values correlated to fold changes in gene
expression observed in cultures grown in the presence of human milk vs.
mucin. Negative fold change indicates upregulation in human milk condition. The
dashed black line shows where p = 0.05 with points above the line having p < 0.05 and
points below the line having p > 0.05. Genes having a fold-change less than 2 are shown

in gray.
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The expression of 23 out of 109 (20 %) genes predicted to be involved in
carbohydrate metabolism was significantly influenced by the experimental
conditions. This indicates that the majority of genes (80%) for carbohydrate-
degrading enzymes were expressed in similar amounts in A. muciniphila grown on
human milk and mucin. Out of the 79 genes predicted to be involved in mucin
degradation, eight were upregulated and 17 were downregulated on human milk
(Table 3). The upregulated genes were predicted to encode three proteins involved
in glycolysis (Amuc_0210, Amuc_0562, Amuc_0721), a beta-N-
acetylhexosaminidase (Amuc_2109) and two beta-glucanase precursors
(Amuc_0697, Amuc_0698). The highest fold changes were seen for genes encoding
6-phosphofructokinase (Amuc_0210, 6.4-fold higher in milk) and fructose-
bisphosphate aldolase (Amuc_0721, 3.7-fold higher in milk), which are both
essential enzymes in glycolysis. Among the downregulated genes were 14 that
encoded different glycosyl hydrolases (Table 3). For the majority of mucin-
degradation genes there were no significant differences in expression levels
between the two conditions. These genes were predicted to encode nine beta-N-
acetylhexosaminidases, two alpha-N-acetylglucosaminidases, two exo-alpha-
sialidases and three enzymes involved in fucose transport and degradation.

The genome of A. muciniphila encodes for eight putative B-galactosidases, which
could be involved in the degradation of lactose. The expression of four of these B-
galactosidase genes (Amuc_0539, Amuc_0824, Amuc_1667, Amuc_1686) was not
affected by the environmental conditions. However, Amuc_1811, which encodes for
a probable B-galactosidase according to KEGG orthology, was expressed 5.5-fold
more during growth on human milk condition than on mucin. The remaining three
B-galactosidase genes (Amuc_0290, Amuc_0771, Amuc_1666) were expressed 2 to 3-
fold higher during growth on mucin than milk.
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Table 3. Expression of genes predicted to be involved in mucin degradation in
A. muciniphila grown on human milk in comparison to mucin. Negative values indicate
upregulation in human milk condition and positive values indicate downregulation in comparison
to mucin condition. Significantly different gene expression values are color-coded in grey.

Locus tag Annotation log2(fold change)  p-value
Amuc_0210 6-phosphofructokinase -2.7 0.00
Amuc_0721 fructose-bisphosphate aldolase -1.9 0.00
Amuc_0562 Triose-phosphate isomerase -1.6 0.00
Amuc_2109 beta-N-acetylhexosaminidase -1.5 0.00
Amuc_1699 aminoglycoside phosphotransferase -1.3 0.20
Amuc_1829 class Il aldolase/adducin family protein -1.2 0.00
Amuc_0697 beta-glucanase precursor -1.2 0.00
Amuc_0698 beta-glucanase precursor -1.0 0.01
Amuc_1822 glucosamine-6-phosphate isomerase -1.0 0.00
Amuc_0623 glycosyl hydrolase family protein -0.9 0.05
Amuc_1815 beta-N-acetylhexosaminidase -0.8 0.04
Amuc_1309 aldose 1-epimerase -0.8 0.10
Amuc_1463 hypothetical protein -0.7 0.01
Amuc_2018 beta-N-acetylhexosaminidase -0.5 0.23
Amuc_1830 L-fuculokinase -0.5 0.13
Amuc_1686 beta-galactosidase -0.4 0.14
Amuc_0029 NAD-dependent epimerase/dehydratase -0.4 0.25
Amuc_0846 coagulation factor 5/8 type domain-containing protein -0.3 0.57
Amuc_1245 Mannose-6-phosphate isomerase -0.3 0.22
Amuc_1667 glycoside hydrolase family 2 -0.3 0.60
Amuc_0397 beta-N-acetylhexosaminidase -0.2 0.68
Amuc_1220 alpha-N-acetylglucosaminidase -0.2 0.52
Amuc_1669 beta-N-acetylhexosaminidase -0.2 0.64
Amuc_0517 raffinose synthase -0.2 0.73
Amuc_1008 glycoside hydrolase family protein -0.1 0.70
Amuc_1637 alpha amylase -0.1 0.71
Amuc_1547 hypothetical protein -0.0 1.00
Amuc_0075 PfkB domain-containing protein 0.0 0.89
Amuc_1975 glucose-6-phosphate isomerase 0.1 0.82
Amuc_2148 beta-N-acetylhexosaminidase 0.1 0.74
Amuc_0060 alpha-N-acetylglucosaminidase 0.1 0.75
Amuc_1261 aldose 1-epimerase 0.6 0.66
Amuc_0868 beta-N-acetylhexosaminidase 0.2 0.69
Amuc_0017 oxidoreductase domain-containing protein 0.2 0.61
Amuc_0052 Hyalurononglucosaminidase 0.2 0.59
Amuc_0369 beta-N-acetylhexosaminidase 0.3 0.58
Amuc_1187 Alpha-galactosidase 0.3 0.35
Amuc_0097 ROK family protein 0.3 0.31
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Locus tag Annotation log2(fold change)  p-value
Amuc_1671 6-phosphofructokinase 0.3 0.16
Amuc_2164 glycoside hydrolase family protein 0.5 0.08
Amuc_0729 aminoglycoside phosphotransferase 0.5 0.04
Amuc_1835 Exo-alpha-sialidase 0.6 0.03
Amuc_1757 l;3|P|13orsphotransferase system, phosphocarrier protein 06 0.08
Amuc_1621 4-alpha-glucanotransferase 0.7 0.03
Amuc_2136 Glycoside hydrolase, family 20, catalytic core 0.7 0.02
Amuc_1260 glycoside hydrolase family protein 0.8 0.09
Amuc_1924 beta-N-acetylhexosaminidase 0.8 0.01
Amuc_1216 oxidoreductase domain-containing protein 0.8 0.01
Amuc_2019 beta-N-acetylhexosaminidase 0.8 0.00
Amuc_0010 alpha-L-fucosidase 0.8 0.02
Amuc_1870 Alpha-glucosidase 0.8 0.00
Amuc_1481 6-phosphofructokinase 0.9 0.03
Amuc_0724 glucan endo-1,3-beta-D-glucosidase 0.9 0.00
Amuc_1125 UDP-glucose 4-epimerase 0.9 0.00
Amuc_0875 glycoside hydrolase family protein 1.1 0.18
Amuc_1120 hypothetical protein 1.1 0.00
Amuc_0771 beta-galactosidase 1.1 0.00
Amuc_0824 glycoside hydrolase family 2 1.2 0.00
Amuc_2108 glycoside hydrolase family protein 1.2 0.00
Amuc_1032 beta-N-acetylhexosaminidase 1.2 0.00
Amuc_0216 hypothetical protein 1.2 0.00
Amuc_0920 oxidoreductase domain-containing protein 1.2 0.00
Amuc_1832 L-fucose isomerase 1.2 0.42
Amuc_0290 glycoside hydrolase family 2 1.3 0.00
Amuc_0948 N-acetylglucosamine-6-phosphate deacetylase 1.3 0.00
Amuc_0392 coagulation factor 5/8 type domain-containing protein 1.3 0.62
Amuc_0539 glycoside hydrolase family 2 1.4 0.49
Amuc_0863 glycosyl hydrolase family protein 1.5 0.84
Amuc_1666 glycoside hydrolase family 2 1.5 0.01
Amuc_1833 L-fucose transporter 1.6 0.06
Amuc_1868 glycoside hydrolase family protein 1.7 0.00
Amuc_0855 glycoside hydrolase clan GH-D 1.7 0.00
Amuc_1420 hypothetical protein 1.7 0.00
Amuc_0186 glycoside hydrolase family protein 1.7 0.00
Amuc_0969 galactokinase 2.0 0.00
Amuc_0146 alpha-L-fucosidase 2.0 0.00
Amuc_2100 aminoglycoside phosphotransferase 2.4 0.00
Amuc_0625 Exo-alpha-sialidase 2.4 0.59
Amuc_1812 alpha-amylase 3.1 0.37
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The highest fold change in the human milk samples in comparison to mucin was
observed for the gene encoding carbohydrate-selective porin OprB (Amuc_1085),
which was expressed 36-fold higher on milk than on mucin. In the genus
Pseudomonas OprB has been described as an outer membrane channel for
monosaccharide uptake, with a preference for glucose (van den Berg, 2012). The
expression of Pseudomona putida OprB is transcriptionally induced by glucose, and
repressed when the bacteria are grown on other substrates (Shrivastava et al.,
2011). It should be noted that during growth on milk approximately 1.8 mM of
glucose was released from lactose due to the B-galactosidase activity of A.
muciniphila, and that glucose is not present in our mucin condition.

On the mucin grown A. muciniphila the highest fold change compared to milk
grown cells was found for a gene encoding an amino acid permease (Amuc_0037,
13-fold upregulation). This indicates increased transport of amino acids into the
cell. In addition to this a glutaminase-encoding gene (Amuc_0038) was upregulated
10-fold and a gene that codes for glutamate decarboxylase (Amuc_0372) was
upregulated 6-fold in the presence of mucin in comparison to human milk.

Other genes with high fold changes in the milk condition in comparison to mucin
were for example those encoding flavodoxin/nitric oxide synthase (Amuc_1899, 17-
fold), ribonuclease PH (Amuc_0395, 11-fold) and elongation factor P (Amuc_0874,
10-fold) (Figure 3). Flavodoxins are electron-transfer proteins that function in
various electron transport systems, and nitric oxide synthases produce nitric oxide
from L-arginine and NADPH (Wang et al., 2007). Ribonuclease PH and elongation
factor P are involved in translation and tRNA processing (Doerfel and Rodnina,
2013; Wen et al., 2005).

A gene cluster involved in phosphate uptake and transport was identified in the
genome of A. muciniphila (Amuc_1302 to Amuc_1308). The cluster contains the
genes coding for the four-component Pst transporter, which is used to sense
phosphate, as well as two genes encoding for PhoU, which is essential for the
repression of the Pho regulon at high phosphate conditions (Bergwitz and Juppner,
2011). Five genes in this cluster were significantly upregulated during growth on
human milk, and the remaining two genes were also upregulated, albeit not
significantly (Figure 5A). In bacteria the phosphate system is active by default and
only excess phosphate turns the system off. Also a gene cluster involved in iron
transport was upregulated in milk grown bacteria (Figure 5B). These genes are a
part of the Feo system, which is the major bacterial route for acquiring the ferrous
(Fe?*) form of iron from the environment, and has an import role in iron uptake
under the anaerobic-microaerophilic conditions of the gastrointestinal tract
(Cartron et al., 2006). The Feo system is generally composed of three major units:
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FeoA, FeoB and FeoC. However, FeoC is not found in the genome of A. muciniphila,
and two genes (Amuc_1089, Amuc_1090) are annotated as FeoA.

Interestingly, the genes encoding two cytochromes (cytochrome d ubiquinol oxidase,
subunit II; Amuc_1694 and cytochrome bd ubiquinol oxidase subunit I; Amuc_1695)
were significantly upregulated in the mucin grown A. muciniphila in comparison to
human milk grown bacteria. This could indicate increased respiration in the mucin
environment, possibly reflecting the presence of oxygen in the mucus layer close to
the epithelial cells (Ouwerkerk et al., 2013).

FeoB
Amuc_1088

Periplasm

Figure 5. Phosphate and iron uptake are upregulated in A. muciniphila grown
on human milk in comparison to mucin. Genes encoding for the proteins marked in
black were upregulated in A. muciniphila grown on human milk in comparison to
mucin. (A) Phosphate (Pi) is sensed by binding to the four-component Pst transporter
(PstS, PstA, PstB, PstC), which activates a two component signaling system composed of
the sensory histidine kinase PhoR and the transcription factor, PhoB that is known to
bind DNA and modulate gene expression. The conformational states of PstSCAB are
sensed by PhoR through PhoU as a consequence of Pi transport, leading to modulation
of the kinase/phosphatase equilibrium toward the appropriate response (Gardner et al.,
2014). Under high phosphate conditions the sensing system is inhibited. (B) The Feo
system 1is involved in transport of ferrous iron (Fe?") from the environment. FeoA is a
small, soluble SH3-domain located in the cytosol, and FeoB is a large protein with a C-
terminal integral inner membrane domain which likely functions as the Fe?" permease
(Cartron et al., 2006). IM; inner membrane.
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Genes involved in cobalamin (vitamin B12) modification were upregulated when A.
muciniphila was grown on human milk. This was evident based on the
upregulation of four genes from the cobalamin biosynthesis pathway (cobyrinic acid
ac-diamide synthase; Amuc_0079 and Amuc_2037, cobalbumin biosynthesis
protein; Amuc_1678, cobalamin 5'-phosphate synthase; Amuc_1680). In addition to
this, a gene involved in cobalt transport (cobalt ABC transporter ATPase;
Amuc_1198) was also upregulated during growth on milk. The growth medium for
both mucin and human milk cultures was supplemented with the same amount of
cyanocobalamin. Human milk contains vitamin B12 tightly bound to haptocorrin,
and the concentration varies depending on the diet of the mother, especially intake
of animal source foods (Allen, 2012). Increased succinate to propionate ratio has
been observed in A. muciniphila in the absence of B12 in comparison to when B12
was provided (Belzer et al., unpublished results). No succinate was detected during
growth on human milk, and propionate was produced, suggesting B12 was not
limiting for A. muciniphila.

Discussion

We demonstrated that A. muciniphila was able to grow in human breast milk
based on an increase in cell numbers, metabolic end products and changes in global
gene expression. The magnitude of growth was still limited in comparison to growth
on mucin, which further confirmed the role of A. muciniphila as a mucin specialist.
The expression of the majority of genes involved in mucin degradation was not
affected by the experimental condition. However, the global transcriptome analysis
showed upregulation of B-galactosidase as well as carbohydrate-selective porin
OprB and proteins involved in translation and protein synthesis during growth on
human milk in comparison to mucin.

A. muciniphila was not able to grow on lactose as the sole carbon source, but a
significant amount of lactose (3.8 mM) was utilized during growth on human milk.
Only 1.8 mM glucose and 1.9 mM galactose were detected in the supernatant, and
hence it is probable that A. muciniphila used intact lactose, explaining the
upregulation of the intracellular B-galactosidase and glycolytic genes. The inability
of A. muciniphila to grow on lactose alone may be due to the absence of growth-
stimulating factors in the synthetic medium supplemented with lactose, or presence
of stimulating factors in the breast milk. We identified eight putative B-
galactosidase genes in the genome of A. muciniphila. From these, the expression of
Amuc_1811 was affected most by the change in environmental conditions, with five
times higher levels detected during growth on human milk in comparison to mucin.
This predicted enzyme is the only one of the eight B-galactosidases in the genome of
A. muciniphila that does not have a signal peptide sequence. This suggests that
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either lactose is transported into the cell or that the enzyme is released to the
environment from lysed cells. The other B-galactosidases might have other,
secretory functions, possibly involved in mucin utilization, notably as their
specificity cannot be accurately predicted from the protein sequence.

During growth on 2’-fucosyllactose fucose and lactose were released into the spent
medium, indicating that A. muciniphila breaks down the a2 bond between
galactose and fucose. Besides 2’-fucosyllactose, the same bond exists in many of the
termination structures of the mucin molecule (Chapter 1). Therefore, it is expected
that A. muciniphila has the enzymatic capacity to cleave fucose from these
structures, and use it as an energy source. Utilization of fucose during growth on
human milk was confirmed by the presence of 1,2-propanediol in our analysis.
Further assays with A. muciniphila a-L-fucosidases are needed to demonstrate the
enzymatic activity in both mucin and HMOs. The genome of A. muciniphila encodes
for five different a-L-fucosidases, with predicted end locations in both the periplasm
and extracellular space, suggesting a variety of possible functions for these
enzymes.

The single gene most affected by the change in environmental conditions was that
coding for the carbohydrate-selective porin OprB (Amuc_1085). It was upregulated
in the milk grown cells in comparison to the mucin medium, which does not contain
glucose. This gene has been shown to be induced by glucose in other bacteria
(Shrivastava et al., 2011; van den Berg, 2012). We cannot conclude that this is the
case in A. muciniphila as comparison of gene expression between A. muciniphila
grown on mucin and glucose did not show upregulation of OprB in the glucose
condition (Chapter 3). Another possibility could be induction by galactose or
lactose. More galactose is expected to be available in human milk as a result of
lactose degradation, than in mucin. Porins allow the diffusion of relatively large
molecules through the outer membrane of Gram-negative bacteria, suggesting that
small soluble milk glycans, such as 2’-fucosyllactose could also be transported
through the porins to the periplasm, where fucosidases can cleave the terminal
fucose. The genome of A. muciniphila also encodes for another OprB (Amuc_2127),
which was expressed 6-fold higher in the mucin condition in comparison to human
milk. Further research is needed to verify the role of these porins in A.
muciniphila.

In A. muciniphila grown on mucin, amino acid transport and glutamine/glutamate
metabolism were upregulated in comparison to the milk condition. According to
KEGG orthology the upregulated amino acid permease (Amuc_0037) is a probable
glutamate/y-aminobutyric acid (GABA) antiporter. The upregulation of these genes
may be related to acid resistance. The well described bacterial acid resistance
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system 2 (AR2) comprises an amino acid antiporter, which exchanges extracellular
L-glutamate with intracellular GABA, and two L-glutamate decarboxylases, which
convert L-glutamate to GABA (Richard and Foster, 2004). However, recently
another acid resistance system, relying on L-glutamine, was described in
Escherichia coli (Lu et al., 2013). In this system, L-glutamine is transported into
the cell and converted to L-glutamate by a glutaminase. This leads to release of
gaseous ammonia, which neutralizes a proton, resulting in elevated intracellular
pH in acidic environments. This is more likely to be the system A. muciniphila
utilizes as in addition to the amino acid permease and glutamate decarboxylase
(Amuc_0372), also a glutaminase (Amuc_0038) was upregulated. Furthermore, the
glutamate/GABA antiporter is also able to transport L-glutamine (Ma et al., 2012),
which is present in mucin (Khan et al., 1999). During growth on mucin, A.
muciniphila produces high amounts of acetate and propionate, which lowers the
extracellular pH and most probably leads to the activation of the described acid
resistance system.

The significant upregulation of ribosomal proteins and genes involved in tRNA
metabolism during A. muciniphila growth on human milk was in stark contrast
with the higher growth rate and biomass yield of the bacteria grown on mucin. The
bacterial culture grown on mucin was sampled at 17 h of incubation, at which point
A. muciniphila is approaching the stationary phase. This could lead to repression of
the translation machinery, including ribosomal proteins. Ribosomal proteins and
aminoacyl-tRNA synthesis have been shown to be upregulated during lag-phase in
comparison to late-exponential and stationary-phase bacteria (Rolfe et al., 2012).
Upregulation of proteins involved in translation was also observed in lag-phase
Lactococcus lactis grown on milk in comparison to exponential and stationary phase
bacteria (Larsen et al., 2006). Furthermore, in a recent report, L. lactis showed very
little regulation of gene expression when shifting from low growth rate to high
growth rate, which was exemplified by an excess of ribosomal proteins at low
growth rates (Goel et al., 2015). The authors suggested that the organism preserves
a large overcapacity of ribosomes to be ready to quickly respond and grow when
conditions improve. This hypothesis would also fit A. muciniphila as during
colonization the bacteria would simply have to stay viable on human milk before
reaching the intestinal mucus layer where optimal nutrients are abundantly
available.

Previously, lag-phase conditions have shown to be marked by higher phosphate and
iron uptake in comparison to other growth stages in Salmonella spp., presumably
preparing these bacteria for different environmental conditions (Rolfe et al., 2012).
We observed upregulation of phosphate and iron uptake and transport in A.
muciniphila during growth on human milk, further suggesting the bacteria were in
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the lag-phase. However, this could also be an indication of iron and phosphate
limitation in milk as these compounds are tightly linked to casein and/or complexed
with citrate, which would lead to enhanced expression of uptake systems by A.
muciniphila.

During the first weeks and months of life, when the infant’s diet is almost
exclusively milk, the gut microbiota is dominated by bifidobacteria, with members
of Enterococcaceae, Streptococcaceae, Lactobacillaceae, Clostridiaceae also present
(Matamoros et al., 2013). In this bacterial community, other members may cleave
off sugars from HMOs for A. muciniphila to use. It is also well possible that some of
the wide range of mucin-degrading enzymes that are produced by A. muciniphila
can be used for degradation of HMOs due to the similar structures of these glycans.
In either case, being able to feed off human milk would give A. muciniphila a
selective advantage during early life colonization. We also demonstrated A.
muciniphila viability on human milk after an extended incubation period. It is
plausible that human milk can act as a carrier for bacteria from the environment,
protecting them from the harsh conditions of the upper GI tract before reaching the
small and large intestine. For A. muciniphila this might be a mechanism for
transferring from the mother to the infant. We also found evidence for an acid
resistance system, which may further assist A. muciniphila in surviving passage
through the GI tract.

It has been hypothesized that the reason HMO structures resemble mucin, is to
attract mucin-adapted resident mutualists to an infant microbiota. In B.
thetaiotaomicron the same polysaccharide utilization loci (PULs) associated with
mucin degradation were also induced when the bacteria were grown on HMOs
(Marcobal et al., 2011). However, the B. thetaiotaomicron mutants created in four of
the HMO-specific loci showed no defect in growth on HMOs, suggesting more
evidence is needed to prove the association between mucin and HMO utilization
genes. Despite the related structures of HMOs and mucin, some bacterial species
are capable of using only one of these host glycans, indicating host selection that
favors the colonization of specific species over others. For example Bifidobacterium
infantis is adapted to use the simple structures within HMOs, and is not able to use
the complex glycan structures found in mucin (Marcobal et al., 2011). Succession of
the mucosa-associated microbiota may be involved in the development of the
immune system due to its close proximity to the epithelial layer (Brugman et al.,
2015; Duerr and Hornef, 2012). Consequently, colonization of the mucosal
microbiota with beneficial microbes could be associated with health in later life.
Colonization by A. muciniphila in early life would be favorable for the host as this
bacterium is associated with a healthy gut.
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Several studies have investigated the capacity of bifidobacteria, lactobacilli and
members of the Bacteroidetes to utilize human milk, but this is the first report on
A. muciniphila, a member of the Verrucomicrobia. We observed metabolic activity
and upregulation of gene expression involved in lactose degradation, carbohydrate
transport and translational activity in A. muciniphila grown on human milk in
comparison to mucin. The milk environment also activated expression of the same
genes that are needed for mucin degradation. These results suggest that in the
early life intestine A. muciniphila is active and could benefit from this during
initial colonization before settling in the intestinal mucus layer.
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Figure S1. HPLC profile for A. muciniphila grown on human milk. (A) At time point 0 h
lactose is detected in the supernatant. (B) At time point 48 h the size of the lactose peak
has decreased and glucose, galactose, fucose and N-acetylgalactosamine have been
released into the supernatant. A small peak for acetate is detected. (C) At time point 72
h lactose degradation has continued and increasing amounts of monomeric sugar have
been released. Crotonate was added to the samples as an internal standard.
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Figure S2. HPLC profile for A. muciniphila grown on 2’-fucosyllactose. (A) At time point
0 h an unknown peak at 7.7 min was detected. This is most likely 2’-fucosyllactose. (B) At
time point 48 h fucose was released into the supernatant. (C) At time point 144 h (6 days)
the size of the peak for 2’-fucosyllactose has decreased and lactose and fucose have been
released into the supernatant. Crotonate was added to the samples as an internal

standard.
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Figure S3. HPLC profile for A. muciniphila grown on lactose. (A) At time point 0 h lactose
is detected in the supernatant. (B) At time point 144 h (6 days) the size of the lactose peak
has decreased slightly and small peaks for glucose and galactose are detected. Crotonate
was added to the samples as an internal standard.

Table S1. Summary of the RNA-seq raw data analysis for transcriptome analysis of A.
muciniphila grown on human milk and mucin.

Milk Mucin

1 2 3a 3b 1 2 3
Total no. of reads 2660890 5612805 6794460 5810961 11298914 11587377 5623049
Total no. of reads after 2549097 5204204 6505478 5568130 9227135 10620856 5272525
quality filtering
Percentage of reads 958 96.0 957 958 817 917 938
passing quality filtering
Total no.of reads mapped 43000 164455 2114105 2017832 7614634 9500529 4607125
to the genome
Percentage of reads 46.4 220 325 36.2 825 895 89.1
mapping to the genome
Total no. of reads mapped o e 519060 974248 939825 2213705 4602956 2680434

to protein coding regions
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CHAPTER 5

Abstract

Akkermansia muciniphila is a common member of the human gut microbiota and
belongs to the Planctomycetes-Verrucomicrobia-Chlamydiae superphylum.
Decreased levels of A. muciniphila have been associated with many diseases, and
thus it is considered to be a beneficial resident of the intestinal mucus layer.
Surface-exposed molecules produced by this organism likely play important roles in
colonization and communication with other microbes and the host, but the protein
composition of the outer membrane (OM) has not been characterized thus far. We
used sarkosyl extraction and sucrose density-gradient centrifugation methods to
enrich the OM proteome of A. muciniphila. Proteins from these fractions were
identified by LC-MS and compared to intracellular and whole proteome fractions.
These experimental data were combined with bioinformatics analysis for OM
protein prediction, and in total we identified 79 putative OM and membrane-
associated extracellular proteins. These included highly abundant proteins involved
in secretion, transport and biogenesis of Gram-negative membranes, as well as
proteins predicted to take part in formation of the fimbriae-like structures observed
in A. muciniphila by electron microscopy. In addition, composition of the OM was
shown to differ between A. muciniphila grown on its natural substrate, mucin, and
the non-mucus sugar, glucose. The activation of Toll-like receptor 2 was higher for
OM proteins from mucin-grown cells in comparison to intracellular proteins,
indicating the presence of immunostimulatory compounds in this fraction. In
conclusion, the characterization of A. muciniphila OM proteome provides valuable
information that can be used for further functional and immunological studies.

98



A. MUCINIPHILA OUTER MEMBRANE PROTEOME

Introduction

Akkermansia muciniphila is a Gram-negative, anaerobic bacterium, which
colonizes the mucus layer of the human gastrointestinal (GI) tract (Derrien et al.,
2004). A. muciniphila is considered to be an important member of the GI
microbiota, because of the inverse correlation between its abundance and several
intestinal disorders, including inflammatory bowel diseases and obesity (Karlsson
et al., 2012; Png et al., 2010; Rajilic-Stojanovic et al., 2013). Moreover, experiments
with germ-free mice mono-associated with A. muciniphila, or conventional mice on
a high fat diet that are fed A. muciniphila, have shown that A. muciniphila plays a
role in host immune response, restoration of mucus layer thickness and mucus
production (Derrien et al., 2011; Everard et al., 2013; Shin et al., 2013). In addition,
extracellular vesicles from A. muciniphila were shown to have protective effects on
the development of dextran sulfate sodium (DSS) induced colitis in mice (Kang et
al., 2013). Finally, A. muciniphila has also been shown to adhere to intestinal
epithelium and improve enterocyte monolayer integrity of Caco-2 cells (Reunanen
et al., 2015). These findings suggest important host-bacteria interactions, the
mechanisms of which are yet to be discovered.

Bacterial outer membrane (OM) proteins play important roles in communication
with other microbes and the host, as well as in colonization and substrate transport
(Galdiero et al., 2012; Tseng et al., 2009). Subcellular fractionation techniques
combined with mass spectrometry-based proteomic analysis are powerful tools for
identifying proteins in different bacterial compartments. These techniques have
been successfully used for studying the protein composition of gut bacteria, for
example the outer membrane of Bacteroides fragilis and Bacteroides
thetaiotaomicron (Elhenawy et al., 2014; Wilson et al., 2015), surface proteins of
Propionibacterium freudenreichii (Le Marechal et al., 2015) and outer membrane
vesicles of Escherichia coli Nissle 1917 (Aguilera et al., 2014).

A. muciniphila is a member of the Planctomycetes-Verrucomicrobia-Chlamydiae
(PVC) superphylum, which contains bacteria from several groups and various
environments with different lifestyles (Gupta et al., 2012; Kamneva et al., 2012).
Bacteria from this superphylum were previously suggested to have a
compartmentalized cell plan with a cytoplasmic membrane as the outermost
membrane, and an intracytoplasmic membrane containing a condensed nucleoid
and ribosomes (Lee et al., 2009). However, these observations have been challenged
by more recent data suggesting that the PVC cell plan is actually a variation, not
an exception, of the Gram-negative cell plan, and that the bacteria have an outer
and an inner membrane (IM) with possible invaginations of the IM inside the
cytoplasm (Devos, 2014).
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There is limited information available on the membrane structure and composition
of A. muciniphila, and most reports have focused on in silico analysis of
Verrucomicrobia membranes, instead of experimental approaches (Kamneva et al.,
2012; Santarella-Mellwig et al., 2010; Speth et al., 2012). Recently, the proteome of
a termite hindgut representative of the Verrucomicrobia, Diplosphaera
colotermitum TAV2, was experimentally studied, but this report did not focus on
membrane proteins (Isanapong et al., 2013). The presence of OM biomarkers,
including genes involved in lipopolysaccharide (LPS) insertion, in the genome of A.
muciniphila was confirmed computationally (Speth et al., 2012). We have
experimentally verified the presence of LPS in A. muciniphila by using a protocol to
extract LPS form bacterial cells and applying silver staining to visualize it on a gel
(Chapter 6). No genes coding for membrane coat-like proteins were found in A.
muciniphila, unlike in some other Verrucomicrobia (Santarella-Mellwig et al.,
2010).

Herein we set out to identify and characterize A. muciniphila proteins using an
integrated approach of proteomics and computational analysis. Successful
extraction of OM proteins was established, and the proteins were identified with
liquid chromatography-tandem mass spectrometry (LC-MS/MS). The abundance of
A. muciniphila proteins in the OM fraction was compared to the whole proteome of
A. muciniphila and a fraction enriched for intracellular proteins. Candidates for
OM proteins derived from the proteomics analysis were subjected to computational
screening to verify their location in the cell. We also explored if the presence of
these proteins was dependent on environmental availability of mucus, resulting in
the identification of several OM proteins related to mucosal colonization. Finally,
the proteome fractions were analyzed for their capacity to induce immune
responses in a cell line model. The results indicate that A. muciniphila produces
OM proteins involved in secretion and transport in high abundance, and these may
be involved in its immunostimulatory capacities.

Materials & methods

Bacterial growth conditions. Akkermansia muciniphila MucT (ATTC BAA-835)
was grown in a basal medium as described previously, except without the addition
of rumen fluid (Derrien et al., 2004). The medium was supplemented with either
hog gastric mucin (0.5 %, Type III; Sigma-Aldrich, St. Louis, MO, USA) purified by
ethanol precipitation as described previously (Miller and Hoskins, 1981), or D-
glucose (10 mM, Sigma-Aldrich). The medium with glucose was also supplemented
with Bacto™ casitone (BD, Sparks, MD, USA), BBL™ yeast extract (BD), tryptone
(Oxoid Ltd, Basingstoke, Hampshire, England), peptone (Oxoid 1td) (2 g/l each) and
L-threonine (Sigma-Aldrich) (2 mM). Incubations were performed in serum bottles
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sealed with butyl-rubber stoppers at 37°C under anaerobic conditions provided by a
gas phase of 182 kPa (1.5 atm) N2/CO2. Growth was measured by following optical
density at 600 nm (OD600) using a spectrophotometer.

Bacterial fractionation methods. The membranes of A. muciniphila were
isolated from liquid cultures with two different methods, using either IN-
lauroylsarcosine (sarkosyl) or sucrose density-gradient centrifugation, as described
previously, with minor modifications (Hobb et al., 2009).

Briefly, for sarkosyl treatments, 250 ml cultures of A. muciniphila were grown on
mucin for 16 h (ODsoo = 1.56) or on glucose for 40 h (ODsoo = 0.34). Cells were
harvested, washed twice with phosphate buffered saline (PBS) and resuspended in
9 ml 10 mM HEPES, pH 7.4, and lysed by passing the culture three times through
a French press (Aminco, American Instrument Co., Inc., Maryland, USA) at 1000
psi (40K cell). The lysed cell preparation was centrifuged at 10 000 g for 10 min at
4°C to remove cell debris and unlysed cells. The membranes were collected by
ultracentrifugation of the supernatant at 100 000 g for 1 h at 4°C. The supernatant
was collected and stored at —20°C. This sample was later analyzed by LC-MS/MS
as the intracellular fraction. The pellet was resuspended in 2 ml 10 mM HEPES,
pH 7.4, washed in a total volume of 10 ml 10 mM HEPES, pH 7.4, and spun again
in the ultracentrifuge (using the conditions described above). The pellet was
resuspended in 5 ml 1 % (w/v) N-lauroylsarcosine (sarkosyl) (Sigma-Aldrich) in 10
mM HEPES, pH 7.4, and incubated at 37°C for 30 min with shaking to solubilize
cytoplasmic membranes. The sarkosyl-treated membranes were spun at 100 000 g
for 1 h at 4°C and the pellet was washed with 7 ml 10 mM HEPES, pH 7.4.
Following the final ultracentrifugation, the pellet containing the OM fraction was
resuspended in 1 ml 10 mM HEPES, pH 7.4 and stored at —20°C.

For the sucrose-density gradient centrifugation treatments, 250 ml cultures of A.
muciniphila were grown on mucin for 16 h (OD600 = 1.51) or on glucose for 40 h
(OD600 = 0.35). Cells were harvested, washed twice with phosphate buffered saline
(PBS) and resuspended in 7 ml 10 mM HEPES, pH 7.4, and lysed by passing the
culture three times through a French press at 1000 psi (40K cell). The lysed cells
preparation was centrifuged at 10 000 g for 10 min at 4°C. The supernatant was
ultracentrifuged at 100 000 g for 60 min at 4°C to pellet the total membranes. The
membrane pellet was washed in 10 ml 10 mM HEPES, 0.05 M EDTA pH 7.5 (HE
buffer) and ultracentrifuged again. The final membranes were homogenized in 2 ml
HE buffer. Continuous sucrose gradients were prepared by layering sucrose
solutions (prepared in HE buffer) into 14 X 95 mm polyallomer ultracentrifuge
tubes (Seton Scientific, Petaluma, CA, USA) in the following order: 0.4 ml 60%
(w/v), 0.9 ml 55 %, 2.2 ml 50 %, 2.2 ml 45 %, 2.2 ml 40 %, 1.3 ml 35% and 0.4 ml 30
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%. Total membranes were layered on top of each gradient, with no more than 2.5 ml
per gradient. Sucrose gradients were centrifuged in a TST 41.14-41000 RPM
swinging-bucket rotor (Kontron) at 250 000 g for 16 h at 4°C. The sucrose gradient
tubes were then removed from the rotor buckets and 500 pl fractions (24 fractions
for each gradient) were collected from the bottom of each gradient by puncturing
the tube with a needle and allowing the sample to drip out by gravity. The samples
were stored in 2 ml low binding tubes (Eppendorf, Hamburg, Germany) at —20°C.

Protein identification by mass spectrometry. To determine the protein
content of cell extracts, the Qubit® Protein Assay Kit (Life technologies, Oregon,
USA) was used according to the manufacturer's instructions. Samples were loaded
on a 10 % acrylamide separation gel (25201, Precise™ Protein Gels, Thermo
Scientific, Rockford, IL, USA) using the mini-PROTEAN 3 cell (Bio-Rad
Laboratories, Hercules, CA, USA). The electrophoresis procedure was according to
the manufacturer's instructions. Gels were stained using Coomassie Brilliant Blue
(CBB) R-250 as indicated in the protocol of the mini-PROTEAN 3 system.

In-gel digestion of proteins and purification of peptides were done following a
modified version of the protocol described by Rupakula et al., 2013. Disulfide
bridges in proteins were reduced by covering whole gels with reducing solution (10
mM dithiothreitol, pH 7.6, in 50 mM NH4HCOs), and the gels were incubated at
60°C for 1 h. Alkylation was performed for 1 h by adding 25 ml of iodoacetamide
solution (10 mM iodoacetamide in 100 mM Tris-HCl, pH 8.0). Gels were thoroughly
rinsed with demineralized water in between steps. Each of the used gel lanes was
cut into either five slices (sarkosyl-extracted outer membrane and intracellular
proteins) or one slice (sucrose density-gradient centrifugation samples), and the
slices were cut into approximately 1 mm3 cubes and transferred to separate 0.5 ml
protein LoBind tubes (Eppendorf, Hamburg, Germany). Enzymatic digestion was
done by adding 50 pl of trypsin solution (5 ng/ul trypsin in 50 mM NHsHCOs) to
each tube, and by incubating at room temperature overnight with gentle shaking.
Extraction of peptides was performed with manual sonication in an ultrasonic
water bath for 1 s before the supernatant was transferred to a clean protein LoBind
tube. Trifluoroacetic acid (10 %) was added to the supernatant to reach a pH
between 2 and 4. The supernatant was used for LC-MS/MS analysis. Samples were
measured by nLC-MS/MS with a Proxeon EASY nL.C and a LTQ-Orbitrap XL mass
spectrometer as previously described (Lu et al., 2011).

LC-MS data analysis was performed as described previously (Rupakula et al.,
2013) with false discovery rates (FDRs) set to 0.01 on peptide and protein level, and
additional result filtering (minimally 2 peptides necessary for protein identification
of which at least one is unique and at least one is unmodified). To analyze the
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abundance of proteins in the fractions, their label-free quantification (LFQ)
intensities were compared (Cox et al., 2014). Non-existing LFQ intensity values due
to not enough quantified peptides were substituted with a value lower than the
LFQ intensity value for the least abundant, detected peptide.

Enzyme activity assay. Enzyme activity was tested in the OM and intracellular
fractions by incubating them at 37°C with colorimetric or fluorimetric substrates,
as described previously (Rosendale et al., 2012). The following substrate/enzyme
combinations were used: 4-nitrophenyl N-acetyl-B-D-glucosaminide/N-acetyl-B-
glucosaminidase, p-nitrophenyl-alpha-L-fucoside/fucosidase, @ PNP  N-acetyl-
glucosamine-sulfate/GlcNAc-sulfatase, and 2'-(4-methylumbelliferyl)-a-D-N-
acetylneuraminic acid/sialidase. Substrates were purchased from Carbosynth
(Compton, Berkshire, UK). Reaction volume was 20 ul and substrate concentration
was 1 mM in each reaction. All reactions were performed in duplicate.

In vitro culture and stimulation of human HEK-Blue hTLR2 cell line. For
the inflammatory pathway analysis the HEK-Blue hTLR2 cell line (Invivogen, CA,
USA) was used. Stimulation of the receptors with the corresponding ligands
activates NF-kB and AP-1, which induces the production of secreted embryonic
alkaline phosphatase (SEAP), the levels of which can be measured by
spectrophotometer (Spectramax). The cell line was grown and subcultured to 70 to
80% of confluency using Dulbecco's Modified Eagle Medium (DMEM) supplemented
with 4.5 g/l D-glucose, 50 U/ml penicillin, 50 pg/ml streptomycin, 100 pg/ml
Normocin, 2 mM L-glutamine, and 10% (v/v) of heat-inactivated Fetal Bovine
Serum (FBS) as a maintenance medium. An immune response experiment was
carried out by splitting HEK-blue cells in flat-bottom 96-well plates and
stimulating them by addition of 20 pl protein fractions (1 pg protein/well). The 96-
well plates were incubated for 20 to 24 h at 37°C under oxic atmosphere in an
incubator supplemented with 5 % CO:z. Receptor ligand Pam3CSK4 (10 ng/ml) was
used as positive control whereas maintenance medium without any selective
antibiotics was used as negative control. SEAP secretion was detected by
measuring the OD600 at 15 min, 1 h, 2 h, and 3 h after addition of 180 pl of
QUANTI-Blue (Invivogen, CA, USA) to 20 pl of induced HEK-Blue hTLR2
supernatant. The data shown here are from the 1 h measurement point.
Experiments for TLR2 were performed in triplicate.

Bioinformatics analysis. Proteins were categorized based on results of SignalP
v.4.0 using default settings for Gram-negative bacteria (Petersen et al., 2011),
LipoP v.1.0 (Juncker et al., 2003), SecretomeP v.2.0 (Bendtsen et al., 2005),
TMHMM v.2.0 (Krogh et al., 2001) and BOMP (Berven et al., 2004). Subcellular
localization was determined using CELLO v.2.5 (set for Gram-negative bacteria)
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(Yu et al., 2004) and PSORTb v3.0 (Yu et al., 2010). BLAST searches were run
against the non-redundant (nr) database at http://blast.ncbi.nlm.nih.gov/ using
default settings. TIGRFAM and Pfam were used for screening proteins with PEP-
CTERM domains (Finn et al., 2014; Selengut et al., 2007).

Results

A. muciniphila OM proteins were isolated using two different methods (sarkosyl
and sucrose density-gradient centrifugation) and two different growth conditions
(mucin and glucose). In the case of the sucrose density-gradient extraction, 24
fractions were collected from each gradient and their protein concentration was
measured. For each condition, four fractions along the gradient were chosen for
proteomic analysis by mass spectrometry (Figure 1). Additionally, a fraction
enriched for intracellular proteins was analyzed for both conditions. The total
number of proteins detected for each fraction is shown in Table 1. The amount of
proteins detected from A. muciniphila whole proteome samples from a previous
study (Chapter 3) is shown for comparison.
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Figure 1. Relative protein concentration of the sucrose-density gradient
fractions for mucin and glucose-grown A. muciniphila. 24 fractions were collected
from each gradient and four fractions from each condition (black markers) were chosen
for mass spectrometry analysis.
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Table 1. Number of identified proteins from each
bacterial fraction analyzed by mass spectrometry.

Number of proteins

Sample Mucin Glucose
Whole proteome 1054 1087
Sarkosyl method 812 519
Intracellular fraction 965 999
Sucrose density-gradient fraction 1 527 141
Sucrose density-gradient fraction 2 517 325
Sucrose density-gradient fraction 3 507 352
Sucrose density-gradient fraction 4 488 439

Extraction of A. muciniphila OM proteins

Successful enrichment of OM proteins was achieved within sarkosyl-extracted OM
fractions as verified using the CELLO software, which predicts protein localization
(Figure 2). To analyze the abundance of proteins within the fractions from different
cellular locations, we compared their LFQ intensities. LFQ intensity is commonly
used as a proxy for absolute protein abundance in mass spectrometry data analysis
to compare relative amounts between samples (Cox et al., 2014). Total abundance of
OM proteins, defined by summed-up LFQ intensities of each protein, was higher in
the OM fractions in comparison to the whole proteome and intracellular fractions
(Figure 2A, B). The sucrose density-gradient method was used as a complimentary
approach to the sarkosyl method. In the sucrose density-gradient samples the
abundance of outer membrane proteins was the lowest in the fraction with the

lowest sucrose density, and increased along the gradient for both growth conditions
(Figure 2C, D).
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Figure 2. Distribution of proteins from different bacterial compartments in
the isolated fractions. Outer membrane and extracellular proteins are enriched in the
OM fraction (sarkosyl-method) in comparison to whole proteome and intracellular
fraction in both mucin and glucose condition (A, B). The abundance of OM and
extracellular proteins increases along the sucrose density-gradient in both conditions (C,
D). Label-free quantification (LFQ) intensity was used as a proxy for absolute protein
abundance. CELLO software was used to predict protein localization.

The OM-enriched proteins identified as actual OM proteins according to CELLO or
PSORTDb were chosen for further analyses (Figure 3). Many extracellular proteins
were highly abundant in the OM fractions: 48 % of all detected extracellular
proteins had a relative LFQ intensity above 8.5 (Figure 4). These proteins may be
closely associated with the OM, and thus isolated together with it. Therefore, all
extracellular proteins were included in our selection. In addition, 14 cytoplasmic
proteins and 12 periplasmic proteins that had an LFQ intensity above 8.5 were
added to our preliminary list, to find out whether these could be classified as OM
proteins. Our preliminary list contained 145 proteins in total and was further
analyzed and refined as described below.
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Figure 3. Prediction of outer membrane proteins. All proteins identified from the sarkosyl-
extracted OM fraction were subjected to the prediction approach for the identification of
outer membrane proteins. The total number of selected proteins for A. muciniphila grown

on mucin (left) and glucose (right) are shown for each step.
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Figure 4. Sarkosyl extraction leads to enrichment of outer membrane and extracellular
proteins. Subcellular localization of proteins identified from the OM and intracellular
fraction of A. muciniphila grown on mucin (A) or glucose (B). CELLO was used to predict
protein localization. Relative abundances of the proteins are presented on a logl0 scale.
Relative abundance of 4.0 represents proteins that were not detected or were under the
detection limit. All proteins with LFQ intensity above 8.5 in the sarkosyl fractions (dashed
line) were included in the preliminary list of potential OM proteins.
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Identification and annotation of new A. muciniphila OM proteins

Next, we confirmed the localization of proteins of the preliminary list by applying
several criteria: the protein was considered as a potential OM protein if (1) both
CELLO and PSORTDb predicted the protein to be localized in the OM, (2) LipoP
software predicted the protein to be a lipoprotein, (3) BOMP software predicted the
presence of beta-barrel(s), or (4) the protein had no signal protein, but SecretomeP
predicted unclassical secretion. Proteins that had a signal peptide but did not fill
any of the above criteria were assumed to be periplasmic. After applying these
criteria, 73 proteins from mucin-grown cells and 76 proteins from glucose-grown
cells in the isolated OM fractions were predicted to be OM proteins (Figure 3). Five
out of the 14 cytoplasmic and nine out of the 12 periplasmic proteins included in
the preliminary list were identified as putative OM proteins. In total, 79 putative
OM and membrane-associated extracellular proteins were identified (Table 2). The
majority of these were also present in the sucrose density-gradient samples: 62
proteins for the mucin-grown and 58 proteins for the glucose-grown condition.

Additionally, we searched for potential OM proteins, which were not present in
either of the sarkosyl-extracted cultures. The A. muciniphila genome was found to
encode additional 17 proteins, which were predicted as OM proteins according to
the applied criteria (see above), and 12 (71 %) of these were uncharacterized
proteins (Table 3). Two of the proteins (Amuc_0356 and Amuc_0480) were found to
be present in the sucrose density-gradient fractions. Three of the proteins
(Amuc_0983, Amuc_1011 and Amuc_1945) were present in low amounts when the
whole proteome of A. muciniphila was analyzed. Previously described RNA-seq
data confirmed that transcripts of the genes for all the 17 proteins can be detected
in our dataset of A. muciniphila grown on mucin or glucose (Chapter 3).
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Table 2. Putative OM and membrane-associated extracellular proteins.

Locus tag Annotation ez LAIIET el
(Log10 LFQ) | (Log10 LFQ) change
Amuc_0006 Putative uncharacterized protein 4.0 5.4 25.9
Amuc_0019 Putative uncharacterized protein 5.4 7.4 109.6
Amuc_0032 Putative uncharacterized protein 7.8 6.3 35.1
Amuc_0036 YD repeat protein 5.9 6.8 7.2
Amuc_0074 Putative uncharacterized protein 8.4 7.9 2.6
Amuc_0172 Putative uncharacterized protein 7.4 8.9 31.0
Amuc_0194 Putative uncharacterized protein 8.6 8.2 2.7
Amuc_0219 SE:ftI)La):]ittransporter, RND family, MFP 6.4 6.2 17
Amuc_0294 308 ribosomal protein S17 8.4 8.8 25
Amuc_0301 508 ribosomal protein L2 8.3 8.7 2.7
Amuc_0304 508 ribosomal protein L3 8.3 8.5 1.7
Amuc_0308 308 ribosomal protein S12 8.0 8.7 5.4
Amuc_0336 TonB-dependent receptor 9.9 9.4 3.8
Amuc_0355 Putative uncharacterized protein 8.5 8.1 2.8
Amuc_0360 Putative uncharacterized protein 8.4 8.2 1.6
Amuc_0371 g;"n‘:;‘r’]”;f;’::t regulator propelier 5.7 7.4 485
Amuc_0385 ErfK/YbiS/YcfS/YnhG family protein 6.6 8.1 31.0
Amuc_0392 Coagulation factor 5/8 type domain protein 7.6 7.8 1.7
Amuc_0394 Putative uncharacterized protein 7.6 7.8 1.7
Amuc_0433 Putative uncharacterized protein 7.5 7.4 1.3
Amuc_0435 Putative uncharacterized protein 8.4 8.8 2.4
Amuc_0438 Ribosomal protein S11 7.7 9.1 29.3
Amuc_0513 Putative uncharacterized protein 8.5 7.6 7.3
Amuc_0576 Peptidase M16 domain protein 7.5 8.8 19.7
Amuc_0584 ng;:gggﬁne autotransporter barrel 8.7 75 16.4
Amuc_0609 Putative uncharacterized protein 8.4 7.9 3.0
Amuc_0610 Tetratricopeptide TPR_2 repeat protein 8.6 8.5 1.4
Amuc_0682 OmpA/MotB domain protein 71 6.9 1.4
Amuc_0687 ((j);;;a;irr?sgtber;ne autotransporter barrel 9.6 8.5 15.2
Amuc_0735 YD repeat protein 4.0 5.8 67.4
Amuc_0789 Putative uncharacterized protein 7.2 4.0 1669.9
Amuc_0815 DNA polymerase Ill, beta subunit 6.5 6.2 1.9
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Locus tag Annotation ez LAIIET el
(Log10 LFQ) | (Log10 LFQ) change
Amuc_0820 Peptidoglycan-binding LysM 8.9 8.9 1.0
Amuc_0823 Putative uncharacterized protein 7.8 7.8 1.1
Amuc_0837 Putative uncharacterized protein 6.1 4.0 125.7
Amuc_0904 Aconitate hydratase 1 6.2 5.5 4.5
Amuc_0931 508 ribosomal protein L15 8.4 9.0 3.3
Amuc_0967 RNP-1 like RNA-binding protein 7.5 7.7 1.7
Amuc_1008 Glycoside hydrolase family 31 6.2 6.3 1.5
Amuc_1026 Peptidyl-prolyl cis-trans isomerase 6.7 4.0 542.7
Amuc_1039 ((j)g;qe;irr:lsp;:)eria:]ne autotransporter barrel 8.1 6.0 1345
Amuc_1053 Sour:]eprlg(‘?’?:;‘i‘r”srgtrgifi” assembly 9.4 9.2 15
Amuc_1061 Outer membrane protein-like protein 8.0 8.4 21
Amuc_1098 Type Il and Il secretion system protein 10.3 9.8 3.0
Amuc_1114 ((j)gjrtr:aari?sgg;ne autotransporter barrel 6.5 70 34
Amuc_1283 ((j)g;qe;irr:lsp;:)eria:]ne autotransporter barrel 92 8.7 28
Amuc_1310 17 kDa surface antigen 10.0 9.6 2.2
Amuc_1333 Putative uncharacterized protein 7.0 4.0 931.8
Amuc_1382 Secretion protein HlyD family protein 7.0 6.4 3.6
Amuc_1412 Putative uncharacterized protein 9.5 9.2 1.9
Amuc_1420 Putative uncharacterized protein 5.5 5.7 1.6
Amuc_1434 Putative uncharacterized protein 7.4 7.5 1.1
Amuc_1439 gn;?tz?ric solvent tolerance protein OstA-like 8.6 8.3 2.1
Amuc_1500 Polysaccharide deacetylase 9.0 9.2 1.9
Amuc_1512 OmpA/MotB domain protein 6.1 5.8 2.2
Amuc_1514 Putative uncharacterized protein 6.7 6.4 1.8
Amuc_1525 Putative uncharacterized protein 6.6 6.7 1.2
Amuc_1537 ((j)(;:rtnearirr]nsgi)gia:]ne autotransporter barrel 8.7 8.2 33
Amuc_1583 Putative uncharacterized protein 7.0 7.0 1.1
Amuc_1620 ((j)gjrtr:aari?sgg;ne autotransporter barrel 76 6.3 20.7
Amuc_1638 Type Il and Il secretion system protein 9.4 8.9 3.7
Amuc_1656 Putative uncharacterized protein 9.8 9.5 2.0
Amuc_1684 TonB-dependent receptor 8.9 8.0 8.4
Amuc_1687 Putative uncharacterized protein 9.4 9.0 2.4
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Locus tag Annotation ez LAIIET el
(Log10 LFQ) | (Log10 LFQ) change
Amuc_1722 Outer_membr_ane autotransporter barrel 92 8.0 15.0
domain protein
Amuc_1723 ((j)uter‘membr‘ane autotransporter barrel 8.3 6.6 446
omain protein
Amuc_1743 Putative uncharacterized protein 8.8 8.8 1.2
Amuc_1891 Putative uncharacterized protein 9.6 6.6 909.0
Amuc 1939 Efflux ‘transporter, RND family, MFP 4.0 59 79.6
- subunit
Amuc_2043 RND effl_ux system, 0L_1ter membrane 92 9.2 11
lipoprotein, NodT family
Amuc_2077 Polysaccharide export protein 9.0 8.3 5.4
Amuc_2099 Putative uncharacterized protein 8.5 8.5 1.1
Amuc_2107 Putative uncharacterized protein 8.2 8.8 3.6
Amuc_2108 Glycoside hydrolase family 16 5.9 4.0 87.2
Amuc_2111 ErfK/YbiS/YcfS/YnhG family protein 7.8 7.8 1.0
Amuc_2127 Carbohydrate-selective porin OprB 9.1 8.5 4.4
Amuc_2152 YD repeat protein 6.3 6.8 3.2
Amuc_2165 Putative uncharacterized protein 5.9 4.0 76.7

Relative abundances of the proteins based on mass spectrometry analysis are presented on a log10
scale. Relative abundance of 4.0 represents proteins that were not detected or were under the detection
limit. Proteins with a change of > 10-fold between bacteria grown on mucin and glucose are color-coded
in grey.

Table 3. Putative OM proteins predicted and detected.

Locus tag Annotation Locus tag Annotation
Amuc_0146  Alpha-L-fucosidase Amuc_1011  Uncharacterized protein
Amuc_0173  Uncharacterized protein Amuc_1123 Uncharacterized protein
Amuc_0356 Uncharacterized protein Amuc_1143 YD repeat protein
Amuc_0434  Uncharacterized protein Amuc_1145 Uncharacterized protein
Amuc_0480 Alpha-1,3-galactosidase B Amuc_1340 Uncharacterized protein
Amuc_0599 Uncharacterized protein Amuc_1350 Uncharacterized protein

Amuc_0892 OM autotransporter barrel domain protein Amuc_1831 Uncharacterized protein
Amuc_0908 Uncharacterized protein Amuc_1945 Uncharacterized protein

Amuc_0983 YD repeat protein

A total of 17 proteins were predicted to be OM proteins but were not detected by mass spectrometry in
the OM fractions. However, the proteins Amuc_0356 and Amuc_0480 were detected in the sucrose
density-gradient samples and Amuc_0983, Amuc_1011 and Amuc_1945 were detected in the whole

proteome samples.
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Activity of mucin-degrading enzymes

The enzyme activity of four mucin-degrading enzymes (sialidase, fucosidase, N-
acetyl-B-glucosaminidase, GlcNAc-sulfatase) was measured from the OM fractions
and the intracellular fractions (Figure 5). The results indicated higher enzymatic
activity in the intracellular fractions than OM fractions, for both glucose and
mucin-grown cells. Most of these enzymes in A. muciniphila are predicted to be

periplasmic.
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Figure 5. Activity of mucin-degrading enzymes in the OM and intracellular
fractions. The enzyme activity of sialidase (A), fucosidase (B), N-acetyl-B-
glucosaminidase (C), and GlcNAc-sulfatase (D) was measured from OM and
intracellular fractions of A. muciniphila grown on mucin or glucose. Average of
duplicate measurements is shown.

Classification of A. muciniphila OM proteins

The proteins identified as potential OM proteins had multiple different functions
(Figure 6). Nine proteins from both conditions were outer membrane proteins
containing an autotransporter barrel domain. Four OM proteins of the mucin
condition and three of the glucose condition were found to be involved in RND
(Resistance-Nodulation-Division) efflux systems. Mucin-grown cells contained three
and glucose-grown cells two YD repeat proteins. The function of many of the
predicted OM proteins was unknown (26 proteins for mucin-grown and 29 for
glucose-grown cells). BLAST searches were performed for all uncharacterized
proteins with LFQ intensity above 8.5, but this did not reveal any closely related
proteins.
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Figure 6. Classification of OM proteins. Proteins in the OM fraction of A.
muciniphila grown on mucin (dark) or glucose (light) were identified by LC-MS/MS and
classified based on analysis of their sequences.

Intriguingly, the four most abundant OM proteins were the same in A. muciniphila
grown on mucin or glucose. Namely, type II and III secretion system protein
(Amuc_1098), 17 kDa surface antigen (Amuc_1310), TonB-dependent receptor
(Amuc_0336) and an uncharacterized protein (Amuc_1656).

BLAST searches revealed that the secretion system protein (Amuc_1098) showed
similarities to a protein with the same predicted function in Verrucomicrobium
spinosum (40 % identity, E-value: 0.0), and to hypothetical proteins from a
Verrucomicrobium sp. (41 % identity, E-value 0.0) and Haloferula sp. (48 %
identity, E-value 0.0) (Okazaki et al., 2014; Ward et al.,, 2000). Interestingly,
Amuc_1098 also showed 31 % identity (E-value 4 X 1086) to a fimbrial assembly
protein from V. spinosum, which is the closest described relative of A. muciniphila
(92 % sequence similarity) (Derrien et al., 2004). Furthermore, Amuc_1098 showed
27 % identity (E-value 5 x 10-62) to the type 4 fimbrial biogenesis protein PilQ from
Lentisphaera araneosa. A protein annotated as cell division protein FtsA
(Amuc_1101), which is predicted to be in the same gene cluster with Amuc_1098,
showed 32 % identity (E-value 8x 10-78) to type IV pilus assembly protein PilM, also
from V. spinosum. Electron microscope (EM) images from A. muciniphila revealed
fimbriae-like structures (Derrien et al 2009), and immuno-EM has confirmed the
presence of some of the OM proteins in these fimbriae (Huuskonen et al,
unpublished results).
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BLAST analysis predicted the protein sequence of Amuc_1310 to belong to the
Rick_17kDa_Anti superfamily, which includes several Rickettsia genus-specific 17
kDa surface antigen proteins. Also other 17 kDa surface antigens and (outer)
membrane proteins from various bacteria showed significant (30—40 %) identities to
Amuc_1310. The TonB-dependent receptor (Amuc_0336) showed low similarity
(sequence identity < 25 %) to TonB-dependent receptors, which are canonical
periplasmic-space spanning proteins involved in transport, and outer membrane
proteins from Pseudomonas aeruginosa. Amuc_1656 showed no similarity to any
protein with a known function.

Influence of environmental growth conditions on OM protein composition

From the identified OM proteins, 23 out of the 79 showed more than a 10-fold
change between A. muciniphila grown on either mucin or glucose (Table 2). Six out
of the nine proteins containing an autotransporter barrel domain were present at a
higher level in glucose-grown as compared to mucin-grown cells. In addition, a two
component regulator propeller domain protein (Amuc_0371) and a peptidase
(Amuc_0576) were more abundant in mucin-grown cells, whilst a glycoside
hydrolase family 16 protein (Amuc_2108) and peptidyl-prolyl cis-trans isomerase
(Amuc_1026) were present in higher abundance in glucose-grown cells. Many
uncharacterized proteins were among the ones with highest fold change differences
between the two conditions. There were four uncharacterized proteins (Amuc_0789,
Amuc_0837, Amuc_1333, Amuc_2165) exclusively found in the OM fraction
extracted from glucose-grown cells and one uncharacterized protein (Amuc_0006),
exclusively found in mucin-grown cells.

During the sucrose density-gradient centrifugation, the samples derived from
mucin and glucose-grown A. muciniphila behaved differently from each other. For
the mucin fractions the highest protein concentrations were measured from the top
of the gradient where the sucrose concentration was lower, whereas for the glucose
fractions the highest protein concentrations were at the bottom of the gradient
where the sucrose concentration is higher (Figure 1).

The production of PEP-CTERM proteins is confirmed in A. muciniphila

BLAST searches and subsequent TIGRFAM and PFAM analyses revealed that
three of the glucose-exclusive proteins in the OM fraction contained a PEP-CTERM
domain (Amuc_0789, Amuc_1333, Amuc_2165). This domain was first identified in
V. spinosum and is thought to be involved in protein sorting and cell surface
localization (Haft et al., 2006). The domain includes the motif Pro-Glu-Pro (PEP),
which is considered a potential recognition or processing site, followed by a
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predicted transmembrane helix and a cluster rich in basic amino acids. These
target proteins are generally destined to transit cellular membranes during their
biosynthesis and undergo further posttranslational modifications such as
glycosylation.

So far PEP-CTERM domains have only been found in the genomes of bacteria that
possess an inner membrane, a periplasm, an outer membrane, and the EpsH
(exopolysaccharide locus protein H) gene. An EpsH-like gene is also found in the
genome of A. muciniphila (Amuc_1470). We screened for the presence of PEP-
CTERM proteins in the genome of A. muciniphila and found 23 proteins containing
this domain (Table 4). The synthesis of nine of these was confirmed by mass
spectrometry as they were present in at least one of the analyzed bacterial
fractions. We did not detect any A. muciniphila EpsH peptides in our proteomic
analysis. Also other studies have failed to show proteomic evidence for EpsH from
organisms known to encode it in their genome (Haft et al., 2012).

A. muciniphila OM proteins evoke a stronger TLR2 response than
intracellular proteins

To study the impact of A. muciniphila OM proteins on the host immune response,
Toll-like receptor 2 (TLR2) activation by the whole proteome, OM fraction and
intracellular fraction was compared (Figure 7). All the tested protein fractions
activated the NF-xB pathway through TLR2 receptor. The OM fraction of mucin-
grown bacteria led to a higher TLR2 response than the intracellular fraction,
whereas for glucose-grown bacteria there was no difference in the response between
the fractions. This indicates that A. muciniphila OM proteins may play an
important role in stimulating the immune system, but the response of more defined
protein fractions should be tested to clarify the results.
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Table 4. PEP-CTERM domain-containing proteins predicted and detected.

Mucin Glucose
Whole Outer Whole Outer
Locus tag proteome Intracellular membrane proteome Intracellular membrane
Amuc_0215 ND ND ND ND ND ND
Amuc_0428 ND ND ND ND ND ND
Amuc_0622 ND ND ND ND ND ND
Amuc_0646 6.49 6.62 ND 6.49 7.32 6.21
Amuc_0688 ND ND ND ND ND ND
Amuc_0789 6.93 7.82 ND 5.84 8.35 7.22
Amuc_0825 ND ND ND ND ND ND
Amuc_0952 ND 6.97 ND 5.05 7.59 5.70
Amuc_0990 4.63 5.35 ND 5.57 6.78 ND
Amuc_0991 ND ND ND ND ND ND
Amuc_1028 ND ND ND ND ND ND
Amuc_1209 ND ND ND ND ND ND
Amuc_1221 ND ND ND ND ND ND
Amuc_1266 ND ND ND ND ND ND
Amuc_1333 6.81 7.39 ND 6.61 7.94 6.97
Amuc_1451 ND ND ND 4.54 7.02 ND
Amuc_1560 ND ND ND ND ND ND
Amuc_1978 ND ND ND ND ND ND
Amuc_1982 ND ND ND ND ND ND
Amuc_2045 ND 5.48 ND 6.16 6.68 ND
Amuc_2105 ND ND ND ND ND ND
Amuc_2126 4.66 5.83 ND 5.51 6.84 ND
Amuc_2165 ND 7.35 ND 4.77 7.79 5.88

A total of 23 proteins were found to contain a PEP-CTERM domain in the genome of A. muciniphila. All
the proteins are uncharacterized. Proteomic evidence was detected for nine of these. Relative
abundance of the protein on a log10 scale in the fractions is shown. ND; not detected.
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Figure 7. A. muciniphila protein fractions activating the TLR2 signaling
pathway. TLR2 signaling in the HEK-Blue hTLR2 cell line by whole proteome, outer
membrane fraction and intracellular fraction of A. muciniphila grown on mucin or
glucose. 1 pg of protein/well was used for stimulation. DMEM; medium control,
PAMS3CSK4; positive control. *, P<0.05 compared to DMEM. Mean and standard
deviation from three experiments are shown.

Discussion

Using a combination of experimental mass-spectrometry based identification and
advanced bioinformatics, we identified 79 putative OM proteins in A. muciniphila,
which comprises 3.6 % of the 2176 predicted protein-coding sequences in this
mucus-degrading intestinal bacterium. This fraction is slightly higher than that
found in other Gram-negative bacteria where it was estimated that 2-3 % of the
genome codes for OM proteins (Molloy et al., 2000; Wimley, 2003). As we included
membrane-associated extracellular proteins in the analysis, the actual number of
OM proteins in A. muciniphila is presumably somewhat lower. Extracellular
proteins were included as they may be involved in communication with the host
and are therefore of great interest. Seven different bioinformatics tools were
employed to characterize A. muciniphila OM and extracellular proteins based on
the predicted secretion signals, occurrence of transmembrane strands, presence of
beta-barrel structures and attachment to the cell wall by lipid motifs.

Since it was discovered that sarkosyl can selectively solubilize cytoplasmic and
inner membranes while conserving the integrity of the OM, this ionic detergent has
been widely used in the purification of OM proteins in Gram-negative bacteria
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(Brown et al., 2010; Moumene et al., 2015; Rhomberg et al., 2004). In comparison to
other methods, sarkosyl extraction leads to higher purity and better reproducibility
of the OM extracts, while the basis for OM resistance to this detergent is not known
(Filip et al., 1973; Frankel et al., 1991). In our study, using the sarkosyl-method led
to enrichment of OM proteins, but many proteins from other cellular locations were
also present. The high sensitivity of LC-MS/MS might be one of the reasons why so
many proteins were identified from the fractions, and by optimizing the protocol,
the abundance of non-OM proteins could be further reduced. Despite this we were
able to identify a set of putative OM proteins from the fractions. However, due to
the challenges of optimizing the extraction method for a new species, i.e. A.
muciniphila, the mass spectrometry analysis was only performed for one sample
from each growth condition and fractionation method. The extraction and
subsequent mass spectrometry analysis should be repeated to confirm robustness of
the results.

In addition to the OM proteins produced by A. muciniphila, we identified another
12 OM proteins from the genome using in silico analysis. These were not present in
any of the studied fractions. Based on RNA-seq data all the genes encoding these
proteins are transcriptionally active (Chapter 3), suggesting that their absence
from the proteomics dataset could be due to a methodological reason, such as their
high hydrophobicity. However, prediction of protein hydrophobicity did not reveal
any of the 12 proteins to be particularly hydrophobic. It is also possible that these
proteins were produced in such low amounts that they were not detected by LC-
MS/MS. The sizes of these proteins ranged from 30 to 220 kDa, which should not
pose a problem as both smaller and bigger proteins were identified by mass
spectrometry.

Enzyme activity assays confirmed the activity of mucin-degrading enzymes in A.
muciniphila, and showed higher activity in the intracellular fractions in
comparison to OM fractions. This is most likely because the enzymes are
transported from the cytoplasm to the periplasmic space, and are not bound to the

membranes.

More insight into the OM proteome biosynthesis of A. muciniphila was generated
through 1isolation and identification of proteins covering the most important
pathways of OM biogenesis. The YaeT protein (Amuc_1053), which is an essential
protein for OM protein biogenesis due to its role in insertion of beta-barrel proteins
into the OM (Tokuda, 2009; Werner and Misra, 2005), was among the ten most
highly abundant proteins in the extracted OM fractions. Furthermore, the organic
solvent tolerance protein (Amuc_1439), known also as increased membrane
permeability (Imp) protein, needed in LPS transport to the bacterial cell surface
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(Bos et al., 2004), was found in high abundance. Based on these observations, the
presence of a Gram-negative OM in A. muciniphila is very likely, whereas evidence
for the presence of an intracytoplasmic membrane is still scarce. Previously one
study has observed partial compartmentalization in A. muciniphila cells using EM
(Dubourg et al., 2013). Another study identified a highly conserved genetic module
preferentially present in compartmentalized PVC species, but this was not found in
A. muciniphila (Kamneva et al., 2012). In this study, the presence of the protein
domain DUF1501 correlated with organisms known to contain intracellular
membranes, including V. spinosum, the closest described relative of A. muciniphila.
However, one Planctomycetes species, Kuenenia stuttgartiensis, known to possess
intracellular membranes, did not have the domain.

The type II and III secretion system protein (Amuc_1098) was found to be the most
highly produced OM protein in A. muciniphila, regardless of the environmental
conditions. Another type II and III secretion system protein (Amuc_1638) was also
found in high abundance in the OM fractions (Table 2). These types of proteins are
involved in transport of many different substrates across the OM (Diepold and
Wagner, 2014; Nivaskumar and Francetic, 2014). The substrates can also remain
anchored to or bound at the surface of the bacteria after secretion. According to our
recent analysis, the gene cluster that includes Amuc_1098, may be involved in
formation of fimbriae (Huuskonen et al, unpublished results). This would make it
an interesting candidate for immune signaling in A. muciniphila, as fimbriae and
pili structures are known to be involved in the modulation of host immune
responses (Craig and Li, 2008; Ehara et al., 1993; von Ossowski et al., 2013).
However, more research is needed to identify the actual proteins that form the
fimbriae in A. muciniphila.

Other groups of OM proteins found to be produced by A. muciniphila were
autotransporters, RND multidrug efflux pumps and YD proteins. Autotransporters
are an extensive family of proteins, which can be either secreted or cell-surface-
exposed, and function for example as enzymes, adhesins, cytotoxins or mediate
bacterial motility (Grijpstra et al., 2013). They have mainly been studied for their
virulence-related properties in pathogens but are also commonly found in non-
pathogenic bacteria. RND multidrug efflux pumps exist in a tripartite form
traversing both the OM and IM, and thus they are able to efficiently pump out drug
molecules directly into extracellular space (Nikaido, 2011). The function of YD
proteins is not very well studied but they have been suggested to be involved in
carbohydrate binding and bacterial interactions with eukaryotic host cells (Jackson
et al., 2009; Koskiniemi et al., 2013).
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Among the highly abundant proteins in the OM fractions were several proteins
annotated as cytoplasmic, including six ribosomal proteins. It is possible that these
proteins were so abundant in the cultures that they ended up in high
concentrations also in the OM fraction, but it may also be that they have secondary
roles in the bacteria. Proteins that are able to perform two or more functions are
called moonlighting proteins (Copley, 2012). Several glycolytic, housekeeping and
ribosomal proteins are often found on the surface of bacteria where they develop
other functions (Henderson and Martin, 2011; Sherry et al., 2011).

The presence of specific OM proteins in Gram-negative bacteria is modulated by
the available carbon and energy sources (Haussmann et al., 2009; Papasotiriou et
al., 2008; Yang et al., 2011). The abundance of one third of the putative A.
muciniphila OM proteins was altered during growth on glucose in comparison to
mucin. However, for most of these proteins, the presence of other proteins with the
same function was found in both conditions. This suggests that the specific function
is not missing, but is taken over by a different protein. Unfortunately, many of the
proteins that were most affected by the difference in carbon sources remain
uncharacterized, despite efforts to search for related proteins. This is a common
issue when handling proteomics data, especially as A. muciniphila belongs to a
phylum which has not been studied extensively yet. Further research into the
function of these proteins could reveal important characteristics of A. muciniphila.

Differences between the two growth conditions were also seen during the sucrose
density-gradient method, where the migration patterns differed markedly between
samples derived from mucin or glucose-grown A. muciniphila. This may be a
consequence of the higher protein concentration of the initial mucin sample that
was laid on top of the gradient, in comparison to the glucose sample, or an
indication of a higher ratio of low-density proteins in the mucin-grown A.
muciniphila. No clear explanation for the different behavior was found from the
proteomic analysis of the fractions. Additional experimental work is required to
find out whether the difference is caused by a technical or a biological reason.

To our knowledge, this is the first proteomic evidence for the presence of PEP-
CTERM proteins in bacteria. Previous research failed to detect peptides from
proteins containing this domain in four Cyanothece strains, and only described
peptides from the archaeal PGF-CTERM system (Haft et al., 2012). A. muciniphila
encodes 23 PEP-CTERM proteins and we detected nine of these by mass
spectrometry. The proteins were present in relatively low abundance in the whole
proteome samples, which may explain the difficulty in detecting them. Higher
levels of PEP-CTERM proteins were detected in the intracellular fractions
compared to outer membrane fractions. These proteins may be heavily
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posttranslationally modified, including removal of N-terminal and C-terminal
transmembrane domains and extensive glycosylation (Haft et al., 2012). This
complicates the identification of these peptides by mass spectrometry, implying
that they are more easily detected in the intracellular fraction where the
modifications may have not taken place yet. Thus, we cannot conclude whether the
proteins were more abundantly present in the cytoplasm as opposed to the outer
membrane, or if the observed lower levels were due to difficulties in assigning the
proteomic data. Addition of a deglycosylation step to the sample preparation
protocol might enhance the identification of PEP-CTERM proteins. In conclusion,
these findings suggest that A. muciniphila may be a well-suited model organism for
studying the PEP-CTERM/exosortase system in bacteria, as relatively little is
known about it thus far.

Finally, we showed that A. muciniphila proteins activate the intestinal TLR2
receptor through the NF-xB pathway in vitro. The results suggested that OM
proteins may lead to a higher immune response than intracellular proteins. The
role of A. muciniphila OM proteins in host immune response is further studied in
Chapter 6.

In summary, this study provides the first proteomic characterization of A.
muciniphila OM proteins. We have identified highly abundant proteins involved in
secretion and transport, as well as many uncharacterized proteins. These results
form a valuable dataset for further studies on the exact roles of individual proteins,
especially in respect to the immunomodulatory properties of A. muciniphila.
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CHAPTER 6

Summary

The abundance of Akkermansia muciniphila, a microbe colonizing the gut mucosa,
is reduced in obesity and inflammatory diseases, but its immunological properties
are unexplored. Here A. muciniphila MucT showed immunostimulatory capacities
in relevant in vitro models by inducing production of cytokines and activating Toll-
like receptor (TLR) 2 and TLR4. Levels of IL-10 induced by live A. muciniphila
were similar to those induced by Faecalibacterium prausnitzii A2-165 and
Lactobacillus plantarum WCFS1. A set of A. muciniphila cell-envelope proteins
was found to be enriched for TLR2-signaling capacity and candidate proteins were
purified. This resulted in the identification of a 30 kDa protein as the main
candidate for activating TLR2 and cytokine response as well as increasing
transepithelial resistance. Localization studies confirmed this protein to be located
in the outer membrane. These results indicate that outer membrane protein
composition of A. muciniphila prompts immunological homeostasis in the gut
mucosa by keeping the immune system alert and by improving gut barrier function.
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Introduction

The human gastrointestinal (GI) tract provides a living environment for the
complex and diverse microbiota, which is involved in many metabolic, nutritional,
physiological and immunological interactions with the host (Sommer and Backhed,
2013).

The host immune system plays an important role in distinguishing between
commensal and pathogenic bacteria. On one hand, the immune system needs to
stay alert to recognize potential pathogens, and on the other hand, it has to tolerate
the commensal bacteria inhabiting the gut (Rescigno, 2013). This homeostasis is
achieved through pattern recognition receptor (PRR) families expressed in immune
cells. PRRs, such as Toll-like receptors (TLRs) and nucleotide binding and
oligomerization domain-like receptors (NLRs), identify microbe-associated
molecular patterns (MAMPs). MAMPs are molecules associated with both
commensal and pathogenic microorganisms. Another important component of the
mucosal immune system are the secretory immunoglobulins, such as IgA and IgG,
which are secreted by plasma cells and function by excluding bacteria from the
epithelium (Belzer et al., 2011; Strugnell and Wijburg, 2010). Defining the
immunomodulatory capacity of members of the microbiota is essential in
understanding their involvement in the establishment of mucosal tolerance and
balanced intestinal immune responses. There is also growing evidence about the
influence of the gut microbiota on the systemic immune system, and consequently,
the development of autoimmune diseases (Kuhn and Stappenbeck, 2013).

One of the key players in the colonic mucus-associated microbiota is Akkermansia
muciniphila, which colonizes a considerable part of the human population and
comprises 1-4 % of the fecal microbiota of healthy adults (Derrien et al., 2008;
Derrien et al., 2004). This bacterium is highly adapted to its living environment as
it is capable of using mucin as the sole carbon and nitrogen source. Levels of A.
muciniphila have been shown to be inversely correlated with several disorders,
such as inflammatory bowel diseases (IBD) (Png et al., 2010; Rajilic-Stojanovic et
al., 2013), appendicitis (Swidsinski et al., 2011), obesity (Karlsson et al., 2012) and
diabetes (Zhang et al., 2013), but not much is known about its immunological
mechanism of action.

The impact of A. muciniphila on the host has been studied in mono-associated mice
and organoids, where most of the genes affected by the bacteria were implicated in
immune and metabolic responses (Derrien et al., 2011; Lukovac et al., 2014). The
induction of immune response-associated genes was most obvious in the colon of A.
muciniphila colonized mice, where over 60 genes, including 16 genes encoding

125



CHAPTER 6

cluster of differentiation (CD) antigen markers and 10 genes encoding immune cell
membrane receptors were up-regulated upon exposure. The impact on host
metabolism is in line with the fact that A. muciniphila can have an inhibiting effect
on obesity and diabetes development. The abundance of A. muciniphila decreased
in obese and type 2 diabetic mice, and treatment with the bacteria reversed high-
fat diet induced metabolic disorders, such as adipose tissue inflammation (Everard
et al., 2013). This was confirmed in a later study where A. muciniphila-
administered high-fat diet fed mice showed improved glucose tolerance and an
increase in the number of goblet cells and adipose tissue-resident CD4+ Foxp3+
regulatory T cells (Shin et al., 2014). Conversely to these studies implying a
protective effect of A. muciniphila on intestinal barrier function and immune
stimulation, several mouse studies have reported increased numbers of these
mucosal bacteria in dextran sodium sulfate (DSS)-induced colitis (Berry et al.,
2012; Hakansson et al., 2014; Kang et al., 2013). This could be explained by a
simple outgrowth of A. muciniphila in response to the thickening of the mucus
layer during DSS-induced colitis. A similar explanation can rationalize the
observation that A. muciniphila administration in a minimal community appeared
to aggravate Salmonella enterica Typhimurium-induced gut inflammation in a
gnotobiotic mouse model (Ganesh et al., 2013).

The aim of this study was to characterize the immunomodulatory properties of A.
muciniphila MucT by measuring cytokine production in human derived peripheral
blood mononuclear cells (PBMCs) and activation of inflammatory pathways on
reporter cell lines expressing either TLR2/4/5/9 or NOD2-receptor. The immune
response of A. muciniphila was compared to two other commensals,
Faecalibacterium prausnitzii A2-165 and Lactobacillus plantarum WCFS1. A
proteomics approach was used to identify candidate signaling molecules from
bacterial fractions, and a collection of these proteins were purified from
overproducing Escherichia coli clones. These proteins were tested for their capacity
to induce TLR2-signaling, cytokine production and to affect transepithelial
resistance (TER) in Caco-2 model system. Localization of specific proteins was
studied with immunofluorescence labeling using specific antibodies.
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Results

A. muciniphila stimulates species-specific cytokine patterns when
compared to other commensals. Stimulation of peripheral blood mononuclear
cells (PBMCs) with A. muciniphila MucT resulted in induction of both anti- and
proinflammatory cytokines (IL-18, IL-6, IL-8, IL-10 and TNF-a). This induction was
seen for live cells as well as for heat-killed cells and supernatant (Table 1). Among
the measured cytokines, IL-10, IL-8, IL-6 and TNF-a were the highest induced.

A. muciniphila immune stimulation in PBMCs was compared to two other
established beneficial gut microbes, Faecalibacterium prausnitzii A2-165 and
Lactobacillus plantarum WCFS1. The stimulation of PBMCs led to a microbe-
specific pattern of all tested microorganisms. In comparison to F. prausnitzii, A.
muciniphila induced higher levels of IL-6 and IL-8, while levels of IL-10 were
similar and levels of TNF-a were lower (Table 1, Figure 1A-D). Compared to L.
plantarum, A. muciniphila induced higher levels of IL-6, IL-8 and IL-10 but less
TNF-a (Table 1, Figure 1A-D). PBMCs were also stimulated with the supernatants
of these bacteria leading to a markedly different cytokine response for IL-10 and
TNF-a, whereas IL-8 and IL-6 showed more similar patterns compared to live
bacteria (Figure 1E-H). Remarkably, A. muciniphila supernatant induced
significantly more IL-10 than F. prausnitzii supernatant and more IL.-10 and TNF-
a than L. plantarum supernatant (Figure 1E, F).

Table 1. Effect of bacteria and bacterial fractions on eytokine production of human PBMCs.

Cytokine Live Heat-killed Supernatant Live Live
(pg/ml) A. muciniphila A. muciniphila A. muciniphila F. prausnitzii L. plantarum
IL-18 894 = 298 392+ 71 1650 = 510 870+ 301 894 + 298
IL-6 18029 + 309 13477 + 2014 23225 + 8102 10178 + 2648 TO28 + 2812
IL-8 60018 = 18229 54230 £ 2030 86171 = 32298 48354 £ 10526 33085 £ 16760
IL-10 823+ 310 638+ 118 1221 £+ 310 834+ 388 333+ 215
TNF-a 1920 = 349 957 = 568 2095= 1249 5545= 2615 5459 = 2830
IL-12p70 <2 <2 <2 <2 253 + 233
Supernatant filtrates

g;:l‘]m 10kDafiltrate  30kDa filrate 100 kDa filtrate ?ﬁrlif’ 1?32:23
IL-16 <8 =8 62+ 29 678 350 949 + 522
IL-6 22+ 23 569+ 430 2556+ 1049 18697 £ 7097 18717 + 7326
IL-5 4321 £ 4530 11928+ 7128 20040 = 14973 T4208+ 28348 73695 = 36442
IL-10 <4 64 43+ 28 937 + 287 1215 £ 379
TNF-a <4 37T=48 247 = 255 1476 = 849 1188 =930
IL-12p70 <2 <2 <2 <2 <2
Sucrose density-gradient separated fractions and purified Amue_1100

Cytokine Fraction 1 Fraction 2 Amuc_1100

(pg/ml) (4.5 pg/ml) (4.5 pg/ml) (4.5 pg/ml)

IL-16 437 = 225 =8 504 = 227

IL-6 9312 £+ 3329 414 £ 364 12508 £ 2362

IL-8 64877 £ 19528 13339 = 5039 45432 = 12307

IL-10 941 + 404 2118 526+ 180

TNF-a 2165+ 883 60 = 35 1317 = 885

IL-12p70 <2 =2 =2

Data are presented as mean = SD, n = 3 donors

127



CHAPTER 6

A. IL-10 B. TNF-a
1600 10000 -
| O
1200 - . 8000 i A
. | .
= £ 6000 -
E A A E
S 800 - 5 | .
a - S 4000
o o o 4
400 - o
w 2000 | 2
0 0. T .
A. muciniphila F. prausnitzii L. plantarum A. muciniphila F. prausnitzii L. plantarum
Live cells Live cells
C. IL-8 D. IL-6
"
80000 - 30000 ‘ .
*
1
60000 A
+ 20000 +
E E &
£, 40000 - o £
2 2 *
10000 ] *
20000 - A
o ]
0 . : \ 0+
A. muciniphila F. prausnitzii L. plantarum A. muciniphila F. prausnitzii L. plantarum
Live cells Live cells
E. IL-10 . F TNF-a
2000 - ‘ " 4000 *
* [
1
1600 - . 3000 A
A -
£ 1200 E 2000 *
£ >
2 800 o a2
400 1000 o 4
*
0- . & . & ; 0 ; o ®
A. muciniphila F. prausnitzii L. plantarum A. muciniphila F. prausnitzii L. plantarum
Supernatant Supernatant
G. IL-8 H IL-6
160000 40000
120000 . 30000 hd
.
2 a d ] R
o O
40000 A 10000 Q A
0+ : ) 0 " ) 0
A. muciniphila F. prausnitzii L. plantarum A. muciniphila F. prausnitzii L. plantarum
Supernatant Supernatant

#Donor1 DDonor2 aDonor3

Figure 1. Effect of A. muciniphila, F. prausnitzii and L. plantarum on cytokine
production of human PBMCs. IL-10 (A), TNF-a (B), IL-8 (C) and IL-6 (D) responses of
human PBMCs (n = 3 donors) stimulated with A. muciniphila, F. prausnitzii and L.
plantarum live cells. IL-10 (E), TNF-a (F), IL-8 (G) and IL-6 (H) responses of human
PBMCs (n = 3 donors) stimulated with A. muciniphila, F. prausnitzii and L. plantarum
supernatant. *, P<0.05.
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Figure 2. A. muciniphila activates signaling pathways through TLR2 and TLR4. (A) TLR4
signaling by live A. muciniphila (~107 bacteria/well), A. muciniphila supernatant and LPS isolated
from A. muciniphila (concentration corresponds to amount of LPS in ~107 A. muciniphila cells).
DMEM: medium control, LPS-EB: positive control (concentration corresponds to amount of LPS in
~107 E. coli cells). (B) TLR2 signaling by live A. muciniphila (~107 bacteria/well), A. muciniphila
supernatant and LPS. DMEM; medium control, PAM3CSK4; positive control. (C) TLR2 signaling
by live A. muciniphila, L. plantarum, F. prausnitzii and B. breve (~106 bacteria/well). (D) TLR2
signaling in a Transwell system compared to control (i.e. samples not separated from the cell line
by a membrane). (E) TLR2 signaling by filtrated supernatant signaling molecules. (F) TLR2
signaling by A. muciniphila bacterial fractions (1 pg of protein/well). (G) TLR2 signaling by A.
muciniphila purified protein Amuc_1100 (0.01, 0.1 and 1 pg of protein/well). (H) TLR2 signaling by
A. muciniphila purified proteins Amuc_0451, Amuc_0625 and Amuc_2136 (0.1 and 1 pg of
protein/well). DMEM; medium control, ¥, P<0.05 compared to DMEM. See also Figure S1.
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A. muciniphila activates the NF-kB pathway through TLR4 and TLR2
receptors. To determine which intestinal receptors are involved in immune
stimulation of A. muciniphila, reporter cell lines expressing TLR2, TLR4, TLR5,
TLR9 or NOD2 receptors were employed. The strongest activation was seen on
TLR4 (Figure 2A) and TLR2 (Figure 2B). A. muciniphila did not activate TLR5 and
TLR9, and only minor activation was seen for NOD2 (data not shown).

TLR2 responses were higher in the presence of A. muciniphila compared to L.
plantarum (Figure 2C), but there was no significant difference between the TLR2
response induced by F. prausnitzii and A. muciniphila (Figure 2C). However, the
TLR2 response towards A. muciniphila was lower than the induction by the Gram-
positive Bifidobacterium breve DSM-20213 (Figure 2C).

TLR4 is an important receptor for recognizing Gram-negative sensitive
lipopolysaccharide (LPS). We first verified the presence of LPS in A. muciniphila by
using a protocol to extract LPS from bacterial cells and applying silver staining to
visualize it on a gel (Figure S1). In these reporter cell line-experiments both live
bacteria and A. muciniphila LPS significantly stimulated NF-kB dependent
secreted embryonic alkaline phosphatase (SEAP) production via TLR4 (Figure 2A).
On top of this, A. muciniphila LPS induced production of IL-8, IL-6 and low
amounts of IL-10 and TNF-a in PBMCs (data not shown). As expected, A.
muciniphila LPS did not induce a TLR2 response (Figure 2B).

30 kDa outer membrane protein (Amuc_1100) is a strong TLR2 activator
and induces cytokines in PBMCs. A. muciniphila supernatant activated TLR2
as the NF-xB activity persisted while bacteria were separated from the cell line by
a membrane in a Transwell assay (Figure 2D). This indicates A. muciniphila can
activate TLR2 with both cell derived fragments and extracellular molecules. The
main fermentation products in the supernatant of A. muciniphila are acetate and
propionate, but no effect on NF-xB activity was observed for these fatty acids at a
concentration of 1 mM (data not shown). Using centrifugal membrane filters of
differing pore sizes, we could demonstrate that for TLR2 and cytokine induction the
size of signaling molecules from the supernatants had to be larger than 100 kDa
(Figure 2E). The production of IL-8, IL-18, IL-6, IL-10 and TNF-a by PBMCs
increased along with the molecule size of the filtrated supernatant (Table 1.)

Next we separated bacterial membranes from intracellular proteins with sucrose
density-gradient centrifugation. LC-MS/MS-analysis was done on four different
fractions along the gradient to identify the proteins and determine their relative
amounts. Two samples (Fraction 1 & 2) separated with sucrose density-gradient
centrifugation were found to differ notably in the relative amount of cell envelope
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proteins. In total 117 cell envelope proteins were detected in these fractions, with
84 of them exclusively found in Fraction 1 (Figure 3A). Fraction 1 was especially
enriched for proteins involved in protein transport and secretion, in comparison to
Fraction 2. Fraction 2 had a more heterogeneous protein content based on protein
function, but overall lower diversity of proteins. Among the most abundant proteins
in Fraction 2 were mucin-degrading enzymes (glycosyl hydrolase, beta-
galactosidase, N-acetylhexosaminidase) and other enzymes (alanine-glyoxylate
transaminase, hyalurononglucosaminidase). These fractions were also tested on the
TLR2 cell line and PBMCs in equal protein concentrations. Fraction 1 induced
higher TLR2 activity than Fraction 2 (Figure 2F). Fraction 1 also induced higher
cytokine production in PBMCs as compared to Fraction 2 (Table 1).
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Figure 3. Proteins encoded by the gene cluster Amuc_1098 to Amuc_1102 are
found abundantly in a fraction enriched for membrane and cell-envelope
proteins. (A) Number of A. muciniphila membrane and cell-envelope proteins detected
with LC-MS/MS in two different fractions from a sucrose density-gradient separation
method. (B) Amuc_1098 to Amuc_1102 gene cluster. (C) Abundance of proteins found in
Fraction 1 vs. Fraction 2. Relative abundances of the proteins are presented on a log10
scale. A log10 relative abundance of 3.5 represents proteins that were not detected or
were under the detection limit.
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Based on proteomics analysis with LC-MS/MS we discovered that the relative
abundance of all proteins that were encoded by a gene cluster corresponding to
locus tags Amuc_1098 to Amuc_1102 (Figure 3B), was at least ten times higher in
Fraction 1 compared to Fraction 2 (Figure 3C). Amuc_1098 is predicted to encode a
type II and type III secretion system protein and Amuc_1101 is predicted to encode
a cell division protein FtsA. The other three genes (Amuc_1099, Amuc_1100,
Amuc_1101) are annotated as hypothetical proteins. All the genes, except for
Amuc_1101, have a signal sequence at the N terminus, indicating they are destined
towards the secretory pathway. We used immunofluorescence labeling to localize
the proteins in the bacteria, and successfully identified Amuc_1100 (32 kDa) as an
outer membrane protein (Figure 4B). However, some variation was observed in the
intensity of the labeling of the A. muciniphila cells with the anti-Amuc_1100
antibodies (Figure 4B). Similarly, the labeling intensity also varied, but in a less
extensive way, with the whole cell antibody (Figure 4A).

A. Whole cell antiserum B. Amuc_1100

Figure 4. Amuc_1100 is located on the outer membrane of A. muciniphila.
Immunofluorescence staining of A. muciniphila cells with whole cell antiserum (A) or
anti-Amuc_1100 (B) and Alexa-488-conjugated secondary IgG. Phase-contrast images of
the same microscopic fields are shown below.
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Purified recombinant Amuc_1100 protein gave specific induction of TLR2 (Figure
2G) and was able to induce IL-18, IL-6, IL-8, IL-10 and TNF-a production in
PBMCs (Table 1). As the genes Amuc_1101 and Amuc_1102 did not lead to
overproduced soluble proteins, we were not able to test the effect of these proteins
on the immune response. As a control to Amuc_1100, secreted enzymes that are
involved in A. muciniphila mucin degradation were tested. It was found that the
enzymes Amuc_0451 (sulfatase), Amuc_0625 (exo-alpha-sialidase), and Amuc_2136
(glycoside hydrolase) are abundantly produced by A. muciniphila and dose-
dependent TLR2-signaling was detected for each of them (Figure 2H). However, the
TLR2-signaling response tended to be lower for these periplasmic enzymes in
comparison to Amuc_1100.

Additionally, we tested the impact of A. muciniphila and the purified recombinant
proteins on the development of the integrity of epithelial cell layer by determining
the TER of Caco-2 monolayers. A. muciniphila showed a significantly increased
TER after 24 h of co-cultivation with the Caco-2 cells as reported previously
(Reunanen et al., 2015) (Figure 5). In our assay also Amuc_1100 showed a
significantly increased TER at 24 h (Figure 5), whereas the other purified proteins
(Amuc_2136, Amuc_0625 and Amuc_0451) did not significantly increase TER (data
not shown). E. coli is known to have adverse effects on epithelial cell monolayer
integrity and decreased the TER (Figure 5) (Geens and Niewold, 2010).
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Figure 5. A. muciniphila and outer membrane protein Amuc_1100 increase the
development of transepithelial electrical resistance. The impact of A.
muciniphila, purified protein Amuc_1100 (0.05 npg/ml) or E. coli on the TER
development of Caco-2 monolayer after 24 h of stimulation. Mean and standard
deviations from three parallel wells are shown. Significant differences (p < 0.05) in the
TER values as compared to control (growth medium without bacteria) at 24 h are
indicated with an asterix.
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Discussion

A. muciniphila MucT was capable of inducing a wide range of immunomodulatory
responses in vitro. The immune modulatory capacity was traced back to large
molecule complexes with a molecular size of over 100 kDa. Subsequently, we
showed that a bacterial fraction enriched in cell envelope proteins, presumably
including large structures exposed to the surface of the bacteria, induced high
TLR2 signaling and cytokine production in PBMCs. We showed this fraction to be
highly enriched in a set of proteins encoded by the gene cluster Amuc_1098 -
Amuc_1102 that could constitute the fimbriae-like structures observed in electron
microscope images (Derrien et al., 2004). Amuc_1100 is part of this gene cluster,
and its 30-kDa product could be overproduced in E. coli and found to induce
production of IL-6, IL-8 and IL-10 in PBMCs. Moreover, using immunofluorescence
microscopy we could localize the Amuc_1100 protein at the outside of A.
muciniphila cells, compatible with its location in fimbriae-like structures. Some
heterogeneity in the immunolabeling was observed, possibly reflecting different
amounts of fimbriae per cell. As A. muciniphila is located in the mucus layer, not
far from the epithelial cells, it may benefit from these types of appendages when
interacting with the host.

In addition, a few secreted mucin-degrading enzymes also activated PBMCs and
TLR2. Previously it was reported that A. muciniphila extracellular vesicles (EV)
stimulate IL-6 secretion, but pre-treatment of a colon epithelial cell line with these
EV before treating them with E. coli EV, decreased IL-6 production as compared to
treatment with E. coli EV alone (Kang et al., 2013). It is unclear which proteins are
present in the A. muciniphila EV that trigger the response, and whether mucin
fragments from the culture medium may have confounded the results. In our study
A. muciniphila was grown on non-mucus medium for all the immune assays to
prevent compounds of hog gastric mucin from interfering with the immune
response.

IL-8, IL-6, IL-18, IL-10 and TNF-a were induced by A. muciniphila in human
derived PBMCs, indicating it cannot be strictly defined as anti- or
proinflammatory, but may instead have a more complex role in preserving the
balance of the gut ecosystem. Interestingly, live bacteria induced significantly
higher IL-18 production than heat-killed bacteria, suggesting that cell derived
fragments as well as secreted compounds have an important role in the immune
signaling. The immunomodulatory outer membrane structures may have also been
damaged during the heat treatment. Stimulation of PBMCs with A. muciniphila
led to production of proinflammatory IL-8. However, a recent study showed that A.
muciniphila induced IL-8 production in enterocytes at 100-fold higher cell
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concentrations as compared to E. coli, suggesting a fairly low inflammatory
potential in the gut (Reunanen et al., 2015).

The immune modulatory effects observed for A. muciniphila were distinct from the
microbiota members F. prausnitzii A2-165 and L. plantarum WCFS1. Differential
host response towards A. muciniphila and F. prausnitzii also became apparent in a
study conducted with mouse derived organoids (Lukovac et al., 2014). Therein, A.
muciniphila triggered mostly regulation of metabolic markers as compared to F.
prausnitzii. In the model systems used in the present study A. muciniphila and F.
prausnitzii live cells induced very similar amounts of IL-10. Interestingly, A.
muciniphila supernatant induced high amounts of IL-10, whereas F. prausnitzii
supernatant barely stimulated any IL-10 production. This would indicate greater
anti-inflammatory capacity for A. muciniphila secreted products and metabolites in
comparison to F. prausnitzii. As Amuc_1100 was shown to be located on the outer
membrane of A. muciniphila, it is plausible that this protein is also liberated to the
supernatant and therefore contributes to stimulation of IL-10. Another possibly
important difference between the secreted compounds produced by these two
bacteria is the production of mucin-degrading enzymes, which are abundantly
present in A. muciniphila, but not in F. prausnitzii.

The cytokine response of human PBMCs was consistently lower for L. plantarum
compared to A. muciniphila, except for induction of TNF-a. This is in line with the
comparison of mouse transcriptional response to colonization with A. muciniphila
or L. plantarum, which revealed that A. muciniphila induces relatively higher up-
regulation of genes participating in immune response signaling and ERK/MAPK
signaling (Derrien et al., 2011). Despite greater immune response, the A.
muciniphila-colonized mice did not develop microscopically visible inflammation or
show any sign of discomfort. The diverse immune stimulation caused by A.
muciniphila could thus be an indication of gut immune tolerance towards this
commensal. The differences between A. muciniphila and L. plantarum were also
demonstrated in obese and type 2 diabetic mice, where treatment with A.
muciniphila improved the metabolic outcome, whereas treatment with L.
plantarum did not at all have this beneficial effect (Everard et al., 2013).

The differential immune response between A. muciniphila, F. prausnitzii and L.
plantarum could be an indication of their physiological or metabolic differences, or
the fact that in the gut these bacteria colonize separate niches. As a mucin-
degrader, A. muciniphila is in closer contact with the host, in contrast to bacteria
colonizing the lumen. Our study further strengthens the findings made in the
aforementioned studies (Derrien et al., 2011; Everard et al., 2013; Lukovac et al.,
2014) on the variances of host response between these commensal bacteria.
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A. muciniphila LPS gave a strong response with TLR4 and is most likely the
activating molecule for this receptor in A. muciniphila. Recently it has been
reported that the position of the phosphate in the lipid A of bacterial LPS may play
an important role in separating bacterial-host innate immune system interactions
into either symbiotic or pathogenic relationships (Coats et al., 2011). Determining
the molecular structure of A. muciniphila LPS would be valuable in understanding
its immunostimulatory role in the gut. Previously, it was proposed that LPS of A.
muciniphila is inflammatory in a model of experimental alcoholic liver disease in
mice, as the levels of A. muciniphila were higher after chronic intragastric alcohol
feeding, and lower in Muc2’ mice, along with lower plasma LPS concentration
(Hartmann et al., 2013).

TLR2 is best known for recognizing lipoteichoic acid (LTA) from Gram-positive
bacteria, but some Gram-negative bacteria containing non-classical LPS have also
been shown to signal through TLR2 (Alhawi et al., 2009; Erridge et al., 2004). As
the lipid structure of A. muciniphila membranes is not characterized in detail, we
evaluated the ability of A. muciniphila LPS to stimulate TLR2. Even though live
bacteria and the supernatant induced a strong TLR2 response, purified LPS did
not.

A. muciniphila did not activate TLR5, the intestinal receptor for flagellin, reflecting
the notion that there are no flagellin genes found in the genome of A. muciniphila
(van Passel et al., 2011). Only high concentrations of A. muciniphila (108
bacteria/well) induced a minor response of the TLR9 receptor, which recognizes
unmethylated CpG sequences in DNA molecules. Isolated A. muciniphila DNA did
not induce any TLR9 response. The genome of A. muciniphila has a lower than
median frequency (255 vs. 401) of GTCGTT hexamers, in comparison with 59 other
bacterial species (Kant et al., 2014), which may explain the observed low activation
of TLR9. Another explanation may be the intracellular location of TLR9, which
makes it more difficult for the ligands to reach it, especially in an in vitro setting.

The localization of A. muciniphila in the mucus layer, close to the epithelial layer,
probably has had a great impact on the mechanisms of immune modulation this
bacterium has developed. As A. muciniphila is diminished in many inflammatory
diseases, it could be speculated that the absence of A. muciniphila in case of
inflammation prevents immune suppression at the mucosal epithelial border.
Cross-talk between A. muciniphila and the host might affect immunological
tolerance and homeostasis within the gut, possibly by keeping the immune system
alert for potential disruptions. A. muciniphila has been shown to restore mucus
layer thickness and to increase intestinal endocannabinoids in diet-induced obese
mice (Everard et al., 2013), suggesting at the same time it contributes to improving
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gut barrier function. Here we showed that A. muciniphila and the outer membrane
protein Amuc_1100 increased the development of TER in Caco2-cells, which also
indicates strengthening of the epithelial barrier function.

Altogether, these results could partially explain the positive correlation between
levels of A. muciniphila and gut health. Several studies have reported depletion of
A. muciniphila in the fecal microbiota of ulcerative colitis patients, both in
remission (James et al., 2014; Rajilic-Stojanovic et al., 2013) and in clinically active
disease (Vigsnaes et al., 2012). In addition to fecal microbiota, reduced levels of A.
muciniphila have also been found in biopsies of intestinal mucosa from IBD-
patients in comparison to healthy controls (Png et al., 2010). The in vitro results
presented here should be confirmed in an in vivo model, and special focus should be
put on the identified proteins to verify their role in A. muciniphila immune
signaling.

In conclusion, this study revealed the diverse immunostimulatory capacities of A.
muciniphila and identified candidate bacterial products that mediate this
stimulation. We have also shown that established and next-generation probiotics
have a wide range of species-specific immune stimulatory properties, which should
be taken into consideration when developing new applications and interventions.
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Experimental procedures

Bacterial growth conditions. Akkermansia muciniphila MucT (ATTC BAA-835)
was grown in a basal medium as described previously (Derrien et al., 2004). The
medium was supplemented with either hog gastric mucin (0.5 %, Type III; Sigma),
a mix of sugars (D-glucose, L-fucose, N-acetylglucosamine, N-acetylgalactosamine;
2.5 mM each) or glucose (10 mM). The medium without mucin was supplemented
with tryptone (8 g/l) and L-threonine (2 mM). Incubations were performed in serum
bottles sealed with butyl-rubber stoppers at 37°C under anaerobic conditions
provided by a gas phase of 182 kPa (1.5 atm) N2/CO2 (80/20 ratio). Growth was
measured by spectrophotometer as optical density at 600 nm (OD600).

Faecalibacterium prausnitzii A2-165 was grown anaerobically at 37°C in YCFA
medium supplemented with 33 mM glucose (Duncan et al., 2002). Lactobacillus
plantarum WCFS1 was grown aerobically and Bifidobacterium breve DSM-20213
anaerobically at 37 °C in Difco™ Lactobacilli MRS broth (Becton, Dickinson and
Company, Sparks, USA).

Peripheral blood mononuclear cells assay. Peripheral blood of three healthy
donors was received from the Sanquin Blood Bank, Nijmegen, The Netherlands.
Peripheral blood mononuclear cells (PBMCs) were separated from the blood of
healthy donors using Ficoll-Paque Plus gradient centrifugation according to the
manufacturer's protocol (Amersham biosciences, Uppsala, Sweden). After
centrifugation the mononuclear cells were collected, washed in Iscove's Modified
Dulbecco's Medium (IMDM) + Glutamax (Invitrogen, Breda, The Netherlands) and
adjusted to 0.5 x 106 cells/ml in IMDM + Glutamax supplemented with penicillin
(100 U/ml) (Invitrogen), streptomycin (100 pg/ml) (Invitrogen), and 10% heat
inactivated Fetal Bovine Serum (FBS, Lonza, Basel, Switzerland). PBMCs (0.5 x
106 cells/well) were seeded in 48-well tissue culture plates.

Per donor a negative control (just medium), and two positive controls (LPS from E.
coli 1 pg/ml) and (LTA from Staphylococcus aureus 5 ng/ml) in duplicate were used.
PBMCs were stimulated with live bacteria or bacterial fractions. For the heat-killed
cells the bacterial culture was kept at 99°C for 10 min. The ratio of PBMC to
bacteria was 1:10. Cells were incubated for 24 hours and the culture supernatants
were collected for cytokine analysis. Cytokine levels of IL-6, IL-8, IL-10, TNF-a, IL-
16 and IL-12p70 were measured using multiplex analysis (Human inflammation
CBA kit, Becton and Dickinson) according to the manufacturer’s protocol on a
FACS Cantoll (Becton Dickinson) and analyzed using BD FCAP software (Becton
Dickinson). The detection limits according to the manufacturer were as follows: 3.6
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pg/ml IL-8, 7.2 pg/ml IL-18, 2.5 pg/ml IL-6, 3.3 pg/ml IL-10, 3.7 pg/ml TNF-a, 1.9
pg/ml IL-12p70.

In vitro culture and stimulation of human HEK-Blue hTLR2/4/5/9/NOD2
cell lines. For the inflammatory pathway analysis HEK-Blue hTLR2, hTLR4,
hTLR5, hTLR9 and hNOD2 cell lines (Invivogen, CA, USA) were used. Stimulation
of the receptors with the corresponding ligands activates NF-kB and AP-1, which
induces the production of secreted embryonic alkaline phosphatase (SEAP), the
levels of which were measured by spectrophotometer (Spectramax). All cell lines
were grown and subcultured up to 70—-80% of confluency using as a maintenance
medium Dulbecco's Modified Eagle Medium (DMEM) supplemented with 4.5 g/1 D-
glucose, 50 U/ml penicillin, 50 pg/ml streptomycin, 100 pg/ml Normocin, 2 mM L-
glutamine, and 10% (v/v) of heat-inactivated FBS. For each cell line, an immune
response experiment was carried out by seeding HEK-blue cells in flat-bottom 96-
well plates and stimulating them by addition of 20 ul bacterial suspensions. The 96-
well plates were incubated for 20-24 h at 37°C in a 5% CO2 incubator. Receptor
ligands Pam3CSK4 (10 ng/ml for hTLR2), LPS-EB (50 ng/ml for hTLR4), RecFLA-
ST (0.1 ng/ml for hTLR5), ODN 2006 (50 puM for hTLR9) and L18-MDP (0.1 ng/ml
for hNOD2) were used as positive control whereas maintenance medium without
any selective antibiotics was used as negative control. SEAP secretion was detected
by measuring the OD600 at 15 min, 1 h, 2 h, and 3 h after addition of 180 pL of
QUANTI-Blue (Invivogen, CA, USA) to 20 uL of induced HEK-Blue
hTLR2/4/5/9/NOD2 supernatant. The data shown here are from the 1 h
measurement point. Experiments for TLR2 and TLR4 were performed in triplicate,
and experiments for TLR5, TLR9 and NOD2 in duplicate.

Transwell assay. To study the TLR2 signaling activity of secreted molecules, the
bacteria were separated from the cell line using Transwell (Corning, USA) cell
culture membrane inserts (0.4 um pore size). Bacterial suspension (100 ul) was
added either directly to wells containing HEK-TLR2 cells or first to the Transwell
insert compartment, which was then inserted into the wells with HEK-TLR2 cells.
The plates were incubated and SEAP secretion measured as described above.

Bacterial filtrates. To study the size of the signaling molecules, the bacterial
supernatant was filtered using filters of different pore sizes and molecular mass cut
off sizes. The following filters were used: 0.45 pm and 0.2 pm polyethersulfone
syringe filters (Advanced Microdevices, Ambala Cantt., India), 1000 kDa Vivaspin
20 Polyethersulfone ultrafiltration unit (Sartorius, Goettingen, Germany), 3K and
300K Pall Nanosep® centrifugal device with Omega membrane (Pall corporation,
Ann Arbor, Michigan), 10K Amicon® Ultra regenerated cellulose centrifugal filter
(Merck Millipore Ltd., Cork, Ireland), Vivaspin 500 with 30,000 MWCO
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(Polyethersulfone) Membrane Concentrator (Vivascience, Sartorius Group,
Hannover, Germany). 500 pl of supernatant was passed through the filter and the
filtrate was used in the assays.

Bacterial fractionation method. The membranes of A. muciniphila were
isolated from cultures grown with glucose as the carbon source with sucrose
density-gradient centrifugation, as described previously (Hobb et al., 2009). The
samples were stored in 2 ml low binding tubes (Eppendorf, Hamburg, Germany) at
—20°C. Qubit® Protein Assay Kit (Life technologies, Oregon, USA) was used
according to the manufacturer's instructions to determine the protein content of cell
extracts. Samples were loaded on a 10 % acrylamide separation gel (Product
number 25201, Precise™ Protein Gels, Thermo Scientific, Rockford, IL, USA) using
the mini-PROTEAN 3 cell (Bio-Rad Laboratories, Hercules, CA, USA). The
electrophoresis procedure was according to the manufacturer's instructions. Gels
were stained using CBB R-250 as indicated in the protocol of the mini-PROTEAN 3
system.

In-gel digestion of proteins and purification of peptides were done following a
modified version of the protocol described by Rupakula et al., 2013. Disulfide
bridges in proteins were reduced by covering whole gels with reducing solution (10
mM dithiothreitol, pH 7.6, in 50 mM NH4HCOs), and the gels were incubated at
60°C for 1 h. Alkylation was performed for 1 h by adding 25 mL of iodoacetamide
solution (10 mM iodoacetamide in 100 mM Tris-HCIL, pH 8.0). Gels were thoroughly
rinsed with dd H2O water in between steps. Each lane of SDS-PAGE gels was cut
into one slice, and the slices were cut into approximately 1 mm?3 cubes and
transferred to separate 0.5 ml protein LoBind tubes (Eppendorf, Hamburg,
Germany). Enzymatic digestion was done by adding 50 pl of trypsin solution (5
ng/pl trypsin in 50 mM NH4HCO3) to each tube, and by incubating at room
temperature overnight with gentle shaking. Extraction of peptides was performed
with manual sonication in an ultrasonic water bath for 1 s before the supernatant
was transferred to a clean protein LoBind tube. Trifluoroacetic acid (10 %) was
added to the supernatant to reach a pH between 2 and 4. The supernatant was
used for LC-MS/MS analysis. Samples were measured by nLC-MS/MS with a
Proxeon EASY nLC and a LTQ-Orbitrap XL mass spectrometer as previously
described (Lu et al., 2011).

LC-MS data analysis was performed as described previously (Rupakula et al.,
2013), with false discovery rates (FDRs) set to 0.01 on peptide and protein level,
and additional result filtering (minimally 2 peptides necessary for protein
identification of which at least one is unique and at least one is unmodified). To
analyze the abundance of proteins in the fractions, their label-free quantification
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(LFQ) intensities were compared (Cox et al., 2014). Non-existing LFQ intensity
values due to not enough quantified peptides were substituted with a value lower
than the LFQ intensity value for the least abundant, detected peptide.

Plasmid constructs and protein production. The genes Amuc_0451,
Amuc_0625, Amuc_1100, and Amuc_2136 were amplified by PCR without their
signaling sequence, with primers as specified in supplemental experimental
procedures. PCR products of the genes were cloned into either pET-24d or pET-26b
vectors (Novagen®, Merck Millipore, MA, USA). For genes Amuc_0451,
Amuc_0625, and Amuc_1100 pET-26b was used with restriction sites Ndel and
Xhol. For Amuc_2136 gene, pET-24d was used and the PCR product containing
Pcil and Xhol restriction sites was cloned at the Ncol and Xhol sites of the vector.

E. coli XL1Blue or TOP10 cells were transformed with constructed plasmids by
electroporation or heat shock, respectively. Cells with kanamycin resistance were
selected by plating the transformed cells on Luria agar plates containing 50 pg/ml
kanamycin. Plasmids isolated from colonies on these plates were checked for
having the right insert length by PCR and subsequently, isolated plasmids were
sequenced to confirm the right insert.

E. coli BL21(DE3) cells were transformed with the right plasmid for protein
expression. Luria broth containing kanamycin (50 pg/ml) was inoculated with
overnight culture and grown with shaking at 220 rpm at 37°C until exponential
phase, and protein production was induced by adding IPTG up to 1 mM. After three
hours of induction, cells were pelleted by centrifuging 10 min at 5000 g and cell
pellets stored at —20°C until lysis.

Cell pellets were resuspended and lysed using lysozyme and sonification (Sonifier
450, Branson Ultrasonics Corporation, Danbury, CT). Supernatant was collected
after centrifugation and proteins were His-tag purified by metal affinity
purification under native conditions using Ni-NTA His*Bind Resin (Novagen®,
Merck Millipore, MA, USA). Elution buffer was exchanged for a 50 mM Tris-HCI,
50 mM NaCl, pH of 7.4 buffer by using 5 ml resin bed Zeba spin columns (Pierce,
Rockford, IL, USA). After buffer exchange, protein content was measured by BCA
assay (Pierce, Rockford, IL, USA) and proteins were stored at -20°C.

Immunofluorescence microscopy. Rabbit antibodies were raised against the
purified recombinant Amuc_1100 protein and these were used in
immunomicroscopic analysis of its location in A. muciniphila. Total antibodies
raised against A. muciniphila whole cells were used as a control. The immunization
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was done in Eurogentec (Seraing, Belgium) and the Laboratory Animal Centre of
University of Helsinki as described previously (Kainulainen et al., 2013).

Immunofluorescence staining was used to confirm the presence of Amuc_1100 on
the surface of A. muciniphila as described previously (Kainulainen et al., 2012).
Briefly, A. muciniphila cells were cultivated for 24 h with glucose as the carbon
source, washed with phosphate-buffered saline (PBS), and fixed with 3.5% (w/v)
paraformaldehyde in PBS prior to labeling with A. muciniphila whole cell
antiserum or anti-Amuc_1100 pre-immune serum as the primary antiserum and
Alexa-488 (Invitrogen)-conjugated anti-rabbit IgG (1 pg/ml) as the secondary
antibody. Bacteria were then examined with an epifluorescence microscope (Leica
DM 4000B) equipped with a filter for the Alexa-488 label (excitation, 450 to 490
nm; emission, 515 nm), and images were digitally recorded using CellP imaging
software for life sciences microscopy (Soft Imaging System GmbH).

Extraction of LPS. A. muciniphila LPS was extracted using the hot phenol-water
extraction method as described previously (Zhang and Skurnik, 1994), with minor
modifications. Briefly, bacterial cells from 5 ml overnight cultures were collected by
centrifugation, washed once with water and resuspended into 500 pl of ultrapure
water. The bacterial suspensions were warmed up at 65°C and then mixed with an
equal volume of water-saturated phenol preheated to 65°C. The mixture was
incubated at 65°C for 10 min and then transferred to ice to cool down. After
centrifugation at 4°C for 5 min, the aqueous layer was carefully transferred to a
new Eppendorf tube and the incubation with an equal volume of hot phenol was
repeated twice. After this two volumes of acetone were added to the aqueous layer
to precipitate LPS. The suspension was incubated at -20°C for two hours after
which it was centrifuged at 4°C for 10 minutes and the pellet was dissolved in 50 pl
LPS-free water. The quality of the LPS was checked by silver staining (Figure S1.)
and quantity of the LPS was checked by EndoLISA® Endotoxin Detection Assay
(Hyglos GmbH, Bernried am Starnberger See, Germany) according to
manufacturer’s protocol.

Transepithelial electrical resistance (TER) assay. Caco-2 cells (6 x 104
cells/insert) were seeded in Millicell cell culture inserts (3 um pore size; Millipore)
and grown for 8 days. The growth conditions of Caco-2 cells were as described
previously (Kainulainen et al., 2015). Bacterial cells were washed once with RPMI
1640, and applied onto the inserts at OD600 of 0.25 in RPMI 1640. Purified A.
muciniphila proteins Amuc_0451, Amuc_0625, Amuc_1100, and Amuc_2136 were
applied onto the inserts at concentrations of 0.05, 0.5 and 5 pg/ml. The
transepithelial resistance was determined with a Millicell ERS-2 TER meter
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(Millipore) from cell cultures at time points 0 h, 24 h, and 48 h after addition of
bacterial cells or proteins.

Statistical analysis. Data are expressed as means * standard deviation.
Statistical analysis of the results from the HEK-Blue cell lines and cytokine
analysis was performed by one-way analysis of variance (ANOVA) followed by
Tukey’s HSD if homogeneity of variance was met or Games-Howell if variance was
unequal. IBM SPSS software (IBM SPSS Statistics 22) was used for analysis; p
values < 0.05 were considered significant.
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Figure S1. Silver staining of A. muciniphila LPS. Related to Figure 2A. A.
muciniphila activates signaling pathways through TLR2 and TLR4. Yersinia
enterocolitica (strain YeO3-Los/pLos) LPS was used as a control (Pinta et al., 2012). O-
PS; O-antigen, OC; outer core, IC; inner core. A. muciniphila LPS migrates slower than
YeO3-Los/pLos LPS, suggesting the OC and IC bands have in their structure more
sugar residues than the corresponding YeO3-Los/pLos bands.

Supplemental Experimental Procedures

Gene Forward primer sequence (5' - 3')* Reverse primer sequence (5' - 3')*
Amuc_0451 gcagcgcatatgaagccggcetgeccggtetgtcaaaact ggacgcctcgagectggattectt
Amuc_0625 gggcagcatatggaagagaaaaccggtttccctacg ggctttcctctcgagettgagaacaggage
Amuc_1100 gggtaccatatgatcgtcaattccaaacgce ccttggetcgagatcttcagacggttcetg
Amuc_2136 gatgacatgtccgacgccaagcagattgcggattccectt catctcgagcaacggctgtacgttcat

* Restriction enzyme recognition sequences are underlined

PCR-primers used for plasmid construction.

144



145



), 193deyn



General discussion




CHAPTER 7

The health impact of the microbes inhabiting our intestinal tract is becoming
increasingly clear as a rapidly growing amount of research is performed in this
field. The specific mutualistic interactions between the gut microbiota and the host
may vary according to microbial community composition (Schluter and Foster,
2012). Even more important than the microbial composition is the functional
capacity of the microbiota. Different microbial species are capable of performing the
same tasks, which implies that harboring and expressing an optimal set of bacterial
genes is more important to the health of the host than the abundance of specific
species (Turnbaugh et al., 2009a; Zhang et al., 2015b). This conserved set of
encoded functions, referred to as the core gut microbiome, has been shown to be
shared among individuals (Turnbaugh and Gordon, 2009).

Formerly considered as potentially harmful to the host due to its association with
pathogens, mucin degradation by intestinal bacteria is now considered an essential
process in replenishing the mucosal layer (Tailford et al., 2015a). Numerous
bacteria have been identified to take part in this process, and the mucosa-
associated microbiota can modulate the health of the host by producing favorable
metabolites, enhancing colonization resistance and stimulating the immune
response (Ouwerkerk et al.,, 2013). The production rates of mucins and
antimicrobial molecules present in the mucus layer are regulated by both
commensal microbiota and host inflammatory signals (McGuckin et al., 2011).
Mucin degradation also offers ecological benefits to other bacteria, which scavenge
the products, such as oligosaccharides or sulfate, released as a result of the
enzymatic activity of mucin-degrading bacteria (Derrien et al., 2010). One of the
key players in the mucosa-associated microbiota is Akkermansia muciniphila, the
presence of which is associated with a healthy gut. The work described in thesis
aimed at characterizing the metabolic capacities and immunostimulatory
properties of A. muciniphila. The research approaches included transcriptomic and
proteomic analyses, as well as in vitro immunological assays. The insights gained
from this research are discussed in the following sections.

Adaptation of A. muciniphila to the consumption of host-derived glycans

A. muciniphila was isolated using mucin as the sole carbon and nitrogen source,
and further analysis has proven it to be highly specialized in consumption of this
host-derived glycan. Determination of mucin degradation by periodic acid—Schiff
staining and high-performance anion-exchange chromatography patterns of the
culture supernatant showed A. muciniphila to degrade up to 85 % of the mucin
molecule (Derrien, 2007). A major benefit of utilizing mucin in the gut is that it
provides a stable source of energy, whereas the concentrations of diet-derived
substrates are constantly changing. Even more advantageous is the ability to

148



GENERAL DISCUSSION

switch between consumption of host and diet-derived glycans depending on the
availability of these nutrients, as in the case of Bacteroides thetaiotaomicron
(Sonnenburg et al., 2005).

A. muciniphila was able to individually utilize all the mucin-derived sugars, except
for sialic acid, in a medium supplemented with a protein source (Chapter 3). The
A. muciniphila genome encodes four sialidases (Amuc_0623, Amuc_0625,
Amuc_1547, Amuc_1835), the function of which is to cleave sialic acid off from
sialylated glycans, such as mucin. It was recently shown that two of the sialidases
(Amuc_0625, Amuc_1835) released sialic acid from sialic acid lactose and 6’-
sialyllactose (Tailford et al., 2015b). In the case of mucin, sialic acid residues may
prevent the action of other glycosyl hydrolases as the residues are located in the
non-reducing ends of the mucin molecule. A. muciniphila grows efficiently on
mucin, and it is therefore likely that it is also able to cleave off the sialic acid
residues from mucin, thereby exposing the mucin sugars, even if it is not able to
utilize the sialic acid for energy. Enzymatic assays showed sialidase activity in the
A. muciniphila fractions extracted in Chapter 5, encouraging further research on
the ability of A. muciniphila to use sialylated compounds.

The uptake of galactose and fucose was markedly increased in the presence of
mucin, indicating that additional mucin-derived components are needed for optimal
growth. This was also evident when A. muciniphila was grown on the non-mucin
sugar glucose, as glucose was not depleted in the absence of mucin or mucin-
derived monosugars. Transcriptome analysis comparing the gene expression
between A. muciniphila grown on mucin or glucose showed upregulation of genes
involved in protein biosynthesis and energy metabolism in the mucin condition. As
expected, the majority of the hydrolases involved in mucin degradation were
upregulated in A. muciniphila grown on mucin in comparison to glucose. A.
muciniphila grown on glucose showed a considerable stress response, and some
specific genes were upregulated, such as Amuc_1094 which was identified to encode
a glucokinase induced by glucose. Proteome analysis correlated well with the
transcriptome, and thus confirmed the response observed for the two substrates.

Due to the extensive mucin-degrading capacity of A. muciniphila, and its presence
in early life intestine, the ability of A. muciniphila to grow on human milk and
human milk oligosaccharides (HMOs) was investigated in Chapter 4. A.
muciniphila demonstrated metabolic activity on human milk, lactose and 2’-
fucosyllactose, but growth was limited in comparison to mucin. Transcriptome
analysis of A. muciniphila grown on human milk showed upregulation of genes
involved in lactose degradation, carbohydrate transport and translational activity
in comparison to mucin. However, the possible confounding effect of different
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growth phases between the conditions needs to be considered when interpreting the
results. Furthermore, human milk from various donors, possibly with different
histo-blood group systems, and other HMOs besides the relatively simple 2’-
fucosyllactose and 3’-sialyllactose should be tested to confirm the ability of A.
muciniphila to persist in the human milk environment.

Fermentation of mucin by A. muciniphila leads to production of the short-chain
fatty acids (SCFA) acetate and propionate, both of which have various physiological
effects on the host (Macfarlane and Macfarlane, 2012). In addition to providing
energy to the epithelial cells, propionate, and to some extent acetate, have shown
positive effects in prevention and treatment of conditions such as inflammatory
bowel diseases (IBD), obesity and colorectal cancer (Kasubuchi et al., 2015; Louis et
al., 2014). Several mechanisms for these actions have been suggested. Propionate
inhibits the activity of histone deacetylases (HDACs) in colonocytes and immune
cells, which has consequences for gene expression and cellular differentiation,
including downregulation of proinflammatory cytokines (Schilderink et al., 2013).
Propionate also induces the differentiation of regulatory T cells involved in
controlling intestinal inflammation (Arpaia et al., 2013; Smith et al., 2013). Acetate
and propionate interact with G protein-coupled receptors of host cells, and
interaction with GPR43 in particular is proposed to play a role in inducing their
anti-inflammatory effects via the modulation of regulatory T cells (Maslowski et al.,
2009). Interestingly, propionate increases the production of leptin, a satiety
hormone, through GPR41, and is therefore involved in host energy balance
regulation (Samuel et al., 2008; Xiong et al., 2004).

The effect of A. muciniphila metabolites, including acetate and propionate, on host
epithelium was recently studied using an ex vivo model based on mouse organoids
(Lukovac et al., 2014). Organoids are small crypt-villus structures grown from ileal
intestinal stem cells, which can be used as a physiologically relevant surrogate
system to study interactions of desired compounds with the intestine (Grabinger et
al., 2014). A. muciniphila fermentation products induced regulation of host
epithelial genes involved in cellular lipid metabolism and growth. Additionally, A.
muciniphila metabolites significantly decreased expression of GPR43 and Ppary,
and increased expression of Hdac3 and Hdach, implying regulation of host
transcriptional response via histone acetylation modifications. These results,
together with the transcriptome data from mice mono-colonized with A.
muciniphila (Derrien et al., 2011), suggest that metabolic activity of A. muciniphila
in the gut leads to physiological responses, and may therefore have consequences
on the health of the host.
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However, in the intestinal environment bacteria are never present alone, but as
members of complex communities that influence the activity of individual species
(El Aidy et al., 2013). In the case of A. muciniphila, other bacteria residing close to
the mucus layer may use its fermentation products and the oligosaccharides it
releases from mucin. Several common members of the gut microbiota, such as
Eubacterium hallit and Anaerostipes caccae are able to convert acetate to butyrate
(Louis and Flint, 2009), suggesting that the presence of A. muciniphila in the gut
may indirectly increase the levels of butyrate, which in turn is beneficial for the
host (Guilloteau et al., 2010). Cross-feeding between a limited number of bacterial
species can be studied in vitro with simple co-cultures, but to study the general
dynamics of the gut microbiota more sophisticated models are needed (Fritz et al.,
2013). Examples of in vitro models for the gastrointestinal (GI) tract are the
Simulator of the Human Intestinal Microbial Ecosystem (SHIME) (Molly et al.,
1993), the TIM1 model for the stomach and small intestine (Minekus et al., 1995),
and TIM2 model for the large intestine (Minekus et al., 1999). Recently a mucus
layer has been integrated in the SHIME model (M-SHIME), allowing improved
simulation of the mucosal and luminal microbiota (Van den Abbeele et al., 2012).
Another way of studying microbial interactions is to use in silico models, which can
resolve complex interactions at the molecular level, and as such complement in
vitro and in vivo models (Heinken and Thiele, 2015). Knowledge gained from these
models can be used to design defined, synthetic bacterial communities (Grosskopf
and Soyer, 2014), which can even be aimed at treating specific disorders in the gut.
Using defined microbial ecosystems as therapeutics is still in its infancy, but this
approach is a viable alternative to conventional fecal microbiota transplantation
(Petrof and Khoruts, 2014). A pilot study described successful treatment of two
patients suffering from recurrent Clostridium difficile infection with a mixture of
33 carefully selected strains of bacteria, isolated from the stool of one healthy donor
(Petrof et al., 2013). To find out more about the activity and function of A.
muciniphila in bacterial communities, experiments using the abovementioned
techniques should be conducted.

The role of A. muciniphila outer membrane proteins in immune
stimulation

The cell envelope structures of both Gram-positive and Gram-negative bacteria
have a great influence on their immunostimulatory capacities. Many components of
the cell envelope, including lipopolysaccharides (LPS), peptidoglycans and
lipoteichoic acids are involved in immune response in the gut by stimulating
intestinal receptors (Bron et al., 2012). Also surface polysaccharides, such as
polysaccharide A from Bacteroides fragilis (Surana and Kasper, 2012), surface-
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layer proteins from Lactobacillus acidophilus NCFM and Propionibacterium
freudenreichii (Konstantinov et al., 2008; Le Marechal et al., 2015) as well as cell
surface-associated exopolysaccharides from Bifidobacterium breve (Fanning et al.,
2012) have been shown to modulate various immune functions.

Akkermansia muciniphila was previously shown to modulate the mucosal immune
response of mono-colonized mice (Derrien et al., 2011). Predicting that A.
muciniphila outer membrane (OM) proteins play a role in this immune stimulation,
the OM proteome was enriched and characterized by mass spectrometry (Chapter
5), and candidate proteins were purified (in some cases after heterologous
overproduction in FEscherichia coli), and tested for their immunomodulatory
capacities in vitro (Chapter 6). Proteins involved in secretion, transport and
biogenesis of the Gram-negative membranes were found to be abundant in the OM
of A. muciniphila (Figure 1). A fraction enriched for A. muciniphila cell envelope
proteins induced a higher Toll-like receptor (TLR) 2 response and higher cytokine
production than a fraction enriched for enzymes.

The most abundant protein in the OM enriched fractions was a type II and III
secretion system protein (Amuc_1098). Further analysis revealed that this protein
belongs to a gene cluster (Amuc_1098 to Amuc_1102), which contains proteins
resembling fimbrial biogenesis proteins. A hypothetical protein Amuc_1100 from
the identified cluster was shown to be localized on the OM of A. muciniphila.
Purified Amuc_1100 induced production of IL-6, IL-8 and IL-10, activated TLR2
and increased transepithelial electrical resistance (TER). Fimbriae-like structures
have been observed in electron microscopy images of A. muciniphila, and immuno-
EM has confirmed the presence of some of the proteins in the identified gene
cluster in these fimbriae (Huuskonen et al, unpublished results). The genome of A.
muciniphila also encodes for several other genes possibly involved in formation of
fimbriae. Combined these results make a strong case for the presence of fimbriae in
A. muciniphila, but their exact structure and function is still under investigation.

Figure 1. A. muciniphila cell envelope with attention to outer membrane proteins. The
presence of all the named proteins, except for Amuc_1085, was confirmed by mass spectrometry
analysis. The increased membrane permeability (Imp) protein (Amuc_1439) is needed in transport
of lipopolysaccharide (LLPS) to the bacterial cell surface. The YaeT protein (Amuc_1053) is involved
in insertion of B-barrel proteins into the OM. Carbohydrate-selective porin OprB (Amuc_1085,
Amuc_2127) is a substrate-selective channel for a variety of different sugars, but its exact role in A.
muciniphila is unknown. Also the function of the 17 kDa surface antigen (Amuc_1310) is unclear.
RND multidrug efflux pumps (Amuc_0105, Amuc_0219, Amuc_1939, Amuc_2043) catalyze the
active efflux of many toxic compounds that may also include antibiotics and chemotherapeutic
agents. TonB receptors (Amuc_0336, Amuc_1684) are involved in uptake of specific substrates. The
gene cluster Amuc_1098 to Amuc_1102 is predicted to be involved in the formation of fimbriae in A.
muciniphila. OM; outer membrane, IM; inner membrane. Schematic representation, not in scale.
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Based on the immune assays A. muciniphila OM proteins and Amuc_1100 play a
role in the immune response. Fimbriae would be the first contact site of A.
muciniphila to the extracellular space, which would make them likely to be
important in host-bacterial interactions. One of the ways to study the function of
the proteins, such as Amuc_1100, would be to construct a knock-out strain that
does not contain the chosen gene. However, a genetic system for A. muciniphila
does not currently exist. Another way would be to express the gene in a model
organism, such as E. coli, and for example compare the immunomodulatory or
adhesion properties of the modified E. coli to the non-modified strain. In this case,
the appropriate E. coli strain would need to be chosen carefully to avoid
confounding results. Also other models can be used to study the host interactions of
bacteria or their products. For example, recently mouse gut organoids were used
successfully to compare the transcriptional response of A. muciniphila metabolites
to Faecalibacterium prausnitzii metabolites (Lukovac et al., 2014). In addition to
the metabolites, also the transcriptional response of the host to A. muciniphila OM
proteins and fimbrial proteins could be studied in these and other organoid
systems.

Already in the study with A. muciniphila mono-colonized mice, bacterial cell
envelope components were suggested to play a role in the host response (Derrien et
al., 2011). Colonization by A. muciniphila led to increased expression of genes
involved in immune responses, whereas this was not seen in mice mono-associated
with the Gram-positive Lactobacillus plantarum. In addition to dissimilar cell
envelope structures, these two bacteria also colonize different niches in the gut. A.
muciniphila was found to generate most of the host response in the colon while that
of L. plantarum was mainly found in the ileum, which may reflect their natural
habitat (Derrien et al 2011). Moreover, A. muciniphila was found to reside in the
mucus layer close to the epithelial cells while L. plantarum was found in the lumen.
Despite the pronounced immune response to A. muciniphila colonization, which
included upregulated pathways involved in antigen presentation, B and T cell
receptor signaling and leukocyte signaling, there were no strong indications that
upregulation of these genes took part in driving a proinflammatory response. It was
concluded that colonization by A. muciniphila led to a non-inflammatory,
commensal interaction and to intestinal tolerance (Derrien et al., 2011). The highly
abundant OM proteins characterized in Chapter 6 probably played a role in the
mouse immune response, and it would be of interest to find out whether the
purified proteins, or fimbriae alone, can stimulate the immune system also in vivo.
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Akkermansia muciniphila — a next-generation probiotic?

The rapid development of omics-based techniques and other culture-independent
microbiological methods has made it possible to identify potential new health-
promoting bacteria from the comparison of healthy and diseased populations. This
was the case for example with F. prausnitzii, which raised interest after it was
discovered that Crohn’s disease patients had significantly reduced levels of this
species in comparison to healthy controls (Sokol et al., 2008). Since then, many
studies have shown an association between the relative abundance of F. prausnitzii
and a number of other diseases (Bruzzese et al., 2014; Machiels et al., 2014; Remely
et al., 2014; Remely et al., 2015b; Stoll et al., 2014). Anti-inflammatory properties of
F. prausnitzii on the host have also been demonstrated in mouse models (Martin et
al., 2015; Miquel et al., 2015; Sokol et al., 2008). Numerous metabolites have been
associated with the protective effect of F. prausnitzii in a mouse model of acute
colitis, but only salicylic acid reduced IL-8 production in a cell line (Miquel et al.,
2015). The levels of salicylic acid were positively correlated to presence of F.
prausnitzii in the mouse gut, but F. prausnitzii has not been shown to produce this
compound. However, some Fusobacterium prausnitzii (former nomenclature for F.
prausnitzii) strains are able to ferment salicin, an alcoholic glucoside that can be
converted into salicylic acid (Miquel et al., 2015). Butyrate was also shown to
reduce IL-8 production, but not the butyrate specifically produced by F. prausnitzii,
indicating that other, yet unknown, compounds in the F. prausnitzii supernatant
may be responsible for the observed anti-inflammatory effects.

In order to accurately study the characteristics of the identified bacteria, they need
to be culturable, which may be an issue with strictly anaerobic gut bacteria. For
instance, segmented filamentous bacteria (SFB) have shown important
immunostimulatory properties in mice, but resisted in vitro culturing until very
recently making it difficult to study their interactions with the host (Schnupf et al.,
2015). Similarly, they may be present in animal models but need to be also found in
human systems. This is doubtful for SFB as these are not, or almost not detected in
human (Sczesnak et al., 2011), except for children under the age of three years (Yin
et al., 2013). In contrast, A. muciniphila is abundantly present in human as well as
model systems, culturable, and negatively correlated with several diseases (Belzer
and de Vos, 2012). Moreover, the mechanisms by which A. muciniphila could work
have been studied in vitro (Chapter 6) and in vivo (Everard et al., 2013). These
qualities and evidence make A. muciniphila a promising candidate for a next-
generation probiotic. However, it is a long road from being a candidate to being on
the market (Kumar et al., 2015).

155



CHAPTER 7

Probiotics are defined as ‘live microorganisms that, when administered in adequate
amounts, confer a health benefit on the host’ (Hill et al., 2014). The majority of
currently used probiotics are from the genera Lactobacillus and Bifidobacterium,
and most research also exists on these food-grade bacteria. For a bacterium to be a
successful probiotic, it must fill numerous criteria: the bacteria must have a
beneficial effect on the host, be able to survive passage through the GI tract, be safe
for human consumption and have good technological properties (Fontana et al.,
2013; Ouwehand et al., 2002). Additional scientific information requirements for
novel probiotics have been suggested recently (Kumar et al., 2015). These include
genome announcement, antibiotic resistance profile, selection of proper in vivo
model, toxicological studies, and definition of target population.

In humans the evidence of the beneficial effect of A. muciniphila comes so far only
from association studies, whereas in mice feeding with A. muciniphila has shown
direct health effects (Everard et al., 2013) (Chapter 1). Pilot studies in humans to
discover the transcriptional response of the host to exposure to A. muciniphila are
on-going, but before larger scale human trials can be conducted, studies into certain
technical and safety-related issues need to be undertaken. A. muciniphila grows
most efficiently on mucin, but for manufacturing and safety reasons a defined
medium, which supports high growth and is free of animal-derived compounds
needs to be designed. The information about the metabolic capacities of A.
muciniphila described in this thesis (Chapter 3) can be used as a basis for further
research on this topic. The survival rate of A. muciniphila during passage through
the GI tract has not been thoroughly examined. Several in vitro models exist to
study the resistance of bacteria to the harsh conditions in the stomach and small
intestine, where low pH and presence of bile and digestive enzymes can influence
the viability of bacteria (Dunne et al., 2001; Geirnaert et al., 2014). In Chapter 4,
evidence for an active acid resistance system was found in the transcriptome
analysis of A. muciniphila grown on human milk. This system, relying on transport
of L-glutamine and its conversion to L-glutamate, may aid A. muciniphila in
surviving passage through the GI tract (Figure 2). A similar system has also been
described in Lactobacillus reuteri (Teixeira et al., 2014).
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Figure 2. Proposed mechanism of the acid resistance system in A. muciniphila.
Glutamine is transported into the cell through the glutamate/y-aminobutyric acid
(GABA) antiporter (Amuc_0037). Subsequently, glutamine is converted to glutamate by
a glutaminase (Amuc_0038). This leads to release of ammonia, which neutralizes a
proton, resulting in elevated intracellular pH in acidic environments. In addition, the
decarboxylation of glutamate to GABA by glutamate decarboxylase (Amuc_0372) results
in fixation of a proton. The genes for Amuc_0037, Amuc_0038 and Amuc_0372 are all
upregulated during growth of A. muciniphila on mucin in comparison to human milk
(Chapter 4). Figure adapted from (Lu et al., 2013).

Correct packaging is also an important consideration when evaluating the survival
of the probiotic product. In the case of strict anaerobes, like A. muciniphila, extra
caution has to be followed to keep the bacteria viable. However, it was recently
shown that A. muciniphila tolerates low amounts of oxygen (Reunanen et al., 2015;
van der Ark et al., 2015), suggesting that the anaerobic nature of this bacterium
may not jeopardize its application though further research is encouraged on the
topic.

The complete genome sequence of A. muciniphila is available and can be used for
example for screening of transferrable antibiotic-resistance genes and virulence-
related genes. The A. muciniphila genome contains potential beta-lactamase genes
and a gene coding for a 5-nitroimidazole antibiotic resistance protein but no signs of
genetically transferable elements have been described in the vicinity of these genes
(van Passel et al., 2011). Moreover, A. muciniphila has been shown to be
susceptible to imipenem, piperacillin/tazobactam and doxycycline, but resistant to
vancomycin, metronidazole and penicillin (Dubourg et al., 2013). It is known that
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many lactic acid bacteria, including well-known probiotics, are resistant to
vancomycin because of absence of its cell-envelope target, and similar mechanisms
may explain the resistance in A. muciniphila (Salminen et al., 1998). Several
studies have reported increased levels of A. muciniphila after antibiotic treatment,
particularly vancomycin treatment in model animals and human (Ferrer et al.,
2014; Hansen et al., 2012; Russell et al., 2012; Vrieze et al., 2014). Notably, broad-
spectrum antibiotic treatment was associated with high-level colonization by A.
muciniphila in two patients, with up to 85 % of all the sequences associated with
this species (Dubourg et al., 2013). However, neither of the patients presented
significant gastrointestinal disorders. Furthermore, no adverse effects were seen in
mice mono-colonized with A. muciniphila (Derrien et al., 2011). Even though A.
muciniphila was isolated from human feces, and is a common member of the gut
microbiota, its safety has to be assessed carefully with in vitro and in vivo studies
before it can be used as a probiotic. Authorities such as the European Food Safety
Authority (EFSA) use the qualified presumed safety (QPS) status to assess safety of
probiotic strains. However, it is not clear yet which safety studies, if any, have to be
performed to obtain this status for next-generation probiotics when these are
already present in the normal population at high levels.

Before bringing a probiotic to the market, one of the key regulatory questions is
whether the probiotic is categorized as a food supplement or a medicinal product.
Food-related applications are controlled by EFSA, whereas EMA (European
Medicines Agency) is responsible for evaluation of medicinal products. EMA
guidelines are made with drug molecules in mind, which poses a problem with
probiotics as they are living microorganisms. However, if a bacterial molecule, such
as a specific protein, is demonstrated to confer a health benefit on its own, it could
be categorized as a medicinal product. Probiotic companies are currently struggling
with these issues, and the future of the regulatory framework for probiotics
remains to be seen, notably in the food and supplements space, as this is where
these companies are active.

One of the major considerations for a probiotic is whether it will be used to prevent
or treat diseases. This also influences the definition of a target population. In the
case of A. muciniphila, patients with metabolic disorders or IBD would be an
obvious choice, as most evidence exists on the beneficial association between these
diseases and A. muciniphila. However, causal links need to be established between
the presence of A. muciniphila and specific disorders in order to define the
therapeutic potential of this bacterium. While efficacy is the key factor for the use
of a probiotic, it is of interest to know the mechanism of action that induces a
beneficial effect on the host. This is of specific relevance in case optimization or
improvement of probiotic strains is desired. Even for the currently used probiotics
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this is not known and, interestingly, also often not for pharmaceutical products.
Modulation of the host immune system is one of the most commonly proposed
health benefits attributed to the consumption of probiotics. A. muciniphila was
shown to induce production of a wide range of cytokines in human derived
peripheral blood mononuclear cells (PBMCs) and to activate TLR2 and TLR4
receptors in reporter cell lines (Chapter 6). The levels of IL-10 induced by live A.
muciniphila were similar to those induced by F. prausnitzii and L. plantarum, but
A. muciniphila supernatant induced higher IL-10 production compared to these two
gut commensals. Induction of high IL-10 levels is suggested to be one of the
mechanisms behind the anti-inflammatory role of F. prausnitzii (Sokol et al., 2008).
In addition, A. muciniphila was shown to increase the TER of Caco-2 monolayer
(Chapter 6) (Reunanen et al., 2015), and to restore mucus layer thickness in mice
that were fed a high-fat diet (Everard et al., 2013). The positive effect on the mucus
layer was also observed in another mouse trial, where administration of A.
muciniphila increased the number of mucin-producing goblet cells and adipose
tissue-resident CD4 Foxp3 regulatory T cells (Tregs) (Shin et al., 2014). These
observations indicate strengthening of the epithelial barrier function, which is often
considered as a key effect of probiotic therapy (Mennigen and Bruewer, 2009).
Adherence is important for probiotic colonization and antagonism against
pathogens by competitive exclusion, but it can also be a risk of translocation,
especially in patient groups with compromised intestinal barrier function. A.
muciniphila was shown to adhere to human colonic cell lines but not to colonic
mucus (Reunanen et al., 2015). However, as A. muciniphila produces an active
repertoire of mucus-degrading enzymes (Chapter 3), it cannot be excluded that
initial binding of A. muciniphila takes place followed by rapid release. Moreover,
exclusion of potential pathogens may also occur via competition for substrates, and
because of its high affinity to mucin, this is a likely mechanism by which A.
muciniphila remains established in the mucosal layer that has large dynamics (de
Vos, 2015).

Not all the studies on A. muciniphila have reported beneficial health effects, and
these need to be considered as well when evaluating its probiotic properties. Mouse
studies have reported increased levels of A. muciniphila in a model of dextran
sodium sulfate (DSS)-induced colitis (Berry et al., 2012; Hakansson et al., 2014).
This is in contrast to human studies, where abundance of A. muciniphila is reduced
in ulcerative colitis patients in comparison to healthy controls (James et al., 2014,
Png et al., 2010; Rajilic-Stojanovic et al., 2013; Vigsnaes et al., 2012), and a mouse
study where A. muciniphila extracellular vesicles ameliorated DSS colitis (Kang et
al., 2013). The DSS colitis model resembles acute inflammation-induced injury
more than human ulcerative colitis (Berry et al., 2012). DSS exerts a cytotoxic
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effect on the gut epithelium, which results in thickening of the mucus layer and
increased intestinal permeability (Schreiber et al., 2013). Conversely to this, in
human chronic colitis the mucus layer is thinner as compared to healthy controls
(Strugala et al., 2008; Swidsinski et al., 2007). Thickening of the mucus layer in the
DSS-model could explain the overgrowth of A. muciniphila, as mucin is its main
source of energy in the gut, and therefore it is not clear whether A. muciniphila is
actually involved in the pathogenesis of colitis in these models. Another link
between the host immune system and A. muciniphila was described in a study
investigating the gut microbiota of immunodeficient Ragl’ mice, which lack all
mature lymphocytes, and thus have no adaptive immune system (Zhang et al.,
2015a). A. muciniphila was enriched in these immunodeficient mice, and the
enrichment was suppressed when Ragl’ mice received bone marrows from wild-
type mice leading to restoration of CD4* T cells and mature B cells. These findings
indicate that the adaptive immune system can directly alter the gut microbiota, but
the components responsible for this effect are not known. The study is yet another
demonstration of the cross-talk between A. muciniphila and the host immune
system, but the implications of this interaction in healthy or immunocompromised
hosts is still unclear. An important lesson from these studies is that simple
conclusions on the function of a specific bacterium, such as A. muciniphila, cannot
be easily made. In all association studies confounding factors should be taken into
account, in mouse models the different effects of the treatments and knock-outs
should be considered, and finally care should be taken to extrapolate mouse studies
to man (see below).

In vitro assays, such as the ones used in this thesis to measure intestinal receptor
activity or cytokine production in PBMCs (Chapter 6), are useful for screening
candidate bacteria for their stimulatory ligands or anti- and proinflammatory
properties. However, these models have certain limitations, which must be taken
into consideration when interpreting the results. For example, the assay with
PBMCs only involves one type of immune cells and ignores the complexity of the in
vivo communication between different cell types. Also the lack of other, competing
bacteria in these assays is a drawback, as in the intestine members of the
microbiota are in constant interaction with each other. In vivo experiments with
animal models are the next step in confirming the findings of the in vitro assays,
but it must be kept in mind that for example the mouse gut differs from the human
gut both in terms of physiology and composition of the microbiota (Krych et al.,
2013). This makes it sometimes difficult to extrapolate the results from mouse
studies to the human situation. Therefore, also in the case of A. muciniphila,
experiments with humans are eventually needed to validate the findings of the in
vitro assays and animal models.

160



GENERAL DISCUSSION

Concluding remarks and future perspectives

Since the isolation and initial characterization of A. muciniphila a little more than
ten years ago (Derrien et al., 2004), this bacterium has been associated with
numerous diseases, most often with reduced abundance in patients in comparison
to healthy subjects. However, relatively few studies have described the physical or
functional properties of A. muciniphila in detail. In this thesis the substrate
utilization capacities concerning host-derived glycans mucin and human milk, and
the immunostimulatory profile of A. muciniphila and its products were
investigated. In depth transcriptome and proteome analyses were used to
complement the available genomic information. In addition to the outcomes
described here, concerning metabolic pathways and OM proteome among other
things, these datasets can be further utilized in interpretation of future and to
some degree also past studies.

A. muciniphila is the only currently described human intestinal bacterium that
belongs to the phylum Verrucomicrobia. Limited amount of studies are available on
the other members of this phylum, and due to the diverse living environments of
these bacteria, ranging from seawater to termite gut, comparison of data is not
always reasonable. The cell envelope structure of Verrucomicrobia has gained
interest recently but the proteomic analysis of A. muciniphila OM described in this
thesis i1s the first experimental protein-level characterization of Verrucomicrobia
membranes. On the upside, metatranscriptomic and metaproteomic datasets can
easily be assessed for A. muciniphila, as Verrucomicrobia is a deeply rooted phylum
(Lange et al., 2015; Rooijers et al., 2011). Studying novel bacteria offers great
possibilities, and fortunately the number of cultured species from the human gut
environment is ever increasing with over a thousand cultured isolates presently
described in detail (Rajilic-Stojanovic and de Vos, 2014). This is of substantial
interest as culturing the intestinal microbiota has rather been neglected after the
development of fast DNA-based approaches. A culturing renaissance is taking place
now, as it turns out that insight in cultures is needed when trying to develop new
therapies.

A. muciniphila provides a relevant target for studying host-microbial
communication because few commensal bacteria live in such close contact with the
epithelial cells in the intestine. According to the findings presented in Chapter 6,
A. muciniphila is able to evoke diverse immunological responses in vitro. Whether
this is the case also in vivo and what are the consequences of the
immunostimulation to the host remains to be discovered. However, as A.
muciniphila is commonly associated with a healthy gut, it is likely that it is
involved in beneficial interactions with the host, possibly by regulating immune
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homeostasis and keeping the immune system alert for potential disruptions. Future
studies should focus on determining the exact mechanisms of A. muciniphila
immunomodulation and establishing causal relationships between disease
development and presence of this species in the gut. This can be achieved by using
in vitro assays, for example by observing T-cell differentiation in a co-culture of A.
muciniphila and immune cells. Furthermore, in vivo mouse studies where several
immune parameters can be measured simultaneously are required to get a more
complete overview of the immunomodulatory properties. Previously published
studies with positive effects of A. muciniphila on the metabolic profile of mice
should be followed up by studying the possible protective effect of A. muciniphila on
the development of other diseases, such as IBD and metabolic diseases. After the
technical and safety considerations described above have been addressed, and if the
results derived from animal studies consistently point to a beneficial effect of A.
muciniphila, human trials should be conducted. Ultimately, the comprehensive
characterization of individual members of the gut microbiota leads to better
understanding of the whole microbial community, and thereafter improved
knowledge of human health.
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Abbreviations

2'-FLL
3-FL
3'-SL
6'-SL
ANOVA
APC
BCFA
BLAST
BTTM
CAZymes
CD
CFU
COG
CRC
DGE
DSS
EFSA
EPS
EV
FBS
FDR
FMP
FMT
GABA
GalNAc
GALT
GI
GleNAc
GO
HDAC
HMO
HPLC
IBD
IgA
IMDM
KEGG
LC-MS/MS
LFQ
LPS
LTA

2'-fucosyllactose

3-fucosyllactose

3'-sialyllactose

6'-sialyllactose

One-way analysis of variance
Antigen presenting cell
Branched-chain fatty acids

Basic local alignment search tool
Basal Tryptone Threonine Medium
Carbohydrate-active enzymes
Crohn's disease

Colony forming unit

Clusters of Orthologous Groups
Colorectal cancer

Differential gene expression
Dextran sulfate sodium

European Food Safety Authority
Exopolysaccharide

Extracellular vesicle

Fetal Bovine Serum

False discovery rate

Fermented milk product

Fecal microbiota transplantation
Glutamate/y-aminobutyric acid
N-acetylgalactosamine
Gut-associated lymphoid tissue
Gastrointestinal
N-acetylglucosamine

Gene ontology

Histone deacetylase

Human milk oligosaccharide
High-performance liquid chromatography
Inflammatory bowel disease
Immunoglobulin A

Iscove's Modified Dulbecco's Medium
Kyoto encyclopaedia of genes and genomes
Liquid chromatography-tandem mass spectrometry
Label-free quantification
Lipopolysaccharide

Lipoteichoic acid
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MAMP
MAP
N.D.
NLR
oD
oM
PBMC
PEP
PRR
PTS
PUL
PVC
QPS
RLR
RND
SCFA
SD
SFB
SHIME
SIgA
T2D
TER
TLR
TMM
TOF
ucC

Microbe-associated molecular pattern
Mitogen-activated protein

Not detected

Nucleotide binding and oligomerization domain-like receptors
Optical density

Outer membrane

Peripheral blood mononuclear cell

Pro-Glu-Pro

Pattern recognition receptor

Phosphotransferase

Polysaccharide utilization loci
Planctomycetes-Verrucomicrobia-Chlamydiae
Qualified presumed safety

Retinoic acid-inducible gene I (RIG-I)-like receptors
Resistance-Nodulation-Division

Short-chain fatty acids

Standard deviation

Segmented filamentous bacteria

Simulator of the Human Intestinal Microbial Ecosystem
Secretory IgA

Type 2 diabetes

Transepithelial electrical resistance

Toll-like receptors

Trimmed mean of M-values

Time of flight

Ulcerative colitis
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