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UNEXPECTED BEGINNINGS: THE HUMAN MICROBIOME
IN PREGNANCY AND FOETAL DEVELOPMENT

KJERSTI M. AAGAARD"**>*  AMANDA L. PRINCE',
DERRICK M. CHU"*?, MAXIMD SEFEROVICl
KATHLEEN M. ANTONY', and JUN MA'

Department of Obstetrics & Gynecology, Division of Maternal-Fetal Medicine;
*Interdepartmental Program in Translatlonal Biology and Molecular Medicine;
*Medical Scientist Training Program *Bioinformatics Research Lab, Department
of Molecular & Human Genetics; *Department of Molecular & Cell Brology, and
Department of Molecular & Human Genetics; Baylor College of Medicine,
Houston, TX, USA.

INTRODUCTION

Completed in 2012, the Human Micro-
biome Project (HMP) characterized the
microbiome composition of multiple
body sites in healthy individuals of
different ethnicities located in two
separate cities in the United States. To-
gether with the European MetaHIT
metagenomics of the human intestinal
tract, these landmark studies document
bacterial diversity, niche specificity,
and microbial gene carriage patterns
far exceeding what was initially sus-
pected (Human Microbiome Project,
2012a,b,c; Aagaard et al., 2012a,b;
Huse et al. 2012; Gevers et al., 2012; Li
et al.,, 2012). In the interval prior and
the interval since, associations between
“dysbiotic” (or variation among)
microbiota and disease have been sug-
gested for obesity, type II diabetes
mellitus, ulcerative colitis, Crohn’s dis-
ease, and colorectal cancer (Mangin et
al., 2004; Ley et al., 2005; Gophna et
al., 2006; Manichanh et al., 20006;
Turnbaugh et al., 2006; Bdckhed et al.,
2007; Cani et al., 2007; Turnbaugh et

al., 2008, 2009; Willing et al., 2009;
Larsen et al., 2010; Schwiertz et al.,
2010; Wu et al., 2010; Joossens et al.,
2011; Lepage et al., 2011; Marchesi et
al., 2011; Sobhani et al., 2011; Qin et
al., 2012; Wang et al., 2012; Devaraj et
al., 2013). However, causation has yet
to be established, and a multitude of
other aetiologies for these common
complex disorders have been suggested
over the decades (i.e., human single
nucleotide polymorphisms and struc-
tural genomic variation, as well as
epigenomic regulation and dysregula-
tion). It is thus critically important to
first discriminate when in the course of
the lifespan there is normal and antici-
pated variation in the human microbi-
ome, in which body niches such varia-
tion occur in, and what other co-vari-
ates (such as host disease-susceptible
genotype, host metabolic milieu and
associated disorders, as well as age,
gender, race/ethnicity, medications and
diet) may contribute to any observed
variation.

DOES THE MICROBIOME VARY DURING
THE COURSE OF PREGNANCY?

Our laboratory and others have demon-
strated that the vaginal microbiota vary

during the course of normal pregnancy,
thus providing a unique “signature” in
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Figure 1: The 16S rRNA gene is an ideal target for classifying bacteria.

(A) The 16S rRNA gene of bacteria contains nine hypervariable regions (V1-V9) that are flanked
by conserved regions, which makes this gene an ideal target for PCR amplification and bacterial
classification. The V1V3 and V3VS5 primers sets utilized by the HMP consortium are outlined. The

dotted line indicates the direction of amplification.

(B) Advantages and disadvantages to characterizing the vaginal microbiome with V1V3 (includes
V2) and V3VS5 (includes V4) primer sets. Species identification of Lactobacillus is enabled using a
V1V3 primer set; however, V3V5 primers sets are better suited to identify Enterobacteriaceae and
Bifidobacteriaceae. Thus, experimental design is essential when examining the pregnant microbi-

ome.

pregnancy with relative altered abun-
dance of multiple taxa (Romero et al.,
2014; Aagaard et al., 2012b). But what
impact does this have on either the
pregnancy or the developing infant?
Although it has long been suggested
that intra-uterine infections, such as
chorioamnionitis, are the sequelae of
ascending microbiota from the upper
vaginal tract (Gongalves et al., 2002),
the evidence supporting this are rela-
tively sparse (Table 1). Moreover, evi-
dence that the development of highly
morbid neonatal conditions, such as
neonatal sepsis and necrotizing entero-
colitis, are potentially attributable to
anatomical displacement of these flora
with subsequent inflammation and neo-
natal acquisition is not actually con-
sistent with respect to representative
microbiota (Claud and Walker, 2001;
Guthrie et al., 2003; Yee et al., 2012).

In this dawning era of metagenomic
medicine and science we are question-
ing the notion of anatomically adjacent
microbial migration, and are coming to
appreciate that many so-called “sterile”
niches - notably in and among the fe-
male reproductive tract (such as the
placenta) - may function as active low
biomass ecologic niches which harbour
unique microbiomes. These early ob-
servations challenge not only our as-
sumed notions of “from whenst and
where” our earliest microbiomes are
colonized (or seeded), but our concepts
of inflammatory mediators, reproduc-
tive immunity, and whether microbes
in such niches may constitute more
friend than foe. This leads to a number
of reflections on the rather unexpected
beginnings of the neonatal and infant
microbiome, which are themselves
relatively low biomass microbiomes.



HOW DO WE DETECT LOW BIOMASS MICROBIOMES?

16S-based metagenomics

Sequencing of the 16S rRNA gene us-
ing Next-Gen technology has recently
been widely exploited to characterize
the human microbiome (Jonasson et
al., 2007; Liu et al., 2007). The 16S
rRNA gene is an ideal target to classify
bacteria due to the nine hypervariable
regions in this gene that can be used to
distinguish species based on individual
nucleotide polymorphisms (Figure 1A;
Klindworth et al., 2013). However,
16S-amplicon based approaches are
limited to a shorter read length as com-
pared to Sanger sequencing, and as a
result, only a few hypervariable regions
can be contiguously sequenced at a
time. Initial work on approach and vali-
dation by the HMP Consortium demon-
strated that there is variation in the
taxonomy profile identified based on
sequencing different variable regions.
For example, V1V3 amplicons may
underestimate  Acinetobacter  and
Escherichia genera, but V3V5 provides
both breadth and depth of communities
dominated by these genera. Further-
more, V6V9 may underestimate Bac-
teroides but provides good coverage
for Pseudomonas and Escherichia
(Human Microbiome Project, 2012b).
As a result, the resultant microbiome
profile of any given body site will have
subtle variations by virtue of the primer
set used.

For example, comparison of the vaginal
microbiome data from the HMP reveals
that V1V3 will distinguish communi-
ties primarily by the relative predomi-
nant Lactobacillus species present,
while V3V5 amplicons will reveal ei-
ther lactobacilli-dominant or lactoba-
cilli-diminished groups. Furthermore,
the number of Lactobacillus species
detected (and thus relative abundance)
will vary depending on the 16S region
sequenced, with V1V3 revealing more

unique Lactobacillus operational taxo-
nomic units (OTUs) as compared to
V3V5 (Huse et al., 2012). However,
unlike V3V5, V1V3 does not fully dis-
criminate Enterobacteriaceae family
projections (including Escherichia and
Proteus), and some genera (including
Staphylococcus) (Fettweis et al., 2012)
(Figure 1B). Few studies have directly
compared the vaginal communities de-
scribed by V6, V7, V8 and V9 to other
primer sets, though a number of studies
have utilized these regions with good
coverage (Hummelen et al., 2010;
Ghartey et al., 2014). Taken together,
these data emphasize the need for pru-
dent consideration when choosing pri-
mer sets for sequencing with apprecia-
tion of both the body site to be charac-
terized, the reference data set to be
compared to, and limitations when
comparing to other published findings.

Whole genome shotgun (WGS) based
metagenomics

Although 16S sequencing is a cost
effective approach to perform meta-
genomics studies, WGS sequencing
allows for deep and refined taxonomic
classification to the species and strain
level, as well as the capacity to capture
total gene content and metabolic capac-
ity (Butler et al., 2008; Qin et al., 2012;
Liu et al., 2012; Morgan et al., 2012;
Aagaard et al., 2014). However, the
sheer volume of data generated by this
approach poses significant bioinformat-
ics challenges (Prakash and Taylor,
2012). Upon receiving sequence reads,
quality filtering is performed to remove
human contamination, which consists
of more than 90% of reads in vaginal or
placental samples.(Human Microbiome
Project, 2012c; Aagaard et al., 2014)
To get species assignment to provide
potential gene expression information,
sequence reads are first assembled into



Table 1: Metagenomic studies pertaining to perinatal health

Authors Year Site Technique(s)  Primers utilized Study Design Findings
Non-gravid vaginal studies
NIH HMP Consortium 2012 skin, nares, oral next-gen VIV3 longitudinal characterized healthy
vagina sequencing Vivs reference population
Ravel et al. 2010 mid-vagina next-gen V1v2 cross-sectional  characterized healthy, non- gravid
(self-collected) sequencing vaginal microbiome
Gajer et al. 2012 mid-vagina next-gen VIiv2 longitudinal demonstrated temporal dynamics
(self-collected) sequencing of the vaginal microbiome
Macklaim et al. 2013 vagina mefa- cross-sectional ~ demonstrated potential or meta-
transcriptomics transcriptomics on vaginal swabs
Gravid vaginal studies
Aagaard et al. 2012 vaginal introitus, next-gen Vivs cross-sectional  characterized healthy, gravid
posterior fornix, sequencing vaginal microbiome
and mid-vagina
Romero et al. 2014 posterior fornix next-gen Viv2 longitudinal characterized healthy, gravid vaginal
sequencing microbiome throughout pregnancy
Walther-Antonio et al. 2014 posterior fornix next-gen Vivs longitudinal characterized healthy, gravid vaginal
cervix sequencing microbiome throughout pregnancy
Beyond the vagina: intestinal microbiome
Koren et al. 2012 stool sequencing VIiv2 longitudinal characterized 1* and 3™ trimester stool
Beyond the vagina: the placenta
Aagaard et al. 2014 placenta next-gen V1V3 population based  the placenta harbours a unique micro-
sequencing and WGS cross-sectional ~ biome profile, most akin to the oral

microbiome and varies by virtue of
preterm birth and a remote history
of antenatal infection




Table 1 (continued): Metagenomic studies pertaining to perinatal health

Authors Year Site Technique(s)  Primers utilized  Study design Findings
Beyond the vagina: neonatal studies
Schultz et al. 2004 stool sequencing strain specific longitudinal vertical fransmission from mother to
infant
Palmer et al. 2007 stool sequencing universal longitudinal characterized healthy neonatal
microarray, PCR 168 IRNA microbiome
Dominiguez-Bello et al. 2010 oral, vagina next-gen V2 cross-sectional  characterized neonatal microbiome by
skin, rectum sequencing mode of delivery
Koenig et al. 2011 stool next-gen V1v2 longitudinal characterized the intestinal microbiome
sequencing from birth to 2.5 years
Jost et al. 2012 stool sequencing Sanger, longitudinal characterized healthy neonatal
V5V6 microbiome
Wang et al. 2013 cord blood bacterial culture universal cross-sectional  neonates with necrotizing colitis had
amniotic fluid and sequencing 16S IRNA predominantly one bacteria dominating
Milisavljevic et al. 2013 gastro-esophageal sequencing universal longitudinal characterized the microbiome in VLBW
168 IRNA infants
Azad et al. 2013 stool next-gen V5, V6, V7 longitudinal characterized the neonatal microbiome
sequencing from birth to 4 months while examining
mode of delivery and feeding
Rogier et al. 2014 stool microarray murine examined the role of maternal IgA on
intestinal microbiome
Ma et al. 2014 colon, anus, stool next-gen V3Vs non-human examined the role of maternal diet on
sequencing primate juvenile microbiome




contigs, or genes. This is challenging
due to the lack of reference genomes,
which results in de novo assembly of
microbial genomes with the potential to
distort the species abundance and
generate chimeric genomes (Pop,
2009). Following assembly, gene
prediction is then possible by analyzing
molecular characteristics of existing
open reading frames of sequenced ge-
nomes (Zhu et al., 2010). Given the
complexity of assembly and low effi-
ciency, taxonomy classification can
also be achieved by alignment of
sequence reads to clade-specific
markers identified from Integrated
Microbial Genomes (IMG) without

prior assembly (Segata et al., 2012).
The reconstruction of functional profile
is achieved by mapping reads onto
pathway collections such as Kyoto
Encyclopedia of Genes and Genomes
(KEGG), with additional interference
steps for pathway coverage and abun-
dance (Abubucker et al., 2012). Fur-
ther, webtools have recently been
developed to perform the tasks de-
scribed above to facilitate the analysis
of WGS data (Glass et al., 2010). How-
ever, regardless of approach, WGS and
16S sequencing are limited to describ-
ing community composition and its po-
tential metabolic or functional capabil-
ity.

WHAT MICROBES COMMENSALLY COLONIZE THE NEONATE?

Recently, the establishment of the neo-
natal microbiome has been the subject
of debate and investigation. When di-
rectly examining the intestinal microbi-
ome of infants born via caesarean or
vaginal delivery, culture-based micro-
biological techniques have demon-
strated differences in the colonization
of the neonatal intestinal microbiome,
particularly of Bifidobacterium-like
bacteria, Lactobacillus-like bacteria,
and Bacteriodes fragilis (Gronlund et
al., 1999a). However, a separate study
by this group also determined that bac-
terial enzymes were not altered in the
stool of infants based on mode of deliv-
ery (Gronlund et al., 1999b). Using
culture-independent, PCR-based tech-
niques, Penders et al., also showed that
B. fragilis and Bifidobacterium were
decreased in caesarean delivered in-
fants in comparison to vaginally deliv-
ered infants. However, this study also
demonstrated differences in the intesti-
nal microbiome of infants based on for-
mula-feeding or breastfeeding (Penders
et al., 2006). An Italian study further
investigated the intestinal microbiome

of infants based on mode of delivery
using the V6V8 region of the 16S
rRNA gene in PCR-DGGE and PCR-
temperature gradient gel electrophore-
sis (TGGE) assays (Biasucci et al.,
2008). This group determined that in-
fants born vaginally had increased
diversity in their intestinal microbiome
when compared to caesarean delivered
infants. Again, infants born by caesar-
ean delivery appeared to have an ab-
sence of Bifidobacterium in their
intestinal microbiome (Biasucci et al.,
2008).

Which microbiota first populate the
infant?

Further studies into the establishment
of the neonatal microbiome highlight
this principle. Jost et al., demonstrated
that the intestinal microbiome of in-
fants born vaginally and exclusively
breastfed decrease the amount of the
Firmicutes phylum, of which Lacto-
bacillus belongs, over time while in-
creasing the prevalence of Bacteroides
species (Jost et al, 2012). Thus,
although these infants were born



vaginally, a high presence of Firmicu-
tes did not persist. Intriguingly, these
vaginally delivered infants could be
classified into two cohorts in this study:
those that had species of Bacteriodes
present in their intestinal microbiome
and those that did not (Jost et al.,
2012), and this trend was also seen in a
separate study (Palmer et al., 2007).
This is in contrast to previous studies
finding that Bacteroides relative abun-
dance differed based on mode of deliv-
ery (Gronlund et al., 1999a; Penders et
al., 2006). However, Palmer et al. also
determined that variations in the Bac-
teroides species seen early in neonatal
life were less variant and more con-
sistent in the abundance by one year of
age. Additionally, the neonatal intesti-
nal microbiome also appeared more
adult-like near the end of the first year
of life (Palmer et al., 2007). This find-
ing was confirmed in a study by
Koenig et al., in which the intestinal
microbiome of an infant was monitored
for 2.5 years. Here, the authors found
that the diversity of the intestinal mi-
crobiome increased over time and with
the introduction of foods (Koenig et al.,
2011). Also, Bacteroides species were
found to increase upon the introduction
of vegetables (Koenig et al., 2011).
Altogether, this data indicate that the
neonatal microbiome is highly variable
within the first year of life. Therefore,
various exposures during this time may
have a significant impact on the devel-
oping microbiome.

Is it vertical or horizontal transmis-
sion of microbes that populate the
infant at birth?

An initial study by Schultz and col-
leagues examined the vertical transmis-
sion of a probiotic, L. rhamnosus GG,
from mother to infant (Schultz et al.,
2004). Gravid women took the probi-
otic twice daily from 30 to 36 weeks of
gestation. The authors found that all

infants born vaginally (4/4) contained
this probiotic in their stool while the
probiotic was only detected in the stool
of half of the caesarean delivered in-
fants (1/2) (Schultz et al., 2004). This
study demonstrated that vertical trans-
mission did occur between mother and
infant. However, this study included a
small subject number and did not
examine the maternal stool postpartum,
which would be relevant to determine
the persistence of the probiotic in the
maternal microbiome that would pro-
vide an opportunity for horizontal
transmission. The maternal microbiome
during infancy, and not solely delivery
mode, may be an important factor in
establishing the neonatal microbiome.
In fact, a recent study examining the
establishment of the intestinal microbi-
ome of healthy, term neonates using
qPCR found that bacterial loads be-
tween maternal and infant stool were
remarkably similar (Jost et al., 2012).
This study demonstrates that the mater-
nal microbiome at birth and postpartum
may be critical in the establishment and
development of the neonatal microbi-
ome via horizontal transmission. Alt-
hough it is unclear if the health and mi-
crobiome of the offspring is persis-
tently influenced by mode of delivery,
gestational age at delivery appears to
be the greater arbiter for the developing
microbiome. For instance, differences
in the intestinal microbiome of preterm
and term neonates has been described
(Schwiertz et al., 2003). In this study,
the authors found that healthy, term
neonates that were breast fed had in-
creased diversity in their intestinal
microbiome when compared to hospi-
talized, preterm infants using PCR-
DGGE analysis (Schwiertz et al.,
2003), and additional studies have con-
firmed that the microbiome of infants
with conditions like PTB, very low
birth weight, or necrotizing enterocol-
itis, also have an altered microbiome



(Schwiertz et al., 2003; Hdllstrom et al.,
2004; Milisavijevic et al., 2013; Wang
et al., 2013). However, it is unclear if
these alterations are due to early gesta-
tional age at delivery or hospitalization
since neonatal exposure in early life is
pertinent to the establishment of the
microbiome.

Does it matter how the infant was
delivered?

To date, few studies on this issue
regarding mode of delivery have used
Next-Gen sequencing techniques. An
initial study was performed in Vene-
zuela with nine gravid subjects total,
four giving vaginal birth and five hav-
ing a caesarean delivery (Dominguez-
Bello et al., 2010). This study used the
V2 region of the 16S rRNA gene and
demonstrated that the infant microbi-
ome most closely resembled the moth-
ers’ vaginal microbiome following
vaginal delivery. Similarly, if the infant
was born by caesarean delivery, the
infant microbiome most closely resem-
bled the skin microbiome. Furthermore,
a Canadian study using Next-Gen se-
quencing techniques for the V5, V6,
and V7 regions of the 16S rRNA gene
demonstrated that Escherichia shigella
and Bacteroides were significantly
diminished in the intestinal microbiome
of infants born by caesarean-section
(Azad et al., 2013). This study also
found that infants with the highest
species richness and diversity of their
intestinal microbiome were born by
emergency caesarean-section rather
than by an elective caesarean-section or
vaginally. However, when followed out
to four months postpartum, infants’
intestinal ~ microbiome could be
differentiated primarily based on mode
of feeding. Specifically, infants that
were formula-fed had a higher preva-
lence of Peptostreptococcaceae and
Verrucomicrobiaceae when compared

to breastfed infants (4zad et al., 2013).
Thus, mode of feeding may be more
crucial than mode of delivery in
regards to the long-term establishment
of the microbiome. These findings
suggest that the establishment of a
stable microbiome is not only a
question of what bacteria are present at
birth, but also what factors, either host-
derived or environmental, influence the
species that persist.

Furthermore, these exposures at
delivery and early life may have lasting
effects on the microbiome (Ma et al.,
2014b; Ding and Schloss, 2014). For
instance, a recent study demonstrated
that breastfeeding has an impact in the
long-term enterotype of an individual
(Ding and Schloss, 2014). This study is
bolstered by murine studies suggesting
that maternal antibodies transferred via
breast milk may have a persistent im-
pact on the intestinal microbiome
(Rogier et al., 2014). However, retro-
spective analysis of the literature deter-
mined that mode of delivery may influ-
ence obesity in adulthood (Darmassee-
lane et al., 2014). Thus, these afore-
mentioned associations with mode of
feeding and delivery may be attributa-
ble to differences in the seeding of the
neonatal microbiome. Therefore, future
studies are needed to entail how and
why microbes remain in distinct body
sites. In other words, it may not be a
question as to who is there and from
whenst and where do they arise, but
rather why do certain microbes take up
and retain residence. As the maternal
diet and microbiome has been shown to
influence the establishment and de-
velopment of the infant microbiome,
these future studies may reveal early
mechanisms of adult metabolic disor-
ders, which may allow for the early
treatment and/or prevention of associ-
ated diseases.



IS THE VAGINAL MICROBIOME A LIKELY FIRST SOURCE
OF SEEDING THE NEXT GENERATIONS MICROBIOME?

As previously overviewed, it has been
suggested by many, based on a paucity
of data, that the infant microbiome is
seeded at the time of vaginal birth
(Table 1). Such a supposition would
necessitate thorough understanding of
the vaginal microbiome during preg-
nancy, as well as an appreciation for
the vaginal microbiome constituent
variation across gestational age.

Characterizing the vaginal micro-
biome

Prior to the advent of Next-Gen se-
quencing, the characterization of the
vaginal microbiome through traditional
microbiological techniques (culture-
dependent) revealed a predominance of
Lactobacillus species (Redondo-Lopez
et al., 1990; Larsen and Monif, 2001).
These early characterizations of the
vaginal microbiome resulted in the
delineation of “normal” flora (defined
as Lactobacillus predominant), and
“abnormal” or “aberrant” vaginal flora
(non-lactobacillus predominant). Early
descriptions also attempted to charac-
terize abnormal vaginal flora, most
notably in conjunction with bacterial
vaginosis (BV). BV is a common and
complex alteration of vaginal flora, but
the description of the bacteria involved
in the vaginal dysbiosis has changed
over time. The association between an-
aerobic cocci and abnormal vaginal
discharge was first described by Curtis
in 1914, and Gardnerella vaginalis was
first described as a causative agent for
BV in 1955 (Eschenbach, 1993;
Ledger, 1993). However, by the 1990s,
multiple other species were found in
anaerobic cultures of vaginal discharge
from  subjects with  symptoms
consistent with BV (Faro et al., 1993;
Hillier et al., 1993). Despite the
multiplicity of causitave agents, one

common finding is that women experi-
encing clinically symptomatic BV tend
to be deficient in lactic acid producing
species of bacteria that also convert
oxygen to HO, (Eschenbach et al.,
1989; Hillier et al., 1992, 1993). This
observation has led to several decades
of data demonstrating that adverse re-
productive health outcomes accompany
“abnormal flora” associated with BV
(Gravett et al., 1986; Martius et al.,
1988; Krohn et al., 1991; Hillier et al.,
1995a; Martin et al., 1999; Wiesenfeld
et al., 2003; Ness et al., 2005; Brotman
et al., 2010). For instance, incidence of
BV has been associated with preterm
birth and with increased risk for acquir-
ing sexually transmitted diseases, such
as Neisseria gonorrhea, Chlamydia
trachomatis, and human immunodefi-
ciency virus (HIV) (Gravett et al.,
1986; Martius et al., 1988; Krohn et al.,
1991; Kurki et al., 1992; Hillier et al.,
1995b; Martin et al., 1999; Wiesenfeld
et al., 2003; Ness et al., 2005; Brotman
et al., 2010; Perla et al., 2012). This
increased risk of infection is thought to
be due to the deficiency of Lactobacil-
lus species that produce lactic acid and
H,0; to provide protection from patho-
genic bacteria and viruses (Eschenbach
et al., 1989). Along these lines, previ-
ous in vitro studies have demonstrated
that L. acidophilus can protect from
infection with G. vaginalis, Bac-
teroides bivius, and HIV through a pe-
roxidase dependent mechanism (and
Coombs, 1991; Klebanoff et Klebanoff
al., 1991). Thus, while BV may indi-
cate vaginal dysbiosis in a clinical set-
ting, there has been historically a lack
of data regarding whether vaginal dys-
biosis occurred as “normal” flora in
women  asymptomatic  for BV.
Currently, Next-Gen sequencing tech-
niques have enabled the vaginal



microbiome to be more thoroughly
characterized to determine the bacterial
flora of the “normal” versus ‘“‘abnor-
mal” vagina.

One of the first studies to reveal the
complexity of the vaginal microbiome
using Next-Gen techniques was per-
formed by Ravel et. al. This study re-
cruited nearly 400 women of mixed
ethnicities. Samples were prepared for
either V1V2 16S sequencing and were
scored for BV using Nugent criteria
(Ravel et al., 2010). Five distinct com-
munity state types (CSTs) were re-
vealed, and the majority of these CSTs
were dominated by species of lactoba-
cilli. The fourth CST included women
with a vaginal microbiome deficient in
Lactobacillus species, and interest-
ingly, this group had increased inci-
dence of BV. Also, this study demon-
strated that the vaginal microbiome
could be distinguished by ethnicity.
Asian subjects had a higher prevalence
of CST I (L. iners), non-Hispanic
Caucasians had a higher prevalence of
CST 1 (L. crispatus), and African-
American and Hispanic subjects had a
higher prevalence of CST III (L. iners)
and IV (decreased Lactobacillus spe-
cies) (Ravel et al., 2010). However, re-
cent studies have demonstrated the cau-
tion that must be utilized when per-
forming analysis such as CSTs (Koren
et al.,, 2013). In these investigations,
Koren et al. demonstrated that these
types of cluster analysis are sensitive to
the distance metric used for analysis
and that multiple distance metrics
should be utilized to promote accuracy
in data. In fact, this study utilized the
data of Ravel et al. in their analysis and
found varying support for the presence
of CSTs based on the analysis used
(Ravel et al., 2010; Koren et al., 2013).
Thus, multiple methods of analysis
must be used to establish a community
state type. An additional method that
may be useful to examine microbiome
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communities across ethnicities may be
to utilize single nucleotide polymor-
phisms (SNPs) in mitochondrial DNA
(mtDNA), which provides more preci-
sion in analysis (Ruiz-Pesini et al.,
2007). We have recently used this
method in conjunction with analysis of
the microbiome through data leveraged
from the HMP to examine associations
between mtDNA haplotypes and
microbiome communities (Ma et al.,
2014a). While we did see similar
microbiome communities as the Ravel
group, our analysis has provided a
molecular basis in which to describe
the structure of microbiome communi-
ties.

Variation of the vaginal microbiome
during and across pregnancy

With the demonstration that the vaginal
microbiome fluctuates based on the
menstrual cycle, with intercourse, and
(to a much more limited degree) with
clinical symptoms of BV, we and
others sought to characterize the vagi-
nal microbiome during pregnancy.
Nearly every organ system changes
during pregnancy to promote preg-
nancy maintenance or prepare for
parturition. In the vagina, increased
vascularity and hyperaemia develop in
the skin of the vulva and the mucosa of
the vagina. Additionally, the vaginal
mucosa increases in thickness and cer-
vical secretions increase, which causes
the underlying smooth muscle cells to
hypertrophy and relax the connective
tissue. At the epithelial surface, the
vaginal epithelium hypertrophies and
causes a crowding of the epithelial
cells, which are rich in glycogen
(Nieburgs, 1947). Oestrogen (namely
oestradiol) rises across gestation, and
further leads to increases in glycogen
levels; glycogen is metabolized into
lactic acid resulting in the decrease pH
(acidity) of the vagina (Paavonen,
1983; Gregoire et al., 1971). This



metabolism of glycogen into lactic acid
was historically thought to be per-
formed by the vaginal epithelium, since
the vaginal lumen is sufficiently distant
from the oxygen supply to become an-
aerobic. However, the primary source
of lactic acid became debated when
Boskey et al. reported that vaginal
lactobacilli were capable of producing
lactic acid in vitro at a rate sufficient to
re-acidify the vagina in vivo following
a neutralizing exposure (i.e. ejaculate)
(Boskey et al., 1999; Pybus and
Onderdonk, 1999). Afterwards, the
specific lactate structures in the vagina
were explored and it was discovered
that the majority of the vaginal lactic
acid was of the D-isoform, which
cannot be produced by human
metabolism (Boskey et al., 2001). Thus,
vaginal bacteria, namely lactobacilli,
appear to be the primary source of
lactic acid in the vagina. In pregnancy,
the preponderance of Lactobacillus
species appears to be aided by the
oestrogen-induced increase in glycogen
that contributes to the vaginal acidic
environment, which is not only
enhanced by lactobacilli but also
fosters Lactobacillus growth.

Prior to the advent of metagenomics,
the presence of lactobacilli were noted
to increase as gestational age advanced
during pregnancy (Nieburgs, 1947).
Further, more recent studies demon-
strated a high prevalence of Lacto-
bacillus species in the vagina during
either the first, second, or third
trimester using PCR-DGGE for the V3
region of the 16S rRNA gene, and the
species with the highest prevalence
were L. acidophilus and L. iners
(Hernandez-Rodriguez et al., 2011).
The utilization of Next-Gen sequencing
techniques to study the vaginal
microbiome further demonstrated the
presence of Lactobacillus species in the
vagina during pregnancy. Our group
initially published this 16S-based

metagenomic characterization in a
cross-sectional study employing V3V5
16S metagenomics (Aagaard et al.,
2012b). When compared to the HMP
non-pregnant reference subjects, we
found that pregnancy was associated
with an altered vaginal microbiome and
marked by a decrease in alpha diversity
at the subgenus level (dagaard et al.,
2012b) (Figure 2). When we examined
this phenomenon further, we dis-
covered that there was an overall en-
richment of the orders Lactobacillus,
Clostridiales, Bacteriodales, and
Actinomycetales. And upon probing at
the species level using supervised ma-
chine learning approaches, such as lin-
ear discriminate analysis (LDA) effect
size (LEfSe) and Boruta feature selec-
tion, we discovered that the vaginal mi-
crobiome during pregnancy was en-
riched in L. iners, L. crispatus, L. jen-
senii, and L. johnsonii (Aagaard et al.,
2012b). The increase in lactobacilli
may be explained by the increase in
oestrogen that occurs during preg-
nancy. However, direct associations
between specific species of Lactobacil-
lus and oestrogen levels are lacking and
warrant further investigation.

However, the aforementioned studies
were cross-sectional, which allows for
the characterization of a pregnancy and
gestational age-common microbiome
signature, but lacks capacity for
description of the dynamic changes
which may occur in an individual over
time. Longitudinal analysis of the vagi-
nal microbiome in a small cohort of
women across gestation has been per-
formed using terminal restriction frag-
ment length polymorphism (tRFLP) in
100 gravid women (Verstraelen et al.,
2009). This study categorized gravidae
into two cohorts during the first tri-
mester: lactobacilli-dominant and lac-
tobacilli-diminished. Interestingly, only
16.9% of gravidae that had a lactoba-
cilli-dominant vaginal microbiome in
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Figure 2: Potential influences on the microbiome during early development.

A number of hormonal changes, environmental exposures and genetic differences may impact the
maternal microbiome before and during pregnancy that may alter the developing neonatal
microbiome. During pregnancy, the maternal intestinal and vaginal microbiome have reduced
alpha diversity and species richness. Metabolic demands increase throughout pregnancy and after
parturition as the mother is lactating. Oestradiol, progesterone and prolactin levels gradually
increase during pregnancy, though it is unclear how these changes affect the maternal microbiome.
Increased oestrogen raises glycogen production in the vagina, but how the availability of this
substrate structures the vaginal microbiome is unknown. The effect of host genetics on the
maternal microbiome throughout pregnancy is relatively unknown. Different ethnicities, which can
be inferred by mitochondrial DNA (mtDNA) haplotypes, have been shown to have varied vaginal
microbiomes before and after pregnancy. Further studies are needed to understand these
differences, and to explore the effect of host genotype on the maternal microbiome. The impact of
diet and obesity on the pregnant microbiome is just beginning to be explored. A primate model of
maternal high fat diet demonstrated that diet alone can persistently alter the juvenile microbiome at
one year of age regardless of juvenile diet. However, how diet alters the maternal environment
during pregnancy and how this affects the vertical transmission of bacteria is unknown.

the first trimester decreased the preva- gained prevalence of this genus. In
lence of lactobacilli during pregnancy. contrast to the cross-sectional study,
On the other hand, 56.5% of gravidae these longitudinal cohorts demonstrat-
with a lactobacilli-diminished vaginal ed that L. crispatus dominated during
microbiome during the first trimester pregnancy and that prominence of L.
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gasseri and/or L. iners during the first
trimester may be associated with di-
minished lactobacilli as pregnancy pro-
gressed (Verstraelen et al., 2009). Re-
cently, Romero et al. has performed
longitudinal studies of the posterior
fornix of the vaginal microbiome dur-
ing pregnancy using Next-Gen se-
quencing of the V1V2 region of the
16S rRNA amplicon (Romero et al.,
2014). These studies utilized the self-
collection of vaginal samples over 16
weeks of the non-pregnant cohort and
swabbing of the posterior fornix at four
prenatal visits from the gravid cohort
with 22 subjects. Additionally, the
gravid cohort consisted of mainly Afri-
can-American ethnicity. In their analy-
sis, the authors used the CSTs estab-
lished by Ravel et al. to interrogate the
vaginal microbiome during pregnancy
(Ravel et al., 2010; Romero et al.,
2014). This study concluded that the
vaginal microbiome of gravid women
mostly consisted of the CST I or III
with odds ratios of 2.986 and 2.136,
respectively, and that the vaginal mi-
crobiome of gravid women shift toward
these two CSTs as their pregnancy pro-
gressed (Romero et al.,, 2014). When
the stability of the vaginal microbiome
was examined during pregnancy, the
authors noted that the vaginal micro-
biome of gravid subjects shifted be-
tween CSTs dominated by lactobacilli
but rarely shifted to CST IV, which is
marked by a diminished abundance of
Lactobacillus species (Romero et al.,
2014). However, with a low number
and low ethnic diversity of subjects in
the study, further studies are needed to
confirm these shifts of the vaginal mi-
crobiome towards CSTs dominated by
lactobacilli as pregnancy progresses.
Initial studies of the vaginal microbi-
ome demonstrated that African-Ameri-
can women have a higher prevalence of
vaginal CSTs consisting of Lacto-
bacillus species (Ravel et al., 2010),

which was further demonstrated by this
recent study (Romero et al., 2014). In a
separate study, the vaginal microbiome
was examined longitudinally during
gestation using the V3V5 amplicon of
16S rRNA in 12 subjects that were
mostly Caucasian (Walther-Antonio et
al., 2014). In agreement with previous
studies, these authors demonstrated that
alpha diversity decreases as pregnancy
progresses and that L. crispatus and L.
iners dominate the vaginal microflora
(Walther-Antonio et al., 2014). (Figure
2) Intriguingly, these authors suggest
that maternal age may be important for
the dominance of L. crispatus or L.
iners, with, L. iners being dominant in
older gravidae (Walther-Antonio et al.,
2014). While this insight should be
kept in mind for future studies, these
study had only two subjects with ad-
vanced maternal age (34-36) (Walther-
Antonio et al., 2014). To take these
studies further, this group attempted to
analyze their data in conjunction with
the Romero ef al. study; however, dif-
ferences in primer sets and sequencing
platforms utilized in these separate
studies prevented in depth analysis
(Walther-Antonio et al., 2014; Romero
et al., 2014). Despite these challenges,
the authors found that while alpha
diversity of the vaginal microbiome
decreased with gestational age in both
African-American and Caucasian sub-
jects, African-American subjects had
increased beta diversity between gravid
subjects while Caucasian gravidae did
not (Walther-Antonio et al., 2014).
Thus, these studies highlight the need
for further longitudinal studies with
large subject enrolment and ethnic
diversity. Additionally, studies are
needed with a high enrolment of BV
subjects or women with a dysbiotic
vaginal microbiome to lend further in-
sight into vaginal microbiome shifts
and stability that are associated with
pregnancy.
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How does the vaginal microbiome
change among women destined for a
preterm birth?
Knowing that term and preterm infants
have a variant microbiome, if it were to
be solely or even largely seeded by the
maternal vagina, then the preterm and
term vaginal microbiome would need
to vary as well. Prior to the meta-
genomics era, the Preterm Prediction
Study examined the association be-
tween BV and PTB (Meis et al., 1995).
In this study, vaginal specimens were
obtained at 24 and 28 weeks gestation,
and an association with increased risk
for spontaneous PTB at less than 35
weeks gestation was found in 19.8% of
women with BV at 28 weeks gestation.
However, conclusions could not be
drawn regarding whether BV itself was
causative of PTB (Meis et al., 1995).
Additionally, while treatment of BV
during pregnancy does eradicate
infection, it does not reduce the risk of
PTB (Hillier et al., 1995b; Brockle-
hurst et al., 2013). Therefore, given the
lack of benefit, screening of asympto-
matic women in pregnancy is not
recommended (Nygren et al., 2008).
Even more concerning are the findings
of two studies that found an increase in
preterm delivery (< 34 weeks) among
women who tested negative for BV but
were treated (Hauth et al.,, 1995;
Vermeulen and Bruinse, 1999). Thus,
the relationship of BV and preterm
birth is complicated and the benefit of
treatment is questionable. These issues
regarding BV and PTB warrant further
investigation into these associations,
and the examination of the microbiome
using Next-Gen sequencing techniques
will be of great utility for these studies.
A recent study by Hyman et al. has
examined the vaginal microbiome in
preterm birth. This group wused a
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prospective cohort study with 46 high-
risk (previous unexplained PTB) and
42 low-risk (all other gravid) subjects
for PTB gravidae enrolled (Hyman et
al., 2014); however, only 14 subjects
were able to be sampled in each tri-
mester. Intriguingly, the investigators
found that the presence of lactobacilli
did not distinguish term (> 37 weeks)
from preterm (< 37 weeks) subjects
using Sanger sequencing methods.
However, low-risk subjects had a
higher prevalence of lactobacilli when
compared to high-risk subjects (Hyman
et al., 2014). Despite the lack of asso-
ciation of lactobacilli with preterm
birth, measured alpha diversity was re-
ported as diminished when comparing
Caucasian term and preterm subjects
(Hyman et al., 2014). Among the two
longitudinal subjects that ultimately
delivered preterm, their vaginal micro-
biomes were dominated by L. crispatus
(Hyman et al., 2014), which is in con-
trast to a previous study demonstrating
that L. crispatus is dominant in healthy
term pregnancies (Verstraelen et al.,
2009; Aagaard et al 2012b). Moreover,
while two subjects in the Hyman et al.
study had outgrowths of Bifidobacte-
rium and Ureaplasma genera, sepa-
rately, these genera are reported in both
normal pregnant subjects as well as
non-pregnant (Ravel et al., 2010;
Aagaard et al., 2012b; Romero et al.,
2014). In sum, while promising, this
study underscores the need for broader
gestational  age-specific, reference-
based cohorts in order to define both
the effect size and population variance.
Prior to the publication of such studies,
it would be premature to ascribe such
microbiome profiling as indicative or
heralding of preterm birth. Moreover, it
does not explain the observed variation
in the infants microbiome.



VARIANCE OF THE HUMAN MICROBIOME IN PREGNANCY:
BEYOND THE VAGINAL COMMUNITY

Maternal intestinal variation

In addition to changes described in the
vaginal microbiome during pregnancy,
Koren et al. investigated the intestinal
microbiome during pregnancy using a
prospective cohort study and found that
as pregnancy progressed, the intestinal
microbiome was altered (Koren et al.,
2012). This study utilized the V1V2
region of the 16S rRNA gene and
found that alpha diversity was
decreased between the first and third
trimesters (Figure 2). Further, stool
samples collected from gravidae in the
first trimester clustered separately from
stool samples collected in the third
trimester (Koren et al., 2012). These
differences in beta diversity were a
reflection of increases in Proteobacteria
in the stool during the third trimester
when compared to stool from the first
trimester. When faecal transplants of
first and third trimester stool into germ-
free mice were performed, mice receiv-
ing third trimester stool had increases
in inflammatory cytokines and adipos-
ity, similarly to faecal transplants in-
volving obese subjects (Turnbaugh et
al., 2006; Koren et al., 2012; Ridaura
et al., 2013). These alterations in the
intestinal microbiome did not associate
with any other co-variates, such as
body mass index (BMI), development
of gestational diabetes mellitus, or
multiparity (Koren et al., 2012).

Impact of the maternal diet
Additional alterations in the pregnant
microbiome may also be regulated by
diet. We have recently shown that diet
is the main arbiter of the intestinal mi-
crobiome using a non-human primate
model (Ma et al., 2014b), and a sepa-
rate study demonstrated that consump-
tion of a high fat diet during pregnancy
resulted in impairment of the gut epi-
thelial barrier integrity in a non-obese
diabetic (NOD) mouse model (Xue et
al., 2014). Intriguingly, this group found
in two separate models, the NOD mouse
model and a sheep model, that inflam-
mation in the intestine of offspring was
altered based on maternal diet (Yan et
al., 2011; Xue et al., 2014). In fatal and
postnatal life, offspring exposed to a
maternal high fat diet had increases in
the expression of inflammatory cyto-
kines, Toll-like receptors (TLRs), and
their respective signalling pathways
(Yan et al., 2011; Xue et al., 2014). In
relation to these studies, we found that
maternal diet could persistently alter
the intestinal microbiome of the off-
spring (Ma et al., 2014b) (Figure 2).
Furthermore, these alterations in the
intestinal microbiome resulted in dif-
ferences in metabolic function using in-
ferred analysis (Ma et al., 2014b). Thus,
these aforementioned studies illustrate
the need to not only expand the number
of body sites across populations of
women but to incorporate maternal co-
morbidities, such as diet, into analysis.

THE PLACENTAL MICROBIOME

The placenta has long been considered
sterile in normal gestation, where the
presence of bacteria in clinical cultures
is diagnostic for intrauterine infection
and a significant risk for PTB (Hillier

et al., 1988). The ELGAN studies con-
stituted a large effort that systemati-
cally identified bacteria from PTB pla-
centas under this assumption (Onder-
donk et al., 2008a,b; Olomu et al.,
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2009). However, there is increasing
recognition of a large discordance be-
tween the presence of bacteria as per
culture-based diagnoses and clinical
outcome (Watts et al., 1992; Pettker et
al., 2007; Buhimschi et al., 2009; Han
et al., 2009; Leviton et al., 2010; Stout
et al.,, 2013; Combs et al.,, 2014;
Fortner et al., 2014). In fact, the pres-
ence of placental or membrane bacteria
in the absence of histological infection
has been discovered repeatedly over
the last few decades (Hillier et al.,
1988; Steel et al., 2005; Redline, 2007;
Stout et al., 2013; Fortner et al., 2014).
This has led to the recognition of the
need to study and redefine our under-
standing of the role of intrauterine bac-
teria in gestation.

One of the earliest studies to recog-
nize the absence of pathogenicity of
intrauterine bacteria was done using
histological analysis. It was shown that
membranes of normal pregnancies of-
ten contain bacteria, yet show no signs
of histological infection (Steel et al.,
2005). Later studies using similar
methodologies discovered intracellular
bacteria localized to the trophoblast of
the basal plate of the maternal decidua
in the absence of chorioamnionitis alt-
hough there was an association with
PTB (Stout et al., 2013; Cao and
Mysorekar, 2014). Seemingly in agree-
ment, it was also shown that intra-
amnionic invasion is relatively benign
in the absence of inflammation with
associations between PTB and inflam-
mation alone rather than PTB and bac-
terial invasion (Combs et al., 2014).
Intriguing work by the Murtha group
showed that high levels of bacteria
were strongly associated with prema-
ture rupture of membranes (PPROM)
and membrane thickness, though there
was no histological inflammation in
half of the subjects. Although there
were bacteria found in subjects of all
groups including PPROM (both term
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and pre-term), PTB, and even normal
gestation control, there was no inflam-
mation detected in the majority of sub-
jects (Fortner et al., 2014). Thus, these
studies suggest that it is not the occur-
rence of bacteria in the placenta, but
the bacterial populations present that
may initiate intrauterine infection.
Along these lines, a metagenomic
study using a Rhesus macaque model
identified over 300 microbial species in
the chorioamnion and placenta
(Aagaard et al., 2013). Interestingly, is
was shown that this population was
modifiable with a sterile intra-amniotic
injection of IL-18 that induced histo-
logical inflammation (Aagaard et al.,
2013). This suggests that chorioamni-
onitis may be caused by microbial
dysbiosis rather than the presence of
bacteria per se. The potential transla-
tional implications of this model to hu-
man pregnancy was emphasized re-
cently by our description of a vibrant
and diverse commensal placental mi-
crobiome in normal pregnancies
(Adagaard et al., 2014). Analysis of
over 300 human samples using both
16S and WGS sequencing revealed a
low abundance complex community
dominated by the phyla Firmicutes,
Tenericutes, Proteobacteria, Bacteroi-
detes, and Fusobacteria, found in
nearly all samples. Subjects with a
remote history of antenatal infection
and antibiotic treatment, or who
developed PTB, had discrete statisti-
cally significant groupings of taxa
(Adagaard et al., 2014). It was also
found that the placental microbiome
most closely resembles the oral micro-
biomes of the supragingival plaque and
the dorsum of the tongue; however, the
placental microbiome did not closely
resemble the stool or the wvaginal
microbiomes. This implies that the bulk
of the low level placental bacteria are
likely not ascending nor are contami-
nants of the stool or the vagina, and



Breastfeeding

(vs. Formula) ‘ @

Vaginal Microflora

Hematogenous Spread
— Oral Microflora

-
Intestinal Microflora and
™ Gut Epithelial Barrier Function

— Urinary Tract Microflora

Figure 3: Speculated origins for microbiota colonizing the placenta and seeding the initial

neonatal microbiome.

Vaginal microflora likely contribute to the initial seeding of the neonatal microbiome during
vaginal deliveries, but the discovery that the uterine environment may not be sterile suggests that
colonization of the infant may happen before birth. Recent data demonstrating that the placenta has
its own unique microbiome most closely resembling the oral microbiome suggests a potential
haematogenous route by which bacteria can seed the placenta and the developing foetus.
Microbiota from maternal oral, vaginal, urinary tract and intestine are all potential sources for
these colonizing bacteria. Microbiota from breast milk may be an important source of commensal
bacteria during early infancy and must be considered when studying the microflora of the neonate.

instead, are quite possibly seeded
largely from the oral cavity through
haematogenous spread (Figure 3).

The entering of oral microbes into
the blood stream as a result of perio-
dontitis or dental procedures is well
established (Han and Wang, 2013), and
it has been known for decades that
periodontal disease is linked to PTB
(Offenbacher et al., 1996, 2009;
Goldenberg et al., 2000; Michalowicz
et al., 2006; Macones et al., 2010). Ani-
mal models have demonstrated that
bacteria may be spread haematoge-
nously to the placenta (Han et al,
2004; Fardini et al., 2010), and reports

have suggested that oral bacteria may
be associated with pregnancy compli-
cations (Katz et al., 2009; Han et al.,
2010; Swati et al., 2012). Fusobacte-
rium nucleatum is an oral pathogen that
is frequently found in diagnostic cul-
tures following PTB, PPROM, and
stillbirth (Romero et al., 1989; Watts et
al., 1992; Han et al., 2004, 2010; Cahill
et al., 2005). Our finding of Fusobacte-
ria to be a relatively abundant taxon in
the placenta supports the hypothesis of
haematogenous spread from the oral
cavity to the placenta (Adagaard et al.,
2014), and this theory is further but-
tressed by the finding of bacteria in
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cord blood of normal pregnancies
(Jiménez et al.,, 2005). Along these
lines, bacteria can spread from the in-
tra-amnion outward to the chorion,
which indicates that haematogenous
spread from mother to infant may be
occurring via cord blood (Kim et al.,
2009). Thus, haematogenous spread
may promote colonization of the pla-
centa and the foetus, but further studies
are needed to examine this phenome-
non. However, a potential mechanism
to compromise the maternal-foetal bar-
rier has been illuminated. In a mecha-
nism akin to Listeria monocytogenes
(Bakardjiev et al., 2006, Le Monnier et
al., 2007), F. nucleatum expresses
adhesin FadA that interacts with E-
cadherin, which compromises cell-cell
adhesion and membranes (Lecuit et al.,
2004; lTkegami et al., 2009; Fardini et
al., 2011). However, further studies are
necessary to demonstrate definitively
that haematogenous spread from the
oral cavity is possible for colonization
or infection of the placenta.

On-going and future study of the
complex origins of neonatal bacteria
should consider oral and placental
microbiomes in addition to the vaginal
microflora. This need is exemplified by

studies involving infants born preterm
with early-onset neonatal sepsis show-
ing the presence of Fusobacterium,
Ureaplasma, and Mycoplasma in the
cord blood, amniotic fluid, and neona-
tal blood (Wang et al., 2013). Addition-
ally, neonates with late onset sepsis or
necrotizing enterocolitis have been
found to have intestinal microbial
dysbiosis which precedes clinical diag-
nosis (Mai et al., 2011, 2013). While
the vaginal microbiome may be impli-
cated in these neonatal diseases, sig-
nificant differences in the abundance of
placental bacteria have been found
when comparing preterm and term pla-
centas (Jones et al., 2009; Stout et al.,
2013; Aagaard et al., 2014). Thus, we
speculate that seeding of the neonatal
microbiome with bacteria from the pla-
centa, which arose through haematog-
enous spread, may facilitate early colo-
nization. Thus, this early colonization
in combination with variable, modify-
ing host factors (King et al., 2007;
Zeldovich and Bakardjiev, 2012) may
conceivably provide the initial seeding
of a dysbiotic microbiome that may
render susceptibility to neonatal disease
in a preterm or stressed infant.

CONCLUSIONS AND CLINICAL SIGNIFICANCE

Here we have described the current
state of the science on several aspects
of the female reproductive microbiome,
as well as their current association with
perinatal disorders of both the mother
and her offspring. By the time this
chapter reaches press, we do not doubt
that more will be known and what we
have described here will quickly be

considered out-dated, archaic, and
undoubtedly limited in scope and
perspective. However, we would

consider any such criticisms to be
welcomed as they would be testament
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to the long-needed enthusiasm and
interest in human reproductive biology
from amongst the broader scientific
community.

What we understand today is far more
complex and confounded than was ap-
preciated less than a decade ago, and is
much simpler than what we will come
to realize in coming years. The vaginal
microbiome varies from one woman to
the next, across the lifespan, and in as-
sociation with both health and disease
states. Simplified views of “less diver-
sity and less rich vaginal microbiomes



are equivalent to disease states” have
been challenged and discounted, and
concepts of clearly delineated CSTs
remain to be fully validated. Previously
assumed to be “sterile” reproductive
tract tissues have been shown to har-
bour low biomass microbiomes, and
yet we remain unclear as to what, how
and when the infant is colonized. What
will serve as decisive determinants of
community structure is still unknown,
and the relative influence of antibiotics,
prebiotics, and probiotics (as well as
early in life diet and exogenous expo-
sures) has yet to be robustly character-
ized. A systemic analysis of the micro-
biome across the reproductive health
spectrum  (adolescence, pregnancy,

postnatal and perimenopausal/meno-
pausal/postmenopausal) will undoubt-
edly shed light on the most significant
and perplexing common disorders of
our time. While this is a challenging
area of research, the advent of meta-
genomics combined with integrative
multi’omics will enable reproductive
scientists and physician scientists to
unravel the mysteries plaguing not only
our generations’ health and disease, but
will likely shed light on human and pri-
mate co-evolution of host and microbe.
We are grateful to be a part of this
highly collaborative and interrogative
collective of metagenomic physician
scientists, and look forward to the
many discoveries ahead.
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SUMMARY

Human milk oligosaccharides (HMO) are a group of more than 150 differ-
ent complex sugars that are highly abundant in human milk, but currently
not present in infant formula. HMO composition follows a basic blueprint,
but every woman generates a distinct HMO profile. These inter-individual
differences are at least in part genetically determined. Whether or not other
maternal genetic or environmental factors contribute to HMO biosynthesis
remains unknown. HMO prime the infant microbiome through multiple
direct and indirect mechanisms. HMO are human milk prebiotics that serve
as metabolic substrates for potentially beneficial bacteria in the infant
gastrointestinal tract and, thus, help shape the infant gut microbiome. HMO
act as soluble decoy receptors that block the attachment of viral, bacterial or
protozoan parasite pathogens to epithelial cell surface glycans and have the
potential to reduce pathogen colonization and invasion and prevent infec-
tious diseases in the gut and, potentially, also the respiratory and urinary
tracts. HMO are antimicrobials that act as bacteriostatic or bactericidal
agents. In addition to these direct microbiome-priming effects, HMO also
affect host epithelial cell and immune cell responses that indirectly prime
the microbiome. While most research currently focuses on potential health
benefits for the breast-fed infant, little is known about potential benefits for
the breast-feeding mother. In addition, HMO are found in the urine of preg-
nant women as early as at the end of the first trimester, suggesting that
HMO might also affect pregnant women and the growing foetus. Carefully
selected preclinical in vitro and animal models in combination with mother-
infant cohort studies will enable us to investigate the potential benefits of
individual structurally defined HMO.

INTRODUCTION

Human Milk Oligosaccharides (HMO)
are unconjugated complex sugars (car-
bohydrates, glycans) that are highly
abundant in human milk, but not in
infant formula (reviewed in Bode,
2012). One litre of mature human milk
contains 10-15 g HMO, which often
exceeds the total amount of protein and

is 100- to 1,000-fold higher than the
concentration of oligosaccharides in
bovine milk, the basis of most infant
formula. HMO concentrations are even
higher in human colostrum, the fluid
secreted by the mammary gland during
the first few days of lactation.

HMO consist of the five
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monosaccharide building blocks galac-
tose (Gal), glucose (Glc), N-acetyl-
glucosamine (GlcNAc), fucose (Fuc)
and the sialic acid (Sia) derivative N-
acetyl-neuramic acid. HMO composi-
tion follows a basic blueprint. All
HMO carry lactose (GalB1-4Glc) at the
reducing end, which can be elongated
in B1-3-linkage by two different disac-
charides, either GalB1-3GlcNAc (type
1 chain) or Galpfl-4GIcNAc (type
chain). HMO can be branched if a
Gal/GlcNAc disaccharide attaches in
B1-6-linkage. HMO with more than 15
disaccharide units have been described,
forming complex structural backbones.
Structural diversity increase further by
the addition of Fuc and Sia.

Fuc can be added to the HMO back-
bone in al-2-, al-3- or al-4-linkage.
HMO fucosylation is highly dependent
on the mother’s Lewis blood group sta-
tus (Kumazaki and Yoshida, 1984;
Johnson and Watkins, 1992; Chatur-
vedi et al., 2001; Stahl et al., 2001).
Fucosyltransferase 2 (FUT2) catalyses
the addition of Fuc in al-2-linkage on
Lewis blood group epitopes as well as
on HMO (Kumazaki and Yoshida,
1984). FUT2 is actively expressed in
over 70% of the population (Secretors).
Milk of Secretor women contains high
concentrations of al-2-fucosylated
HMO. 2’-fucosyllactose (2°FL) is one
of the dominant HMO in the milk of
secretor women. Non-secretors, how-
ever, do not express an active FUT2
and the milk of Non-secretor women
lacks al-2-fucosylated HMO. 2°FL is
almost completely absent. Fucosyl-
transferase 3 (FUT3) on the other hand
catalyses the addition of Fuc in al-3/4-
linkage (depending on the type of the
underlying HMO backbone), and FUT3
can also be inactive in parts of the
population (Lewis negative) (Johnson
and Watkins, 1992). The milk of Lewis
negative women has markedly reduced
al-3/4-fucosylated HMO, although
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they are not completely absent because
another fucosyltransferase covers some
redundant activity. Depending on the
expression of active FUT2 and FUT3
enzymes, women can be separated into
four groups: 1. Lewis positive Secre-
tors (FUT2 active, FUT3 active), 2.
Lewis negative Secretors (FUT2 active,
FUT3 inactive), 3. Lewis positive Non-
secretors (FUT2 inactive, FUT3 ac-
tive), and 4. Lewis negative Non-secre-
tors (FUT2 inactive, FUT3 inactive).
Accordingly, the oligosaccharide com-
position in the milk of women from
these four groups varies significantly
(Chaturvedi et al., 2001; Stahl et al.,
2001).

Sia can be added to the HMO back-
bone in 02-3- or 02-6-linkage. Sia con-
tains a carboxyl-group, which, at
physiological pH, introduces a negative
charge to HMO. Therefore, sialylated
or acidic HMO carry one or more nega-
tive charges depending on the number
of Sia linked to the HMO backbone.

HMO synthesis is in part genetically
determined, which is highly apparent
with the differential fucosylation be-
tween Secretors and Non-secretors de-
scribed earlier. Genes other than FUT2
and FUT3 that contribute to chain elon-
gation, branching or sialylation might
be differentially expressed in different
women and lead to a distinct HMO
composition. Whether or not environ-
mental factors like nutrition or use of
medication and drugs impacts HMO
synthesis remains to be elucidated.

In summary, human milk, unlike the
milk of most other mammals, contains
very high concentrations of a structur-
ally diverse group of more than 150
different complex sugars called human
milk oligosaccharides (HMO). HMO
composition follows a basic blueprint,
but each woman produces a distinct
profile of different HMO at different
concentrations that can change over the
course of lactation. These inter- and



intra-individual differences in HMO
composition are in part determined by
genetics.

Once ingested by the breast-fed in-
fant, HMO resist the low stomach pH
as well as degradation in by pancreatic
and brush border enzymes (Gnoth et
al., 2000; Engfer et al., 2000). Approxi-
mately, 1% of the ingested HMO are
absorbed in the intestine reach the in-
fant’s blood, and are excreted intact in
the infant’s urine (Rudloff et al., 1996,
2006, 2011). The majority of HMO is
either metabolized by the infant’s gut
microbes or excreted intact with the

infant’s faeces (Albrecht et al., 2010,
2011). Consequently, HMO are only
found in the urine and faeces of breast-
fed, but not formula-fed infants. While
this article focuses on HMO as primers
of the infant microbiome, it is im-
portant to emphasize that HMO are not
contained in the infant’s gut and poten-
tially reach all organs, including the
liver and the brain, as well as the res-
piratory and the urinary tract. There-
fore, HMO effects may not be localized
to only the gut, but impact the infant on
multiple different levels, which may or
may not involve microbes.

PREBIOTICS

A prebiotic is a selectively fermented
ingredient that allows specific changes,
both in the composition and/or activity
in the gastrointestinal microbiota, that
confers benefits upon host well-being
and health (Roberfroid et al., 2007).
HMO serve as metabolic substrates for
specific bacteria (e.g. Bifidobacterium
longum subsp. infantis; B. infantis,
JCM1222). As a consequence, these
bacteria have a growth advantage and
thrive. Other bacteria that cannot utilize
HMO have a disadvantage and do not
grow as well or not at all. Thus, HMO
are the first prebiotics that humans en-
counter with their diet. The ability to
utilize HMO requires an entire set of
enzymes, transporters and other mole-
cules. Certain bacteria have evolved
together with HMO and express sial-
idases to cleave Sia or fucosidases to
cleave Fuc to name just a few exam-
ples. Only very few bacteria are capa-
ble of degrading the entire array of
HMO (LoCascio et al., 2007; Marcobal
et al., 2010; Asakuma et al., 2011).
Other bacteria may only be able to
utilize parts of HMO. For example,
bacteria with a certain fucosidase may
be able to utilize the Fuc, but not Sia or
the underlying backbone. Some

bacteria may be able to utilize HMO
only after other bacteria have removed
the Fuc from the backbone, creating a
“community feast” where multiple dif-
ferent bacteria may be able to degrade
the entire array of HMO, but only when
they act together as a community.

While the sequential degradation of
HMO by different microbes needs to be
further elucidated, it is evident that,
based on their structural diversity,
different HMO can be metabolized by
different bacteria. In other words, not
all HMO lead to the same changes in
composition and/or activity in the gas-
trointestinal microbiota and have the
same benefits upon host well-being and
health. Prebiotic effects are likely
structure-specific, raising the question
whether or not we can use structurally
distinct HMO to elicit a certain re-
sponse in microbiota composition. Tar-
geted microbiome changes with spe-
cific HMO or other glycans might not
only be desirable for the neonate, but
also for adolescents and adults that suf-
fer from diseases like obesity or in-
flammatory bowel disease that have
been shown to be associated with
dysbiosis.
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ANTI-ADHESIVES

HMO are more then “food for bugs”.
Many viral, bacterial or protozoan
parasite pathogens need to attach to
epithelial surfaces in order to prolifer-
ate and in some cases invade and cause
disease. In many cases the initial at-
tachment is to epithelial cell surface
sugars (glycans) also known as the gly-
cocalyx. While these glycans are often
conjugated to proteins or lipids, HMO
resemble some of the same glycan
structures and serve as soluble decoy
receptors that block pathogen binding
to epithelial cells. Unbound pathogens
can no longer attach and are washed
out without causing disease. Norovirus
and Rotavirus are examples for viral
pathogens that bind to the epithelial
glycocalyx; HMO resemble the glycan
binding partners and block viral attach-
ment, providing one explanation for the
reduced incidence of these viral infec-
tions in breast-fed infants compared to
formula-fed infants. Campylobacter
Jjejuni (Ruiz-Palacios et al., 2003) and
enteropathogenic E. coli (Manthey et
al., 2014) are examples for bacterial
pathogens that follow the same princi-
pal and have significant impact on in-
fant health as they are responsible for a
majority of bacterial diarrheal episodes.
Our lab has recently shown that HMO
also prevent the attachment of the pro-
tozoan parasite Entamoeba histolytica
(Jantscher-Krenn et al., 2012). While
rather uncommon in the US or Europe,

E. histolytica infects more than 50 mil-
lion people worldwide and causes the
disease amoebiasis, leading to more
than 100,000 death annually (Pritt and
Clark, 2008). E. histolytica expresses a
lectin, a glycan-binding protein, which
is a major virulence factor involved in
E. histolytica attachment to as well as
killing and phagocytosis of intestinal
epithelial cells (Cano-Mancera and
Lopez-Revilla, 1987; Saffer and Petri,
1991). HMO block the lectin and pre-
vent attachment, killing and phagocyto-
sis. The effects are structure-specific
and require a terminal Gal on the HMO
to be effective. Fucosylation of the ter-
minal Gal abolishes the effect.

A growing body of evidence from
tissue culture attachment assays and
animal infection models support the
notion that HMO are structure-specific
anti-adhesives. However, well-designed
and fully-powered mother-infant cohort
studies and, most importantly, interven-
tion studies are required to confirm that
individual HMO or a mixture of differ-
ent HMO reduce the incidence of infec-
tious diseases caused by viral, bacterial
and protozoan parasite pathogens. If
confirmed, HMO could become ur-
gently needed alternatives or additions
to currently existing antibiotics that
alone become more and more ineffec-
tive as pathogens develop antibiotic
resistance.

ANTIMICROBIALS

HMO may protect us from pathogens
not only by serving as anti-adhesives at
the interface of microbe-host interac-
tions. HMO may have a more direct
way of making a pathogen’s life diffi-
cult. In collaboration with Victor Ni-
zet’s lab at the University of California,
San Diego, we have recently shown
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that Streptococcus agalacticae (Group
B Streptococcus; GBS) is no longer
able to proliferate when HMO are pre-
sent (Lin et al., manuscript in prepara-
tion). GBS is one of the leading neo-
natal pathogens affecting about 1 in
2,000 new-borns in the U.S. An esti-
mated 15-40% of all pregnant women



are colonized with GBS in the gastro-
intestinal or genital tract (Anthony et
al., 1981; Campbell et al., 2000); more
than half of them experience miscar-
riage or stillbirth and 16-53% of colo-
nized mothers may pass the bacteria
onto their babies during childbirth
(Phares et al., 2008; Muller et al.,
2006). Infected infants can develop
sepsis, pneumonia, and life-threatening
meningitis. GBS colonization in the
genital tract also increases the probabil-
ity of urinary tract infections (UTIs) in
pregnant women (Muller et al., 2000).
We used multidimensional chroma-
tography and identified specific non-
sialylated HMO as having the most
pronounced bacteriostatic effect on
GBS. We also used a GBS transposon
library and identified a GBS mutant
that is no longer susceptible to the bac-
teriostatic effects of HMO. The mutant
lacks a gene that encodes a glycosyl-
transferase and additional in vitro stud-
ies suggest that GBS employs the
glycosyltransferase to incorporate spe-
cific HMO into their cell membrane,
which then stops GBS proliferation
similar to some of the commercially
available antibiotics. In fact, HMO
synergize with antibiotics like vanco-
mycin or ciproflaxacin and signifi-
cantly improve their 1Csy in vitro (Lin
et al., manuscript in preparation). These
most recent results are very promising
in developing new antibiotics that are
based on natural compounds like HMO
and synergize with already available

antibiotics that, when used alone, start
to lose efficacy due to the development
of antibiotic resistance.

HMO may not only protect from vi-
ral, bacterial or protozoan pathogens.
Our most recent work in collaboration
with Dr. Cheryl Gale’s group at the
University of Minnesota suggests that
HMO also affect fungal-host interac-
tions (Gonia et al., 2015). Candida al-
bicans, a prevalent fungal colonizer of
the neonatal gut (Saiman, 2001; La
Tuga, 2011; Heisel, 2015), causes the
overwhelming majority of invasive
fungal disease in premature infants and
is highly associated with concurrent
diagnoses of necrotizing enterocolitis
and focal intestinal perforation, life-
threatening intestinal disorders (Coates,
2005; Ragouilliaux, 2007). Treatment
with HMO significantly reduced inva-
sion of human premature intestinal epi-
thelial cells (pIECs) by C. albicans in a
dose dependent manner (Gonia et al.,
2015). The decreased invasive potential
of C. albicans correlated with a delay
in hyphal growth and morphogenesis as
well as a reduction in the ability of C.
albicans to associate with pIECs, pro-
cesses important for the initial patho-
genesis steps of C. albicans infections.
Again, HMO appear to directly affect
the microbe, here the fungus C. albi-
cans, altering hyphal growth and mor-
phogenesis, which then makes it more
difficult for the pathogen to attach, in-
vade and cause disease.

ALTERING HOST CELL RESPONSES

HMO may not only impact mircobes
directly, but also indirectly by altering
host cell responses. HMO have been
shown to modulate intestinal epithelial
cell apoptosis, proliferation and differ-
entiation (Kuntz et al., 2008). HMO
have also been shown to alter intestinal
epithelial cell gene expression leading

to changes in the cell surface gly-
cocalyx (Angeloni et al., 2005). Thus,
HMO may not only affect microbe-host
attachment by serving as soluble decoy
receptors as described above, but also
by changing the expression of the gly-
cocalyx receptors by reprogramming
the epithelial cell. Our own lab recently
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set out to investigate whether or not
HMO can serve as anti-adhesives not
only for bacteria in the infant gut, but
also for bacteria in the urinary tract
(Lin et al., 2014). To our surprise we
found that HMO indeed reduce inva-
sion of uropathogenic E.coli (UPEC),
but not by serving as anti-adhesives
that reduce UPEC attachment to epithe-
lial cells. Instead, HMO interact with
the epithelial cells and make them more
resistant against UPEC attacks. HMO
strongly suppress intracellular signal-
ling of apoptotic pathways that renders
the epithelial cell irresponsive when
UPEC tries to destroy them. The ef-
fects are highly structure-dependent
and only sialylated HMO like 3’-sialyl-
lactose are effective (Lin et al., 2014).
HMO not only alter epithelial cell
responses. HMO also affect immune
cell responses. For example, we have
recently shown that specific sialylated

HMO reduce the expression of pro-
inflammatory cytokines IL-1p and IL-6
in LPS-stimulated macrophages, both
of murine and human origin (Autran et
al., manuscript in preparation). This
and other examples from other immune
cell types (Eiwegger et al., 2004, 2010)
suggest that HMO alter immune re-
sponses to pathogens, adding to the
repertoire of mechanisms by which
HMO interfere with microbe-host inter-
actions and contribute to the protection
of the breast-fed infant.

In summary, HMO interfere with
microbe-host interactions not only di-
rectly by serving as prebiotics, anti-
adhesives or antimicrobials, but also
indirectly by altering epithelial and im-
mune cell responses that set the stage
for microbe-host interactions and help
shape microbiota and microbiome com-
positions.

HMO AS PRIMERS OF THE MOTHER’S MICROBIOME

HMO may not only prime infant mirco-
biomes. Milk, for example, is not ster-
ile and harbours microbial communities
(Hunt et al., 2011). When milk is syn-
thesized and temporarily stored in the
alveoli and ducts of the mammary
gland, HMO are in contact with the
milk microbiota and may shape the mi-
crobiome by similar mechanism as de-
scribed for the infant gut microbiome.
HMO may serve as metabolic sub-
strates for specific milk microbes and
help them thrive. HMO may act as anti-
microbials with bacteriostatic or bacte-
riocidal effects that contain the growth
of microbes. HMO may have anti-
adhesive effects and prevent bacterial
attachment to mammary gland cells
surfaces, which may impact bacterial
growth. HMO may also have direct
effects on epithelial cells or immune
cells in the mammary gland, which
helps set the environment for certain
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bacteria to thrive while others are kept
in check.

In collaboration with Shelley and
Mark McGuire at Washington State
University and the University of Idaho
we have recently shown strong associa-
tions between HMO composition and
milk microbiota composition and iden-
tified an additional mechanism through
which HMO impact microbes (Hunt et
al., 2012). We found that high concen-
trations of the HMO 2°FL correlate
with high concentrations of Staphylo-
coccus aureus in mother’s milk. In fact,
S. aureus grows better in media con-
taining the HMO 2°FL, suggesting the
bacteria utilize HMO as a metabolic
substrate. To our surprise, HMO con-
centrations did not decrease when S.
aureus propagated. Instead, we found
that the concentrations of several
amino acids decline when S. aureus
grows on HMO, suggesting that HMO



trigger a metabolic switch that allows
the bacteria to utilize specific amino
acids more efficiently (Hunt et al.,
2012).

HMO may not only prime the
mother’s milk microbiome. Already in
the late 1970s, studies revealed that
HMO appear in the urine of pregnant
women as early as at the end of the first
trimester, long before milk is secreted
for infant consumption (Hallgren et al.,
1977; Hallgren and Lundblad, 1977).
These observations are now being con-
firmed and the data is rapidly expand-
ing. If HMO appear in the urine of
pregnant women, do they help shape
the urinary tract or vaginal microbi-
ome? Urinary tract infections in preg-
nant women can lead to ascending
infections and cause preterm delivery.
Are some women at a higher risk
because they lack specific HMO during
pregnancy? First reports show that
HMO are present in the blood of

pregnant women. Do they cross the
placental barrier? Do they appear in
cord blood and in amniotic fluid? Do
HMO impact foetal growth and devel-
opment long before they are made
available to the neonate through
mother’s milk? Do they shape the
women’s mircobiome in niches other
than urinary and reproductive tract? Do
they have systemic effects in pregnant
women? Studies are on the way to de-
scribe HMO composition, concentra-
tion and inter- and intra-individual
variations in different fluids and tissues
in pregnant women. Results from these
studies will lay the foundation for
mother-infant-cohort studies that, in
combination with suitable preclinical
models, will guide us in elucidate the
role of HMO as primers of the
mother’s microbiome and help us
understand how HMO benefit the preg-
nant woman and the growing foetus
long before milk is secreted.

THE POWER OF COHORT STUDIES

Most of the data reviewed so far stem
from in vitro studies in the test tube or
in tissue culture or from in vivo studies
in animal models. The gap between
these preclinical studies and clinical
intervention studies in humans is im-
mense, carrying the risk that results
generated in tissue culture or animal
models don’t translate to benefit the
human neonate. Mother-infant cohort
studies are a powerful way to narrow
this gap between preclinical and clini-
cal studies. Let’s assume preclinical
models suggest that HMO reduce a cer-
tain disease. Let’s further assume that a
multidimensional chromatography ap-
proach identifies a structurally distinct
oligosaccharide within the HMO that is
responsible for the beneficial effect.
Now, let’s assume that mother-infant
cohort studies reveal that high concen-
trations of the oligosaccharide in

mother’s milk are associated with a
lower incidence of the disease in in-
fants. The combination of these results
would be very informative in designing
an intervention study to confirm that
the identified oligosaccharide indeed
reduces the disease in question. Pre-
clinical models could continue to help
elucidate the underlying mechanisms,
and newly developed synthetic ap-
proaches could make the specific HMO
available to enable clinical studies and
application. Due to the immense inter-
and intra-individual variation in HMO
composition, these cohort studies often
require the recruitment of hundreds of
mother-infant pairs and the collection
and analysis of hundreds and thousands
of milk samples. However, until re-
cently HMO analysis was tedious and
expensive. For example, in 2012 our
lab published results from a study that
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investigated  associations  between
HMO composition and mother-to-child
HIV transmission via breastfeeding
(Bode et al., 2012). At that time, we
were able to analyse 10-12 samples per
week for a total of about 100 milk sam-
ples. Conducting cohort studies that
analysed the HMO composition of hun-
dreds or thousands of milk samples was
simply unfeasible. In the last couple of
years, our lab as well as a couple of
other labs have developed new rapid
high-throughput methods that allow
HMO composition analysis from as
little as 10 pL milk usually in 96-
sample format in parallel in within days
(Autran et al., manuscript in prepara-
tion). In addition, our HPLC-based
method uses an internal standard from
the very beginning of sample prepara-
tion that allows for absolute HMO
quantification, which has often been a

limitation, especially in most mass
spectrometry-based methods. These
new analytical methods now enable us
to conduct large mother-infant cohort
studies with the aim to investigate how
specific HMO are associated with
health and disease of the infant, but
also the mother. For example, HMO
composition can now be linked to in-
fant gut microbiota and microbiome
composition, risk for infants to develop
necrotizing enterocolitis (Autran et al.,
manuscript in preparation) or acquire
viral or bacterial infections, or risk for
mothers to develop urinary tract infec-
tions and deliver their baby prema-
turely. In addition, the methods now
also allow us to study how maternal
factors like genetics, health status,
nutrition, medication or drugs impact
HMO composition.

CONCLUSIONS

Future studies are going to show how
individual, structurally defined HMO
or mixtures of different HMO benefit
the breast-fed infant and the breast-
feeding mother, but also pregnant
women and the growing foetus. It is
important to emphasize that HMO are a
group of at least 150 different and
structurally distinct oligosaccharides. It
is going to be essential to clearly define
structure-function relationship in the
context of different health states and
diseases. Preclinical models have to be
carefully  selected to  generate

meaningful data that translates to
humans. Multidimensional chroma-
tography is going to be a helpful tool to
identify individual and structurally well
characterized HMO that are responsible
for observed beneficial effects. Mother-
infant cohorts are going to provide
valuable data to help close the gap be-
tween preclinical models and clinical
intervention studies. Future research is
going to reveal what factors drive
HMO composition and how HMO
composition impacts health outcomes,
in part via priming microbiomes.
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SUMMARY

Fungal diseases represent an important paradigm in immunology since they
can result from either the lack of recognition or over-activation of the
inflammatory response. Current understanding of the pathophysiology
underlying fungal infections and diseases highlights the multiple cell
populations and cell-signalling pathways involved in these complex condi-
tions. A systems biology approach that integrates investigations of immunity
at the systems-level is required to generate novel insights into this complex-
ity and to decipher the dynamics of the host-fungus interaction. It is now
clear that a three-way interaction between host, fungi, and microbiota dic-
tates the types of host-fungus relationship. Metagenomics has revealed the
complex interactions between fungal and bacterial commensals that, either
directly or through the participation of the host immune system, impact on
immune homeostasis at mucosal surfaces that, in turn, lead to secondary
fungal infections. Metabolomics has captured the dialogue between the
mammalian host and its microbiota. The host tryptophan catabolic enzyme,
indoleamine 2,3-dioxygenase 1 (IDOI1) plays a dominant role in the inter-
play between tryptophan catabolism by microbial communities, the host’s
own pathway of metabolite production, and the activation of the aryl
hydrocarbon receptor (AhR)/IL-22 axis, eventually impacting on mucosal
immune homeostasis and host/fungal symbiosis. Thus, the regulatory loop
involving AhR and IDO1 may be exploited for the development of multi-
pronged-host- and microbiota-directed therapeutic approaches for mucosal
and systemic fungal diseases.

FUNGI ENTER THE METAGENOMIC ERA

Fungi can interact with their hosts
(plants, animals or humans) in multiple
ways, establishing symbiotic, commen-
sal or pathogenic relationships. Most
fungi, such as Aspergillus fumigatus,
Cryptococcus neoformans, and the
thermally dimorphic fungi (Histoplas-
ma capsulatum, Blastomyces derma-
titidis, Paracoccidioides brasiliensis,
Coccidioides  immitis,  Penicillium
marneffei, and Sporothrix schenckii),

are ubiquitous in the environment and
humans are exposed by inhaling spores
or small yeast cells. As a result, they
can interact with humans in multiple
ways, establishing symbiotic, commen-
sal, latent or pathogenic relationships
However, among ecukaryotes, fungi
are particularly prominent residents of
the human body (Huffnagle and
Noverr, 2013). More than 400 species
of fungi associated with human beings
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have been identified (Cui, et al., 2013).
Very little is known about the biology
of the members of the human “myco-
biome” (i.e., fungal microbiome) and
even less about the interactions that
they establish with the human host.
Thus, an increased understanding of the
importance of mycobiota in shaping the
host’s immune and metabolic activities
will render fungal interactions with
their hosts more complex than previ-
ously appreciated (Romani, et al.,
2014). As a corollary, early diagnosis
may no longer be a challenge for inva-
sive or chronic fungal diseases, as

suggested (Schelenz, et al., 2015). In-
stead, the study of the human myco-
biota in the trans-omics era, with a
focus on metagenomics and metabo-
nomics, is providing novel insights into
the regulation of host/fungus immune
homeostasis. Evidence is accumulating
to support the exciting concept that the
interaction between different biomes
and between the host and the myco-
biome are critical in the pathogenesis
of fungal infections and other human
diseases (Cui, et al., 2013; Huffnagle

THE HUMAN MYCOBIOME

The development of culture-inde-
pendent methods has expanded our
knowledge of the mycobiomes found in
different body sites, their interface with
other biomes and their association with
human health and diseases (Cui et al.,
2013). Alterations in the mycobiome
are frequently reported to be associated
with various diseases such as cystic
fibrosis (CF) (Delhaes et al., 2012), in-
flammatory bowel diseases (O#f et al.,
2008; Li et al., 2014;), atopic dermatitis
(Zhang et al., 2011) or mucocutaneous
candidiasis (Smeekens et al., 2014).
However, it remains to be elucidated
whether this variation is primary or
secondary to an imbalanced bacterial
microbiome. Indeed, interactions of
fungi with bacteria in vitro have been
described (reviewed in: Wang et al.,
2014) as well as the clinical relevance
of these interactions (Peleg et al.,
2010), such as the occurrence of
intractable candidiasis in association
with  antibiotic-induced  dysbiosis
(Krause et al., 2001) and of mixed
fungal-bacterial species in biofilms
(Peleg et al., 2010). Fungal-bacterial
interactions can be antagonistic,
synergistic or symbiotic; regardless
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and Noverr, 2013; Seed, 2014;
Underhill and Iliev, 2014).
they influence the physiological

characteristics and survival of either
one partner and, consequently, impact
on host immune reactivity. Variations
in the mycobiome can also be second-
ary to dysregulated host immune reac-
tivity. The traditional view of a single
direction by which bacteria stimulate
the immune system, leading to inflam-
mation or autoimmune disorders, has
been challenged by a more complex
view: the gut immune system does not
simply protect from pathogens, but is
actively involved in the maintenance of
a rich and healthy community of gut
bacteria (Kawamoto et al., 2014).
Faults in the immune regulation lead to
changes in the bacterial community
that in turn feed back into the immune
system. Similar to the microbiome, the
host/mycobiome interactions also lead
to mutual influences. Not only is the
host affecting the mycobiome composi-
tion and variations by means of geno-
type, physiology, immune system, and
lifestyle but the fungal microbiota may
contribute to the balance of inflamma-
tion and tolerance at local mucosal sur-
faces and at distal sites (Noverr and
Huffnagle, 2004).



RESISTANCE AND TOLERANCE MECHANISMS
OF ANTIFUNGAL IMMUNITY

As the immune system has evolved to
accommodate colonization by symbi-
otic microbes while retaining the ca-
pacity to oppose their infectivity, a fine
balance between pro- and anti-inflam-
matory signals is a prerequisite for a
stable host/fungal relationship, the dis-
ruption of which may lead to pathologi-
cal consequences. Indeed, despite the
occurrence of severe fungal infections
in immunocompromised patients, clini-
cal evidence indicates that fungal dis-
eases also occur in the setting of a
heightened inflammatory response, in
which immunity occurs at the expense
of host damage and pathogen eradica-
tion (Perfect, 2012). A number of fun-
gal diseases are critical examples of
such bidirectional influences between
infection and immune-related pathol-
ogy, a condition that highlights the bi-
polar nature of the inflammatory pro-
cess in infection. Early inflammation
prevents or limits infection, but an un-
controlled response may eventually op-
pose disease eradication. This concep-
tual principle is best exemplified by the
occurrence of severe fungal infections
in patients with chronic granulomatous
disease (Romani et al., 2008a), CF
(lannitti et al. 2013) or with immune

reconstitution inflammatory syndrome
(Singh and Perfect, 2007), an entity
characterized by local and systemic in-
flammatory reactions that can result in
quiescent or latent infections manifest-
ing as opportunistic mycoses. Chronic
mucocutaneous candidiasis (CMC) and
chronic disseminated candidiasis also
belongs to the spectrum of fungus-
related immune reconstitution inflam-
matory syndrome (Legrand et al.,
2008). Thus, an immune response that
limits both fungal infectivity and host
collateral damage is required to main-
tain a homeostatic environment (Casa-
devall and Pirofski, 2003). This dual
role has recently been accommodated
within the conceptual framework of a
two-component antifungal immune
response, i.e., resistance (the ability to
limit fungal burden) and tolerance (the
ability to limit the host damage caused
by either the immune response or other
mechanisms). Resistance is meant to
reduce pathogen burden through innate
and adaptive immune mechanisms
whereas a plethora of tolerance mecha-
nisms, despite less known relative to
resistance mechanisms, protect the host
from immune- or pathogen-induced
damage (Saraiva and O'Garra, 2010).

MICROBIOTA REGULATION OF RESISTANCE AND TOLERANCE
TO FUNGI VIA TRYPTOPHAN METABOLISM

The enzyme indoleamine 2,3-dioxy-
genase 1 (IDO1) and its downstream
catabolites sustain the delicate balance
between Th1/Th17 pathways and Treg
cells, by providing the host with ade-
quate protective immune mechanisms
without necessarily eliminating the
pathogen or causing undesirable tissue
damage (Zelante et al., 2009). As a
result of their ability to induce
differentiation of Treg cells and inhibit

Th17 cells, IDO1 is critical to cell line-
age commitment in experimental fun-
gal infections and contributes to the
overall outcome of inflammation, al-
lergy and Th17-driven inflammation in
these infections. Under these circum-
stances, the Th17 pathway, by inhibit-
ing tryptophan catabolism, may instead
favour pathology and provides evi-
dence
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Figure 1: Resistance and tolerance to fungi and its regulation by tryptophan.

The tryptophan metabolism pathway is exploited by the mammalian host and commensals
(including fungi) to increase fitness in response to fungi through resistance and tolerance. At
mucosal surfaces and skin, the fungal biota promotes the production IL-22, via IL-23 and aryl
hydrocarbon receptor (AhR) ligands, by CD3 NKp46 retinoic acid- related orphan receptor-yt
(RORyt)'AhR" innate lymphoid cells. By contrast, NKp46" cells produce IL-17A. IL-22 targets
epithelial cells, leading to activation of signal transducer and activator of transcription 3 (STAT3)
and, together with IL-17A, to production of antimicrobial peptides. Various indole derivatives,
which are generated through conversion from dietary tryptophan by commensal intestinal
microorganisms, act as endogenous ligands for AhR, and thereby contribute to IL-22 production.
Fungus-induced activation of tryptophan catabolism by indoleamine 2,3—dioxygenase (IDO1)
expressed by dendritic cells and epithelial cells leads to the production of immunologically active
compounds that induce the transcription of FOXP3 and suppress the transcription of RORyt. These
findings support a model in which the AhR/IL-22/IL-17A axis control initial fungal growth (i.e.,
resistance) and epithelial cell homeostasis. By contrast, the exploitation of the IFN-y/IDO1 axis for
functional specialization of antifungal regulatory mechanisms (i.e. tolerance) may have allowed
the fungal microbiota to evolve with the mammalian immune system, survive in conditions of
inflammation and prevent dysregulated immunity. The balance between resistance and tolerance to
fungi may accommodate the spectrum of host/fungus relationships, ranging from protection and
immunopathology to fungal persistence and immunosuppression.

accommodating the apparently para-
doxical association of chronic inflam-
mation with fungal disease (Romani et

al., 2008a). IDO1 is a ‘metabolic’ en-
zyme conserved through the past 600
million years of evolution. Initially
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recognized in infection because of
antimicrobial activity (‘tryptophan star-
vation’ of intracellular parasites), IDO1
is now widely recognized as suppressor
of acute inflammatory responses and
regulator of mammalian immune ho-
meostasis (Zelante et al., 2009). Not
surprising, IDO1 may represent an eva-
sion mechanism for microbes that
establish commensalism or chronic
infection (Zelante et al., 2009). In their
capacity to induce Tregs and inhibit
Th17, IDO1-expressing DCs and epi-
thelial cells and kynurenines revealed
an unexpected potential in the control
of inflammation, allergy and Thl7-
driven inflammation in these infections
(Grohmann et al., 2007; Romani et al.,
2008b).

Commensal-driven mucosal respons-
es are up-regulated in IDO1 deficiency
(Harrington et al., 2008) and IL-22 re-
sponses are up-regulated in conditions
of defective adaptive immunity (De
Luca et al., 2010) and IDO deficiency
(Zelante et al., 2013). AhR is a ligand-
activated transcription factor that medi-
ates IL-22 production (7rifari et al.,
2009). A variety of indole derivatives
act as endogenous ligands for AhR
(Heath-Pagliuso et al., 1998) and are
generated through conversion from die-
tary tryptophan by commensal intesti-
nal microbes (Bjeldanes et al., 1991).
Recent evidence has shown that AhR is
involved in the (patho)physiology of
skin including the regulation of skin
pigmentation, photocarcinogenesis, and
skin inflammation (Esser et al., 2013;
Di Meglio et al., 2014). Of interest is
the ability of Malassezia-derived in-
doles to activate AhR correlated with

local immunoregulation (Vlachos et al.,
2012) and pathogenicity in seborrhoeic
dermatitis (Gaitanis et al., 2008). Simi-
larly, metabolomics has revealed that
bioactive indoles with AhR agonist
activity are also present in mice with
candidiasis (Zelante et al., 2013). Thus,
the trpyptophan metabolism pathway is
exploited by commensals and the mam-
malian host to increase fitness in re-
sponse to fungi via induction of re-
sistance and tolerance at the skin and
mucosal surface. The new findings sup-
port a mode (Figure 1) in which the IL-
22 axis controls the initial fungal
growth (i.e., resistance) and epithelial
cells homeostasis likely exploiting
primitive anti-fungal effector defence
mechanisms. In contrast, the exploita-
tion of the IFN-y/IDO1 axis for func-
tional specialization of antifungal regu-
latory mechanisms (i.e. protective tol-
erance) may have allowed the fungal
microbiota to co-evolute with the mam-
malian immune system, to survive in
conditions of high-threat inflammation
and to prevent dysregulated immunity
(Zelante et al., 2009). The two path-
ways, although non-redundant, are re-
ciprocally regulated and compensate
each other in the relative absence of
either one (De Luca et al., 2010), con-
sistent with the theme that adaptive im-
munity depends on innate immunity
but innate immunity requires adaptive
regulation. This finding not only helps
to explain the association of fungal
infections with dysbiosis but also
points to the essential help the microbi-
ota may provide in fungal colonization
and pathogenicity in immunodeficient
patients.

ADVANCING HOST- AND MICROBIOTA-DIRECTED THERAPY
FOR FUNGAL DISEASES ALONG THE AHR/IDO1 PATHWAY

A plethora of preclinical models sug-
gests that the tryptophan to kynurenine
immune tolerance pathway is active in

cancer immunity, autoimmunity, infec-
tion, transplant rejection, and allergy.
Drugs targeting this pathway are
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already in clinical trials with the aim at
reverting cancer-induced immunosup-
pression (Platten et al., 2014). How-
ever, the tryptophan to kynurenine
pathway via IDOI also plays a domi-
nant role in the interplay between tryp-
tophan catabolism by microbial com-
munities, the host’s own pathway of
metabolite production, and the orches-
tration of AhR-dependent T-cell im-
mune homeostasis. As AhR stimulation
may lead in turn to IDO1 activation via
an autocrine AhR-IL6-STAT3 signal-
ling loop (Litzenburger et al., 2014),
such a positive feed-forward loop be-
tween IDO1 and AhR may have al-
lowed the mycobiota to co-evolve with
the mammalian immune system, to

survive under conditions of high-threat
inflammation and to prevent dysregu-
lated immunity in response to environ-
mental cues. This implicates that the
AhR/IDOL1 loop could be exploited for
rational host- and microbial-directed
therapies in high-risk patients and sug-
gests that antifungal therapy should
consider inter-individual variations in
the active human microbiome. Thus,
challenging existing paradigms with
new perspectives from the cross-talk
between fungi, the immune system and
the microbiota will eventually lead to-
ward the development of multi-pronged
therapeutic approaches for mucosal and
systemic fungal diseases.
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SUMMARY

It has increasingly been recognized that the gut microbiota has a major im-
pact on host physiology. It is therefore not surprising that various diseases
have been linked to perturbations in the gut microbiome. Obesity, which is
often accompanied by metabolic disorders, and inflammatory bowel disease
(IBD) are associated with shifts in the microbial communities inhabiting the
digestive tract. It is not completely clear whether differences in the microbi-
ome observed between healthy and diseased subjects are consequences or
causes of these disorders. The transferability of the obese phenotype by
microbiota transplantation suggests a role of the intestinal microbiome in
disease development. Similarly, the observation that germfree mice in con-
trast to conventional mice are protected from colitis in certain animal mod-
els also supports a role of the gut microbiota in the development of IBD.
However, the mechanisms underlying disease promotion by intestinal bacte-
ria are far from being understood. This review summarizes both human and
animal studies that aimed to more precisely define the role of intestinal bac-
teria in obesity development. A number of explanations for the role of intes-
tinal bacteria have been proposed but which bacteria-derived molecules are
involved and what their targets are in the host has only been uncovered in a
few cases. Available evidence indicates that there is more than one way in
which the intestinal microbiota may contribute to disease development and
that it is necessary to use complementary approaches to unravel the underly-
ing molecular mechanisms.

INTRODUCTION

The microbial communities inhabiting
the gastrointestinal tract support im-
portant physiological host functions
and thereby contribute to disease pre-
vention. Disruption of the microbiota
has been associated with various dis-
eases including inflammatory bowel
disease (IBD) and obesity (Ley et al.,
2005, 2006b; Qin et al., 2010). Effects
of the intestinal microbiome on the host
can be attributed to its immense cata-
lytic potential and to its interactions

with the host immune system. Con-
versely, genetic traits, initial coloniza-
tion as well as lifestyle and environ-
mental factors influence the composi-
tion and activity of the gut microbiota.
Diet is a key factor in the development
of the gut microbiota because it is the
main substrate source for the microbial
community (Blaut, 2013). Therefore,
dietary changes may lead to shifts in
microbiota composition and in the
spectrum of microbial fermentation
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products (David et al., 2014). Obesity
and associated diseases are clearly con-
nected to dietary habits, but it is also
clear that the gut microbiota affects
host energy metabolism (Backhed et
al., 2004). The microbiome of obese
subjects has recently been reported to
be less rich in bacterial organisms and
genes compared with non-obese indi-
viduals (Le Chatelier et al., 2013).
However, even though various bacte-
rial species were found to be associated
with the obese phenotype the exact role
of these organisms is still obscure.

IBD is a complex disease involving
genetic and environmental factors.
Intestinal bacteria are thought to play a
major role in the development of IBD
because certain mouse models for IBD
do not develop disease symptoms as
long as they are germfree (Sellon et al.,
1998). IBD patients and healthy sub-
jects can be distinguished based on
their microbiota composition (Qin et
al., 2010). However, so far it has not
been possible to identify a single
bacterial species or groups of bacteria
that definitely account for the disease.
Moreover, the microbial patterns
observed in IBD patients may be

consequence rather than cause of the
disease. A number of host gene vari-
ants have been identified as possible
contributors to IBD development, but
they only explain a small proportion of
cases. Various bacterial species have
positively or negatively been associated
with IBD. For example, IBD patients
harbour reduced cell numbers of
Faecalibacterium prausnitzii (Frank et
al., 2007; Sokol et al., 2009; Joossens
et al., 2011). In contrast, adherent and
invasive E. coli strains (Darfeuille-
Michaud et al., 2004), Salmonella,
Campylobacter (Gradel et al., 2009)
Mycobacterium  avium  subspecies
paratuberculosis, Helicobacter spp.
and Fusobacterium varium have been
proposed to contribute to IBD (Hold et
al., 2014).

This indicates that in both obesity
and IBD different bacteria may cause
similar disease symptoms even though
the underlying mechanisms are differ-
ent. There is an urgent need for a more
precise understanding of how bacteria
contribute to disease development, in
particular for the identification of the
bacterial molecules involved as well as
their targets in the host organism.

REVIEW AND DISCUSSION

Role of intestinal bacteria in obesity
and metabolic disease

Obesity may be considered a lifestyle
disease because it is caused by an
excessive caloric intake in conjunction
with a lack of physical activity. Owing
to its increasing incidence in many
countries obesity is considered an epi-
demic, in particular because it is mostly
associated with many other disorders
such as hypertension, diabetes, dyslipi-
daemia, and non-alcoholic fatty acid
liver disease. This development causes
considerable costs for public health
systems and is therefore an important
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research topic in medical research.

Jeffrey Gordon and colleagues were the
first scientists to propose that obesity
affects microbiota composition. Both
genetically obese mice homozygous for
a mutation in the leptin gene (0b/ob)
(Ley et al.,, 2005) and obese human
subjects (Ley et al., 2006a) displayed a
shift in the gut microbiota compared to
respective controls. Obesity was asso-
ciated with an increase in the propor-
tion of the Firmicutes at the expense of
the Bacteriodetes. Even though this
pattern could not be observed by other
investigators (Duncan et al., 2008;



Schwiertz et al., 2010) (possibly due to
the use of different methods for
microbiota analysis) differences in gut
microbiota composition between lean
and obese human subjects or mice have
been observed repeatedly (Turnbaugh
et al., 2006, 2008, 2009a; Jumpertz et
al., 2011). There is also experimental
evidence that diet rather than the obese
phenotype affects microbiota composi-
tion. This conclusion was drawn from
an experiment, in which two genet-
ically distinct mouse strains, which
were fed the same high-fat diet, dis-
played essentially the same microbiota
composition even though one of the
strains was obese while the other one
was not (Hildebrandt et al., 2009). This
experiment suggests that diet is criti-
cally involved in microbiota composi-
tion. From a microbiological point of
view this is not really surprising be-
cause consumption of a high-fat diet
for example causes an increased excre-
tion of bile acids into the digestive tract
which, in turn, lowers the cell counts of
bacteria that are sensitive to bile acids
while bacteria that are resistant to bile
acids are not affected or even prolifer-
ate in such conditions. Administration
of the bile acid cholate to mice leads to
increased cell numbers of Firmicutes at
the expense of Bacteroidetes, in par-
ticular to an increase in Clostridia and
Erysipelotrichi (Islam et al., 2011).

The most intriguing observations in
this field relate to the transferability of
the obese phenotype by transplantation
of the microbiota from an obese donor
mouse or human subject to germfree
mice (Turnbaugh et al., 2006, 2009b;
Ridaura et al., 2013). It is not quite
clear which features render a gut
microbiota obesogenic. What are the
bacterial factors that cause this effect in
the recipient mice and what are the tar-
gets in the host organism? It has been
proposed that an obesogenic microbiota
improves energy harvest from the diet.

However, how this is brought about is
not yet clear. Several possible explana-
tions have been proposed:

1. The gut microbiota leads to an in-
creased formation of short chain
fatty acids (SCFA) which can be uti-
lized for energy generation, lipo-
genesis and/or gluconeogenesis. In
agreement with a role of SCFA in
obesity development, obese subjects
were reported to have higher faecal
SCFA concentrations compared to
normal-weight subjects (Schwiertz
et al., 2010). On the other hand, high
faecal SCFA concentrations indicate
that the diet consumed was rich in
fermentable fibre. Fibre-rich diets
usually have a lower energy density
compared to highly digestible diets
and the intake of diets rich in dietary
fibre correlates with a lower inci-
dence of obesity and symptoms of
the metabolic syndrome (Slavin,
2005). This can be explained by the
regulatory function of SCFA, which
are ligands of the G-protein coupled
receptors FFAR2 (Free Fatty Acid
Receptor 2) and FFAR3 (formerly
GPR43 and GPR41) found in ileal
and colonic entero-endocrine L
cells, adipocytes and immune cells
(Brown et al., 2003). Following the
activation of these FFARs by SCFA,
leptin is secreted by adipocytes
(Xiong et al., 2004) and peptide YY
(PYY) and glucacon like peptide 1
(GLP-1) are secreted by entero-
endocrine cells (7Tazoe et al., 2008;
Tolhurst et al., 2012). Leptin and
PYY reduce appetite (Wren and
Bloom, 2007) and GLP-1 stimulates
insulin production, improves insulin
sensitivity and promotes satiety.

2. High-fat diets lead to low-grade in-
flammation caused by increased per-
meability of the intestinal epithe-
lium for bacterial lipopolysaccha-
rides (LPS) and increased concen-
tration of LPS in blood; this is
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referred to as metabolic endotoxae-
mia (Cani et al., 2007). In agree-
ment with this proposed mechanism
association of germfree mice with
an LPS-containing Enterobacter
cloacae strain, which had been iso-
lated from an obese Chinese patient,
developed low-grade inflammation
and obesity to greater extent than
germfree mice in response to a high-
fat diet (Fei and Zhao, 2013). How-
ever, the authors of a very recent
study did not find any indications
for an impaired gut barrier in re-
sponse to high-fat diet feeding even
though glucose tolerance was im-
paired and signs of low-grade
inflammation in adipose tissue were
observed (Kless et al., 2015).

. Intestinal bacteria promote the for-

mation of Angiopoietin-like protein
4 (ANGPTL4) also called Fasting-
induced adipose factor (FIAF) in the
intestine (Backhed et al., 2004).
ANGPTL4 is a downstream target
of the nuclear peroxisome prolifera-
tor-activated receptor family and an
inhibitor of lipoprotein lipase (LPL).
Inhibition of LPL by ANGPTL4
results in reduced plasma tri-
glyceride levels and decreased
deposition of released fatty acids as
triglycerides in adipose tissue
(Lichtenstein and Kersten, 2010).
Germfree mice display lower
intestinal ANGPTL4 mRNA levels
than conventional mice and in
accordance with this explanation
less body fat (Backhed et al., 2004).
Increased ANGPTL4 mRNA levels
in intestinal mucosa of germfree
versus conventional mice were
confirmed in another study, but the
plasma protein levels of ANGPTL4
in germfree mice were not higher
than those in the conventional mice
(Fleissner et al., 2010). This finding
is in conflict with a critical role of
ANGPTLA4 in obesity development.

Mice colonized with Lactobacillus
paracasei strain  F19 displayed
higher serum ANGPTL4 levels and
reduced fat accumulation (Aronsson
et al, 2010), suggesting that
intestinal bacteria do not necessarily
reduce circulating ANGPTL4 levels
as proposed (Backhed et al., 2004).

. The gut microbiome contributes to

obesity development by enhancing
nutrient uptake. In agreement with
this explanation, Hooper et al.
(2001) observed that mice mono-
associated with Bacteroides the-
taiotaomicron had higher mRNA
levels of genes involved in nutrient
uptake such as Na'/glucose co-trans-
porter (SGLT1), co-lipase and liver
fatty acid-binding protein (L-FABP)
compared to germfree mice. A re-
cent study in gnotobiotic mice sug-
gests that C. ramosum, a member of
the Erysipelotrichi, promotes obe-
sity development in mice fed a high-
fat diet by enhancing nutrient uptake
(Woting et al., 2014). This is in ac-
cordance with a recent human study,
which reported an association of
obesity with low bacterial gene con-
tent and presence of C. ramosum (Le
Chatelier et al., 2013). Furthermore,
symptoms of the metabolic syn-
drome in diabetic women were re-
ported to correlate with faecal C. ra-
mosum (Karlsson et al., 2013). We
compared mouse groups that dif-
fered in their microbiological status
and that were fed a high-fat diet
(HFD) or a low-fat diet (LFD)
(Woting et al., 2014). The first group
of mice was associated with a sim-
plified human intestinal (STHUMI)
microbiota of eight bacterial species,
including C. ramosum, the second
group with  SIHUMI  except
C. ramosum (SIHUMIw/oCra), and
the third group with C. ramosum
only (Cra). After feeding the mice
the HFD for 4 weeks, there was no



difference between the mouse
groups in energy intake, diet digesti-
bility, gut permeability, and parame-
ters of low-grade inflammation but
the SIHUMI and Cra mice fed the
HFD gained significantly more body
weight and body fat and displayed
higher food efficiency than the
SIHUMIw/oCra mice and the
germfree mice, respectively, also
fed the HFD. Glucose transporter 2
(Glut2) and fatty acid translocase
(CD36) mRNA levels in small intes-
tinal mucosa were significantly
higher in the obese SIHUMI and
Cra mice than in the less obese
SIHUMIw/0oCra mice. The data sug-
gest that in this animal model up-
regulation of small intestinal glu-
cose and fat transporters contribute
to their increased body fat deposi-
tion (Woting et al., 2014). It remains
to be shown whether this is a gen-
eral mechanism and to which extent
it may contribute to obesity com-
pared to the other mechanisms that
have been proposed.

Role of intestinal bacteria in inflam-
matory bowel disease (IBD)

IBD encompasses two major forms of
inflammatory conditions of the diges-
tive tract: Crohn’s disease and ulcera-
tive colitis. It is now generally accepted
that IBD arises as a result of a dis-
turbed interaction of genetic and envi-
ronmental factors. Various gene vari-
ants have been identified that predis-
pose the host organism to IBD. Exam-
ples include Nucleotide-binding oli-
gomerization domain (NOD) 1 and 2,
Toll-like receptor (TLR) 1 and 2 or Au-
tophagy-related protein 16-1
(ATG16L1). These gene variants may
lead to a disturbed barrier function of
the gut epithelium and in consequence
to a loss of homeostasis between intes-
tinal microbiota and immune system.
The intestinal microbiota and nutrition

are considered the most important envi-
ronmental factors in the development
of IBD (Hold et al., 2014). As men-
tioned above for metabolic disease the
exact role of intestinal bacteria in IBD
development is not really clear, in par-
ticular whether specific bacteria are
involved or whether there is a disturb-
ance in the microbiome, which is not
exactly defined. The latter is referred to
as dysbiosis. The microbiomes of pa-
tients suffering from Crohn’s disease or
ulcerative colitis differ from those of
healthy subjects (Qin et al., 2010).
However, first of all it is not clear
whether the microbiota patterns ob-
served in patients are cause or conse-
quence of the disease and second it has
so far not been possible to deduce the
mechanism(s) underlying IBD develop-
ment. IBD is associated with a reduc-
tion in diversity and shifts in certain
microbial populations (Manichanh et
al., 2006, Frank et al., 2007,
Wohlgemuth et al., 2009). Several
studies concurrently report reduced cell
numbers of Faecalibacterium
prausnitzii in IBD patients (Frank et
al., 2007; Sokol et al., 2009; Joossens
et al., 2011). F. prausnitzii is consid-
ered to be protective against IBD be-
cause oral administration of this organ-
ism or of spent F. prausnitzii growth
media improved symptoms of a colitis
induced by trinitrobenzosulphonate
(TNBS); it blocks Nuclear Factor
kappa B (NFxB) and the formation of
Interleukin (IL)-8 (Sokol et al., 2008).
In contrast to F. prausnitzii, cell num-
bers of E. coli are increased in both
Crohn patients and interleukin 10-defi-
cient (IL-107) mice (Darfeuille-
Michaud et al., 1998; Wohlgemuth et
al., 2009). The E. coli strains detected
in epithelial lesions of Crohn patients
turned out to preferentially belong to
the group of adherent entero-invasive
E. coli (AIEC) (Darfeuille-Michaud et
al., 2004). There are also indications
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Figure 1: Pathway of taurocholate conversion by Bilophila wadsworthia.
This pathway enables the organism to generate sulphite, which is used as an external electron
acceptor to generate ATP by anaerobic respiration (Devkota et al., 2012).

for a role of Mycobacterium avium sub-
species paratuberculosis, Helicobacter
spp. and Fusobacterium varium in IBD
development (Hold et al., 2014). How-
ever, these and other differences in gut
microbiota are not generally observed
which may be due to the high inter-
individual variability of the gut micro-
biota.

In the recent decades there has been
an increase in the incidence of IBD.
This development was accompanied by
changes in lifestyle. As nutrition is a
very important lifestyle factor, which
also affects the gut microbiome, vari-
ous studies investigated possible corre-
lations between diet and the incidence
of IBD. In particular Japan in the last
decades  underwent  considerable
changes in nutrition, from a traditional
Japanese diet to a more Western-
oriented diet. The latter is characterized
by an increased consumption of fat,
animal protein, milk, and milk products
as well as a reduced intake of rice.
Interestingly, these changes coincide
with an increase in the incidence of
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IBD in the Japanese population
(4sakura et al., 2008). Even though a
direct effect of diet cannot be excluded
it appears reasonable to assume that
possible dietary effects are mediated by
the gut microbiome. One animal study
provides an interesting example on
how diet could promote the onset of
IBD. Two groups of IL- 10" mice,
which are prone to developing colitis,
were fed two isocaloric high-fat diets
that did not differ in macronutrient
composition but just in the type of die-
tary fat. One diet contained milk fat
(MF), i.e. saturated fatty acids, whereas
the other one contained poly-unsatu-
rated fatty acids (PUFAs). Colitis inci-
dence, inflammatory score, and pro-
inflammatory markers were considera-
bly increased in the MF diet-fed mice
compared to the PUFA diet-fed mice
(Devkota et al., 2012). The authors
demonstrated that this effect was
caused by changes in the spectrum of
bile acids, specifically by increased
concentrations of taurocholate (Figure
1). The latter stimulates the growth of



Figure 2: Formation of tetrathionate (S40,>) which Salmonella enterica Typhimurium utilizes as

an electron acceptor.

Tetrathionate is only formed under inflammatory conditions in the gut. It gives S. Typhimurium a
growth advantage leading to an outgrowth of the organism in the inflamed intestine (Winter et al.,

2010).

the pro-inflammatory Bilophila wads-
worthia, a common isolate from in-
fected organs or tissues such appendix,
biliary tract and liver (Finegold and
Jousimies-Somer, 1997; Summanen et
al., 1995). B. wadsworthia belongs
phylogenetically to the Desulfovibri-
onaceae within the O-Proteobacteria,
but unlike other genera of this family,
B. wadsworthia is not capable of sul-
phate reduction. This organism rather
converts the sulphonic group of taurine
to sulphite, which in turn stimulates the
growth of B. wadsworthia in the intes-
tinal tract owing to the organism’s abil-
ity to utilize sulphite as an electron ac-
ceptor (Figure 1). These experiments
showed for the first time a causal rela-
tionship between diet and IBD devel-
opment. However, it has to be empha-
sized that it is unclear whether these
observations are of any relevance to the
human situation.

Tetrathionate has been identified as
a molecule that stimulates the growth

of Salmonella enterica serovar Typhi-
murium (Winter et al., 2010). As a re-
sponse to infection by this organism
host neutrophils produce reactive oxy-
gen species. They react with thiosulfate
(S2057) giving rise to tetrathionate
(S40¢7). Thiosulfate is a detoxification
product formed by epithelial cells
through the oxidation of hydrogen sul-
phide, which can be produced by both
intestinal bacteria and the host (Figure
2). However, tetrathionate formation is
only observed under inflammatory con-
ditions suggesting that the pathogen, by
inducing an inflammatory response,
creates favourable conditions that pro-
mote its own growth. S. Typhimurium
is capable of utilizing tetrathionate as
an external electron acceptor enabling
the organism to gain energy from sub-
strates that without an external electron
acceptor cannot be utilized. S. Typhi-
murium’s ability to utilize tetrathionate
as an electron acceptor confers a sub-
stantial selective growth advantage on
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this pathogen whose proliferation
causes an aggravation of intestinal in-
flammation.

Whereas B. wadsworthia and S.
Typhimurium have pro-inflammatory
properties, Akkermansia muciniphila, a
member of the phylum Verrucomicro-
bia, is considered a beneficial organism
(Derrien et al., 2008). However, in a
recent gnotobiotic animal study we
showed that mice associated with a
background microbiota of eight bacte-
rial species (SIHUMI) plus A. mucini-
phila (SIHUMI-A) developed a more
severe  gut inflammation  when
challenged with S. Typhimurium
(SIHUMI-AS) as compared to STHUMI
mice without Akkermansia but also
challenged with S. Typhimurium
(SIHUMI-S) or as compared to unchal-
lenged mice (SIHUMI or SIHUMI-A)
(Ganesh et al., 2013). Pro-inflamma-
tory cytokines and S. Typhimurium cell
numbers in mesenteric lymph nodes of

SIHUMI-AS mice were considerably
higher than in SIHUMI-S mice. Inter-
estingly, the number of mucin filled
goblet cells in caecal tissue of mice
was much lower than in SIHUMI-S,
SIHUMI-A or SIHUMI mice. The pro-
portions of the microbial community
members in SIHUMI-AS mice differed
very much from those of the other three
communities: S. Typhimurium ac-
counted for 94% of total bacteria in the
SIHUMI-AS mice but for only 2.2% in
the SIHUMI-S mice suggesting that the
comcomitant presence of A. mucini-
phila and S. Typhimurium led to a se-
vere disturbance of the microbial com-
munity. We proposed that 4. mucini-
phila exacerbates S. Typhimurium-in-
duced intestinal inflammation by its
ability to disturb host mucus homeosta-
sis (Ganesh et al., 2013). However, this
has not yet been demonstrated experi-
mentally and requires clarification.

CONCLUSION

The intestinal microbiome has been
linked to various diseases including
obesity, metabolic disease and IBD.
However, the underlying molecular
mechanisms are mostly not understood
or unproven. Gnotobiotic and knockout
animal models are valuable tools for
testing hypotheses derived from cor-
relations  between  metagenomics/
metabolomic data and disease symp-
toms. In a few instances it has been
possible to identify dietary components

or host-derived molecules that enhance
the growth of certain intestinal bacteria
and thereby directly promote or aggra-
vate intestinal inflammation. In a com-
plex disease such as the metabolic syn-
drome intestinal bacteria probably play
more than one role in disease develop-
ment. It will be necessary to scrutinize
proposed hypotheses to come to a more
precise understanding of how bacteria
contribute to disease development.
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INTRODUCTION

Modern science has left little doubt that
in terms of evolutionary success, bacte-
ria must be at its pinnacle. Every single
corner of this planet, and its inhabit-
ants, has a substantial community of
bacteria perfectly adapted to their envi-
ronment. From the depth of the sea to
the inners of our own guts, bacteria
have learnt to adapt and survive and in
many cases have made themselves es-
sential to the overall capacity of its
host. Indeed, given the intrinsic role of
mitochondria, with its ancestral bacte-
rial endosymbiotic origin, we can
safely say that bacteria have not only
survived for billions of years, but have
been fundamental to the evolution of
complex life (Lane, 2014). Moreover,
and leaving aside mitochondria, bacte-
ria themselves have evolved to sym-
biotically co-exist with most organ-
isms, conferring them with unique
traits and possibilities. To humans, as
with all living animals, bacteria have
become a unique set of “friends with
benefits”.

Currently, it is estimated that there
are at least 70 different groups of bac-
teria in the world, however only four
appears to inhabit the human gut, form-
ing what has become known as the mi-
crobiome (Macfarlane et al., 2004).
Most of these bacteria are selected at
birth, or soon thereafter (Palmer et al.,
2007), and their overall population ap-
pear to be highly dependent on their

ability to interact with intestinal de-
rived IgA, which in turn allows them to
penetrate the mucous layer protecting
this tissue. Here, the microbiota flour-
ishes and is in continuous interaction
with our bodies. In ideal conditions,
this interaction leads to clear benefits to
both parties; however the mechanisms
associated with this interaction, both
positive and in some cases negative,
are not fully understood. What is clear
is that more and more research is show-
ing that the synergetic balance between
the microbiota and our bodies can be
readily disrupted, in many cases in un-
foreseen ways, by medicines and diet.
This arises mainly from the fact that we
currently have not proper handle on the
extent and depth at which our gut mi-
crobiota interact and modulate our own
physiology. Indeed, there is increasing
evidence that alteration in the microbi-
ome may lead to many chronic disor-
ders, including obesity, type II diabe-
tes, the metabolic syndrome, auto-
immune diseases (Hansen et al., 2015)
and even some neurological and cogni-
tive conditions (Wang and Kasper,
2014). It is this close correlation be-
tween the microbiome disruption and
disease development that is driving
current research, all of it aimed at
understanding the microbiome-host
interaction and how we can use this
knowledge to prevent and/or treat
many modern non-inheritable diseases.
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Figure 1: Interaction between the gut microbiota and the brain (Adapted from Sampson et al.,

2015).

MICROBIOTA-HOST INTERACTION

Broadly speaking, the microbiome in-
teracts with its host in three different,
yet linked, manners. Firstly, and at its
most basic, the symbiotic relationship
between gut microbiota and our bodies
leads the former to increase energy
availability to our system by digesting
food components that would otherwise
be lost through the faeces. It is now
well accepted that under some dietary
conditions the gut microbiota can in-
crease energy supply by well over 20%
(Krajmalnik-Brown et al., 2012). This
energy is principally in ‘the form of
short chain fatty acids (SCFAs - mainly
acetate, propionate and butyrate), and
monosaccharides, together with gases
such as CO,, CHy, and H,. Gut mi-
crobes have also been shown to pro-
duce vitamins, detoxify plant compo-
nents as well as metabolise medicine in
unexpected ways. Secondly, the micro-
biome can directly interact with our
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bodies through its modulation of the
immune system and the production of
neuroactive compounds (Sekirow et al.,
2010). Indirectly it also modifies levels
of many gut peptides which in turn
modulate a myriad of anatomical,
physiological and metabolic systems,
including affecting the blood-brain bar-
rier permeability (Braniste et al., 2014).
Finally, the gut microbiota derived
products e.g. SCFA interact directly
with different organs including the
brain (Frost et al., 2014). Interestingly,
yet less understood is the interaction
between the gut microbiota and our
central nervous system (Sampson et al.,
2015). This interaction again appears to
take three distinctive, yet intercon-
nected paths: directly through the
Vagus nerve and indirectly through the
circulatory system and the immune sys-
tem (Figure 1).

In recent years, a number of groups



around the world, including our own,
have turned their attention to the modu-
lation of brain function by the gut
microbiota through the circulatory

system, with especial focus on the
production and role of gut-microbiota
derived SCFAs in brain function.

SCFA PRODUCTION AND BRAIN METABOLISM

Our gut microbiota is believed to be
made up of over 500 bacterial species,
with Bacteroidetes and Firmicutes ac-
counting for >90% of the phylotypes
(Eckburg et al., 2005). A key action of
this microbiota population is the pro-
duction of large amounts of SCFAs.
Colonic levels of SCFAs can reach
well >100 mM concentration, derived
principally from the fermentation of
indigestible carbohydrates, unabsorbed
sugars, cellulosic/non-cellulosic poly-
saccharides and some proteins nor-
mally found in our diets (Cummings et
al., 1987). A number of studies with
preclinical models and humans have
shown that increasing the level of non-
digestible carbohydrates in the diet,
including inulin, has significant effects
on both the colonic microbiota popula-
tion and the amount of SCFAs pro-
duced (Arora et al., 2012). As previ-
ously mentioned, acetate, propionate
and butyrate are the main SCFAs pro-
duced in our colon, in a ratio that varies
according to our diet of around
40:40:20 to 75:15:10, respectively (Ru-
binstein et al., 1969; Macfarlane et al.,
2003). In the case of butyrate, this
SCFA is mainly utilised by colono-
cytes, with little or no butyrate being
detected in circulation (Roediger,
1980). Propionate on the other hand is
both utilised by colonocytes, as well as
reaching the liver where it serves as
substrate for gluconeogenesis and also
appears to modulate cholesterol synthe-
sis (Mortensen and Clausen, 1996).
Acetate, the most abundant of SCFAs,
is mostly spared by colonocytes and is
found in high concentration in plasma

(Cummings et al., 1987). Indeed, and
again depending on the diet, acetate
can reach mmol concentration in
plasma. Yet, despite its abundance, the
overall function of acetate is still un-
known, with recent work suggesting
that this SCFA may be metabolised in
many organs, is associated with energy
metabolism (Kondo et al., 2009) and
appears to be closely linked to histone
and protein acetylation (Soliman and
Rosenberger, 2011).

Until recently, SCFAs were believed
to play no direct role on brain function,
exerting their effects through modula-
tion of inflammatory processes and/or
behaved as signalling molecules that
interact with the G-protein-coupled re-
ceptors, leading to changes in hor-
mones production from L-cells, includ-
ing the satietogenic hormones gluca-
gon-like-peptide-1 (GLP-1) and pep-
tide-YY (PYY) (Tolhurst et al., 2012;
Psichas et al., 2014). Moreover, pro-
pionate and acetate have been shown to
affect adipogenesis and through this,
leptin production. Thus, through modu-
lation of gut and adipocyte derived hor-
mones, SCFAs was thought to affect
brain function, including appetite and
satiety (Xiong et al., 2004; Samuel et
al., 2008). However, more recently and
through the use of advanced imaging
techniques, it has been possible to
demonstrate that the SCFA acetate ap-
pears to reach many organs in the body,
besides the liver. This points towards
the fact that this acetate may not only
affect brain metabolism indirectly, but
may play an important role in the
overall function of the central nervous
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Figure 2: Biodistribution of ''C-acetate in a mouse by PET imaging.
Note that acetate can be detected in most organs, including the brain (Adapted from Frost et al.,

2014).

system. In the brain, acetate is able to
directly affect neuronal function in a
number of key brain regions, especially

those associated with appetite and
satiety control (Anastasovska et al.,
2012).

ACETATE IMAGING AND BIODISTRIBUTION

The advent of in vivo imaging tech-
niques, including magnetic resonance
imaging (MRI) and positron emission
tomography (PET), has made it possi-
ble for researchers to obtain quantita-
tive data on biodistribution, in vivo, of
many compounds, including SCFAs
(Song et al., 2009). Carbon-11 labelled
acetate was initially produced as a
potential PET marker for clinical stud-
ies of tumour metabolism (Vavere et
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al., 2008); however it quickly became
clear that here was a unique oppor-
tunity to get a better understanding of
the overall biodistribution of this
SCFA. From these studies it became
clear that acetate is actively taken up
by many organs, including the liver,
skeletal muscle, spleen, heart and adi-
pose tissue (Figure 2). More im-
portantly it has been shown to reach the
brain in small, yet significant amounts,



independent of route of administration
(ip/rectal) or whether it arose directly
from dietary components or given in
purified form (Frost et al., 2014).
However, due to the nature of the
PET technique it was not possible to
assess the overall metabolism of ace-
tate in different organs (Grassi et al.,
2012). Carbon-11 has a rather short
half-life (c.a. 20 minutes) making
longitudinal studies extremely difficult.
Moreover, due to the inability of PET
to determine the chemical nature of the
compound-giving rise to the positron-

signal, it is not possible to identify ace-
tate-derived metabolites. These issues
could in theory be overcome by the use
of hyperpolarised *C-acetate, in com-
bination with MRI (Bastlaansen et al.,
2013), yet no such experiments have
been carried out so far. This is princi-
pally due to the fact that this technique
is not widely available to the scientific
community, especially those involved
in nutritional studies, and also due to
the overall cost associated with this
methodology.

ACETATE AND APPETITE

Brain plays an important role in the
control of appetite and it was first the
lesions or surgical transections of a nu-
clei of the hypothalamus such as the
arcuate nucleus (ARC), ventromedial
nucleus (VMH) and paraventricular
nucleus (PVN) resulting in changes in
daily food intake that supported this
link (Dube et al., 1999; Penicaud et al.,
1983). More recent work has shown
that these nuclei express a number of
key neuropeptides receptors that are
activated by gut peptides or adipokines
and regulate food intake (Van Den Top
et al., 2004; Satoh et al., 1997). Two
sets of neurons exists in the ARC;
orexigenic neuropeptides Neuropeptide
Y (NPY) and Agouti Related Peptide
(AgRP) increase food intake and in-
duce obesity, whereas Pro-opiomelano-
cortin (POMC) and Cocaine and Am-
phetamine  Regulated Transcript
(CART) inhibit food intake and these
signals from the ARC projects to other
nuclei (Parkinson et al., 2009).
Manganese-enhanced MRI (MEMRI)
is used for functional MRI in animals
due to the unique T1 contrast generated
by the paramagnetic analogue Mn®"
(Kuo et al., 2005; Lin and Koretsl%
1997). Due its ability to mimic Ca

ions, Mn*" ions can permeate presynap-
tic voltage-gated calcium channels
(VGCC) and induce neurotransmitter
release from depolarised nerve termi-
nals (Narita et al., 1990). The tech-
nique has been implemented success-
fully to monitor brain activation in the
regions controlling appetite (Kuo et al.,
2007; Anastasovksa et al., 2012).
Acetate has been shown to be ac-
tively metabolised in neuronal and
astrocyte cell culture in vitro (Brand et
al., 1997). Supplementation of ferment-
able carbohydrates such as inulin has
long been shown to reduce appetite in
animal studies and this effect has been
thought to be through the effect of
SCFA on gut peptides (Cani et al.,
2004) but recently appetite suppressing
effect of acetate was shown to be
through hypothalamic neuronal activa-
tions (Frost et al., 2014). Intraperito-
neal administration of acetate resulted
in reduced food intake. Interestingly
when acetate was encapsulated in lipo-
somes limiting its distribution to the
brain, no reduction in food intake was
observed which would suggest that
acetate has a direct neuronal function.
Using °C HR-MAS it was shown that
acetate, administered or produced in
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the colon, in the hypothalamus incorpo-
rates into the glutamate-glutamine
transcellular cycle, increasing lactate
and GABA labelling, thus supporting
hypothalamic glutamatergic or gabaer-
gic neurotransmissions. This increased
gabaergic neurotransmission together
with increased lactate oxidation will
result in increased ATP production in
turn inhibiting AMPK activity and acti-
vating Acetyl-CoA Carboxylase. The

increased ACC activity induces
Malonyl-CoA expression which acti-
vates POMC neurons and therefore re-
duces food intake. By using MEMRI
hypothalamic activation was also moni-
tored which showed increased activa-
tion with acetate administration in
hypothalamic brain regions such as
arcuate nucleus, which is populated by
POMC neurons among others.

SUMMARY

Short chain fatty acids derived from the
gut microbiota fermentation of non-
digestible carbohydrate, principally,
acetate have now been shown to reach
the brain where it can affect important
function including appetite and satiety.
The extent of this effect can be readily
observed in the significant decrease in
food intake in preclinical models.

However, acetate is also metabolised in
other organs which themselves may
indirectly affect appetite. It is therefore
imperative that central and peripheral
effects are studied in isolation to deter-
mine the extent by which acetate di-
rectly affects brain function and be-
haviour.
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SUMMARY

This paper highlights the current in vitro technological advances in simulat-
ing the gut microbiome composition and functionality with enabling tech-
nologies related to the Simulator of the Human Intestinal Microbial Ecosys-
tem (SHIME). While in vitro models offer the standard advantages over in
vivo studies (low costs, no ethical constraints, multi-parametric testing),
their core value lies in their ability to simulate regional and micro-environ-
mental differences that occur along the longitudinal and radial axis of the
gut. We will provide evidence that these models can be used:
1. to simulate microbiome differences between proximal and distal colon re-
gions,
2. to establish distinct luminal and mucus-associated microbial communi-
ties, and
3. to enable intimate host-microbe interactions near the gut epithelial sur-
face.
More specifically, we will present published and unpublished data obtained
with the Mucosal Simulator of the Human Intestinal Microbial Ecosystem
(M-SHIME) and the Host-Microbe Interaction (HMI-) module. Finally, our
insights into the specific micro-environmental behaviour of gut microbes
will be used to propose some future perspectives for (in vitro) gut micro-
biome research.

INTRODUCTION

Human health is influenced by a multi-
tude of determinants: genetics, way of
delivery, diet, lifestyle, medical prac-
tices, hygiene, the exposome... Also
the human microbiome is considered a
major factor in the health equation,
either directly or through interaction
with any of the aforementioned factors.
In the last decade of scientific research,
different -omics approaches have revo-
lutionized the field by shedding light
on correlations between health status
and microbiome composition, specific

expression of genes, translation into
proteins or production of specific me-
tabolites. The number of these studies
has exponentially grown in recent
years, yet scientists struggle to find
preventive or therapeutic measures that
tackle any of the microbial processes
(de Vrieze, 2015). This is mainly
caused by the lack of mechanistic in-
sight in host-microbe interaction pro-
cesses and the lack of appropriate
model systems that allow dynamic
sampling of specific environments.
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Figure 1: Depiction of different gut micro-environments and altered microbial colonization
profiles (picture adapted from Bdckhed et al., 2005).

GUT MICROENVIRONMENTS

“The” gut microbiome is composed of
different microbial consortia that are
composition-wise and  functionally
highly diverse because of their associa-
tion with different gut micro-environ-
ments (Figure 1) (Bdckhed et al.,
2005). Because of differences in resi-
dence time, physicochemical or enzy-
matic stressors in the upper digestive
tract, diverse presence of M-cells or
variable thickness of the mucus layer
along the gastrointestinal tract, the mi-
crobial colonization is distinct and
highly specific. Already in the colon
alone, there are significant differences
between the proximal and distal region
when it comes down to microbiome
composition and the fermentative
metabolism of dietary substances or the
metabolic potency towards secondary
plant metabolites, pharmaceuticals or
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pollutants. The suspension in the gut
lumen cannot just be considered as a
homogeneous mixture of non-digest-
ible dietary components, microbiota
and host secretions. It is rather a
heterogeneous suspension where nutri-
ent platforms offer a scaffold for mi-
croorganisms to adhere to and where
they can interact with one another, for
example to cross-feed on dietary fibre
resulting in the production of a diverse
short chain fatty acid profile. When fo-
cusing on the mucus layer overlying
the epithelium, one must appreciate the
existence of specific physicochemical
and immunological gradients that dic-
tate what microorganisms have a
higher preference (or success rate) to
become part of the mucosal microbi-
ome. The existence of an oxygen gradi-
ent over the epithelium and mucus



layer can result in altered colonization
and even modulated gene expression,
for example by Shigella flexnerii
pathotypes (Marteyn et al., 2010). The
mucosal surface and intervillus region
is also known for their altered fluid
shear forces, with low fluid shear pre-
vailing near the mucosa and for exam-
ple directing virulence gene expression
by pathogenic Salmonella strains
(Héner zu Bentrup et al., 2006). These
mucosal microbes are interesting from
a health point of view, because of their
close proximity to the gut epithelium
and, hence, higher potency to interact

with the human host. Specific micro-
organisms can even further migrate
through the mucus layer and actually
reach epithelial cells where they can
more profoundly interact with the host,
sometimes leading to actual pathogene-
sis. Finally, because of the gut being an
open ecosystem, changes in the afore-
mentioned determinants (diet, medical
practices, lifestyle...) add an additional
layer of complexity to the microbiome
composition. This necessitates a dy-
namic monitoring of the gut microbiota
and a correlation with changing envi-
ronmental parameters.

NEED FOR MODEL SYSTEMS

For obvious reasons, human microbi-
ome research is physiologically most
representative when conducted on bio-
logical samples from human subjects.
However, only relying on the analysis
of faecal microbiota does not give an
accurate view on the colonization abil-
ity and dynamics of the microbial con-
sortia in the different gut microenviron-
ments. While biopsy samples may give
a closer view, the sampling procedure
is far from straightforward and it does
not allow to dynamically monitoring
the microbiome upon dietary shifts or
during disease progress. While animal
models - even the gnotobiotic models
that are humanized with human micro-
biota - give some more flexibility in the
analysis of different gut regions, also
these samples are restricted to endpoint
measurements. Moreover, interpreta-
tion of the scientific data must always
take into account to what extent these
models are representative for human
biological processes.

To address the issues of gut micro-
environment differences and microbi-
ome dynamics, specific lab-scale
model systems have been developed

over recent years. While the biggest
limitation of these model systems is
obviously the lack of a physiological
environment, they do provide certain
advantages over in vivo observations.
Firstly, specific microenvironments can
be simulated, both in a longitudinal di-
rection (proximal vs. distal gut regions)
as in a cross-sectional direction (lu-
minal vs. mucosal regions). Secondly,
these environments can be sampled in a
dynamic way, allowing the study of
microbial adaptations to a changing
environment. Finally, and this is proba-
bly the biggest in vitro asset, due to the
control over several digestive, enzy-
matic and physicochemical parameters,
scientists are able to conduct mechanis-
tic research. These benefits can how-
ever not be overestimated. In vitro
models always need a proper validation
against human in vivo data and the
generated scientific insights need to be
used to support in vivo observations or
to direct research prior to entering
clinical research.

One of the models that has tried to
encompass most of the digestive pro-
cesses going from the upper digestive
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Figure 2: Experimental setup of a TWIN-SHIME system, composed of 2 parallel units of
stomach, small intestine, ascending colon, transverse colon and descending colon compartments.

tract (stomach, small intestine) to the
lower gut (proximal and distal colon) is
the simulator of the human microbial
ecosystem, or SHIME® (registered
name by Ghent University and
ProDigest) (Figure 2) (Molly et al.,
1993). The model system has been
validated against human in vivo data
both for microbiome composition and
fermentative activity (Molly et al.
1994) as for very specific metabolic
conversions that are distinguishing in-
dividuals from one another (Possemiers
et al., 2006). While at first, SHIME re-
search primarily focused on metabolic
interactions in the lumen, the last 5
years have seen a significant improve-
ment of the model by including a mu-
cosal environment by incorporation of
mucus coated microcosms (Van den
Abbeele et al., 2013). This so-called M-
SHIME (mucosal SHIME) (Figure 3)
allows not only the luminal microbes to
settle in the system, but also the coloni-
zation of mucosal microbes on surfaces
that are representative of the in vivo
situation, at least from the glycoprotein
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perspective.

Another improvement of the
SHIME model is the host-microbe
interaction (HMI) module (Figure 4)
(Marzorati et al., 2014). This bicom-
partmental module separates gut mi-
crobes from epithelial cells through a
mucin-covered semi-permeable poly-
amide membrane. Unlike Transwell®
systems, the HMI module has in- and
outlets at both the microbial and host
side of the membrane. This enables
connecting the microbial compartment
to the M-SHIME and seeding the host
compartment with 3D organotypic co-
lon epithelium. In a proof-of-concept,
this module was successfully used to
study host responses upon prebiotic
modulation of the intestinal microbiota
(Possemiers et al., 2013).

Interestingly, two specific physico-
chemical conditions prevailing near the
mucosa can also be simulated with the
HMI device. Firstly, by providing oxy-
gen from the host compartment and
maintaining anaerobiosis in the micro-
bial compartment it is possible to
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are brought into the respective colon compartments thereby creating a mucosal contact surface
next to the luminal suspension (Van den Abbeele et al., 2013).

establish an oxygen gradient over the
mucus layer and thereby mimic the
mucosal environment more closely.
This is for example interesting to study
what impact hypoxic stress may have
towards microbiome colonization in a
scenario of insufficient mucosal oxy-
genation with IBD patients. Secondly,

the design of the HMI module is such
that it allows control over fluid shear
conditions over the mucus layer, an-
other important parameter that not only
affects morphology and gene expres-
sion of epithelial cells, but also the
gene expression of microorganisms in
that environment.

MIMICKING THE MUCOSAL MICROBIOME AND
MICROBIAL BEHAVIOUR IN THE MUCOSA

In this paper, we primarily focus on the
mucosal microbiome and the role that
specific microorganisms may play in
health and disease. In vivo data have
demonstrated the microbiome from
biopsy samples to have a distinct com-
position as opposed to faecal micro-
biota (Zoetendal et al., 2002; Swidsins-
ki et al., 2002). Moreover, there seems
to be specific correlations between spe-
cific mucosal microorganisms and
health status: for example, typical

mucosal colonizers such as the butyrate
producing microorganisms such as
Faecalibacterium prausnitzii, down-
regulated in patients with Crohn’s dis-
ease (Willing et al., 2009) and meta-
bolic syndrome. More detailed in vivo
analysis on murine samples also indi-
cates the higher preference of butyrate
producing Clostridia to colonize the
mucosal environment (Nava et al.,
2011). In that respect, it is interesting
to note that the M-SHIME system
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Figure 4: Host microbe interaction module comprising flow cell with low fluid shear conditions
representing the mucosal microbial compartment and a host compartment (Marzorati et al., 2014).

displays similar colonization profiles
with much higher abundances of
Clostridium clusters IV and XIVa in
the mucosal environment as opposed to
the luminal suspension (Van den
Abbeele et al., 2013). In addition,
micro-array analysis for 1100 micro-
biome phylotypes also demonstrates
M-SHIME to preserve unique micro-
biome features that distinguish indi-
viduals from one another.

The finding of a more pronounced
colonization of the mucosal environ-
ment by butyrate producers requires
some further attention. Whole genome
shotgun data from the human microbi-
ome project demonstrate these butyrate
producing Clostridium cluster IV and
XIVa to reach abundances up to 30%
of the entire microbiome (Karlsson et
al., 2012). It thus plays a dominant role
in the gut ecosystem. Moreover, mono-
association of gnotobiotic mice with
several of these butyrate producing
Clostridia was found to result in an
upregulation of Foxp3+ in CD4 cells,
indicating the role of these microorgan-
isms in regulatory T cell function
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(Atarashi et al., 2011). This can either
occur through bacterial cell-associated
antigens or through secreted com-
pounds. To exemplify, Faecalibacte-
rium prausnitzii was previously found
to be an anti-inflammatory commensal
following microbiome analysis of
Crohn’s disease patients (Sokol et al.,
2009). Only recently, the compound
thought to elicit the anti-inflammatory
effects in epithelial cell culture models
and an animal model of chemical-
induced colitis, was revealed to be a 15
kDa protein, termed MAM (microbial
anti-inflammatory molecule) (Quévrain
etal., 2015).

The example of F. prausnitzii’s anti-
inflammatory properties is particularly
interesting. As mentioned above, Clos-
tridium cluster IV butyrate producers,
from which F. prausnitzii is the most
abundant, are strong colonizers of the
mucosal environment (Willing et al.,
2009). Butyrate producing clostridia
are typically anaerobic and given the
fact that oxygen gradients may exist
over the mucus layer, it is intriguing to
find out what mechanism lies behind
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their successful colonization. To moni-
tor this mucosal colonization process
more in-depth, the HMI module is par-
ticularly useful. Coupling the HMI to
SHIME enables in vitro cultured gut
microbiota to colonize the mucus layer
on top of the semi-permeable mem-
brane in the HMI module. This results
in the establishment of an early stage
biofilm where the positioning of differ-
ent microorganisms of interest can be
determined. Using FISH probes, Mar-
zorati et al., (2014) monitored the
mucosal colonization of Bifidobacteria
and Faecalibacterium prausnitzii with
the HMI module and came to interest-
ing findings. While the strictly anaero-
bic bifidobacteria tended to colonize
the upper side of the mucus layer, the
anaerobic F. prausnitzii was mainly
found back in the lower part of the mu-
cus, i.e. at the anoxic/oxic interphase
(Figure 5). Khan et al., (2012) demon-
strated that F. prausnitzii can grow in
the oxic-anoxic interphase due to the
fact that this microorganism, despite
being oxygen sensitive, copes with 02
because of a special extracellular

electron shuttle of flavins and thiols.
Similar to the in vivo situation - where
small amounts of oxygen permeate
from blood vessels towards the gut lu-
men - in the HMI module, oxygen dif-
fusion from the aerobic lower chamber
to the anaerobic upper chamber (Figure
4) probably results in more oxidative
conditions at the base of the biofilm.
Availability of the flavin/thiol electron
shuttle gives F. prausnitzii a selective
advantage over other gut microbes ena-
bling it specific mucosal colonization.
These findings were supported by the
dynamic monitoring of F. prausnitzii
with qPCR. Over a 48h experiment, a
decreasing  concentration of F.
prausnitzii was noted in the luminal
compartment and an increasing one in
the mucus layer, as opposed to an un-
changing bifidobacteria concentration
in the lumen and decreasing bifido-
bacteria concentrations in the mucus
layer. This demonstrates the potency of
the HMI module to maintain the prefer-
ential mucosal colonization of specific
gut microorganisms within the mucus
layer and the possibility to complement
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in vivo observations with mechanistic
explanatory data.

This mucosa-specific functional be-
haviour is not solely confined to F.
prausnitzii.  Using  hydrodynamic
chronoamperometry with a rotating
disk electrode Prévoteau et al., (2015)
recently demonstrated that also Butyr-
icicoccus pullicaecorum - another bu-
tyrate producing Clostridia cluster IV
member with anti-inflammatory poten-
tial (Eeckhaut et al., 2012) - has the
ability to use riboflavins as electron
shuttle for coping with oxidative stress.
In a scenario of inflammation, a status
of epithelial hypoxia is often encoun-
tered due to impaired perfusion or the
metabolic demands of localized inflam-
matory cells (Marteyn et al., 2011).
This may be one of the reasons where
flavin-using electron shuttling butyrate
producing Clostridia may loose their
selective colonization advantage over
other strict anaerobes that cannot make
use of electron shuttles to cope with
oxidative stress. It is clear that such
specific micro-environment functions
of gut microorganisms cannot be stud-
ied in vivo, and that in vitro model sys-
tems are required to elucidate these
mechanisms.

The abundance of butyrate produc-
ing Clostridia is not merely correlative
with health status. Mucosal butyrate
producers may also confer stability to
the gut microbiome when challenged
by stress factors. We provide one
example from dietary related stress and
one example from chronic gut inflam-
mation.

One of the most recent insights has
come from Western diets that have be-
come increasingly rich in linoleic acid
(LA). Just like other poly-unsaturated
fatty acids linoleic acid has a strong
antimicrobial activity, thereby poten-
tially compromising the gut microbi-
ome. In addition, rumen microbiology
has learned us that certain bacteria can
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convert linoleic acid to more saturated
products. This process is called bio-
hydrogenation, in which hydrogen gas
is combined with linoleic acid to gradu-
ally saturate the double bounds to sub-
sequently vaccenic acid and the com-
pletely saturated end-product stearic
acid. With each biohydrogenation step
the antimicrobial activity is decreased.
Interestingly, Devillard et al. (2007)
have previously described that among a
wide range of human gut bacteria, the
most important biohydrogenating spe-
cies are Roseburia and Butyrivibrio
species, which are specialists in con-
verting linoleic acid towards vaccenic
acid. Both genera belong to the butyr-
ate producing Clostrida cluster XIVa. It
was thus hypothesized that these biohy-
drogenating and butyrate producing
species may confer stability upon chal-
lenging an in vitro cultured gut micro-
biome with linoleic acid.

Using M-SHIME (containing both a
mucosal as luminal environment) as
opposed to L-SHIME (which only has
a luminal environment), De Weirdt et
al. (unpublished) investigated the im-
portance of the presence of a mucosal
environment. Exposing either M-
SHIME or L-SHIME to 1 g/L of lino-
leic acid (which corresponds to the
theoretical concentration colon bacteria
would experience upon consumption of
a Western diet) revealed that the biohy-
drogenating potential in the presence of
a mucus layer (M-SHIME) was 6 times
higher than in the absence of a mucus
layer (L-SHIME). This indicates a
higher biohydrogenating potential of
the gut microbiome when mucosal bac-
teria are able to thrive.

De Weirdt et al. (unpublished data)
then investigated to what extent this
difference in biohydrogenating func-
tionality was also reflected in the
microbiome composition. Co-occur-
rence analysis on Illumina based NGS
of the microbiome’s 16S rRNA genes



revealed two distinct microbial popula-
tions under control conditions: one
large population affiliates with the lu-
men and has many positive correlations
between mainly fermentative bacteria,
while a smaller mucosal population
contains several of the aforementioned
butyrate producing Clostridia clusters
including the biohydrogenating Rose-
buria and Pseudobutyrivibrio. Con-
struction of co-occurrence networks for
samples that had been exposed to LA,
reveals an interesting shift. It is no
longer possible to distinguish the 2
populations with region-specific affin-
ity. Instead, the two specialist bio-
hydrogenating genera move to the cen-
tre of a new co-occurrence network
where they interact with a lot more
genera than was the case for the control
situation. These data show that mem-
bers of the mucosal microbiome with
specific functional behaviour (i.c. bio-
hydrogenation) may bring stability to
the entire gut microbiome upon dietary
stressors such as linoleic acid.

The possibility of using butyrate-
producing Clostridia to protect the gut
microbiome may also extend towards
disease scenarios. Particularly with re-
spect to chronic gut inflammation, clear
correlations with microbial dysbiosis
and abundance of butyrate producing
Clostridia have been observed before.
Willing et al. (2009) showed that butyr-
ate producing clostridia were lower in
abundance in patients with IBD. In
addition, Faecalibacterium prausnitzii
and Butyricoccus pullicaecorum, both
members from the Clostridium cluster
IV, have been shown to elicit a protec-
tive effect towards gut barrier function
both in vitro as in vivo (Sokol et al.,
2009; Eeckhaut et al., 2012). Again,
model systems of the gut mucosa can
reveal more in depth what role any of
these microorganisms may fulfil with
respect to protection of gut barrier
function.

Geirnaert et al. (unpublished) re-
cently inoculated colon compartments
from M-SHIME model systems with
microbiota from either Crohn’s patients
during active disease or in remission.
While microbiome analysis showed
significantly different colonization in
the lumen and mucus, metabolic analy-
sis revealed that the cultured colon mi-
crobiota originating from active disease
had a significantly reduced (30%) bu-
tyrate production. M-SHIME colon
compartments were then treated with a
cocktail of 6 butyrate producing Clos-
tridia from both cluster IV as XIVa.
Intestinal water was prepared from the
different colon compartments and sub-
jected to Caco-2 epithelial cell cultures
during their differentiation process.
Trans-epithelial electrical resistance
measurements and trans-epithelial luci-
fer yellow transport experiments were
then conducted to find out to the im-
pact on epithelial barrier function.

Intestinal water generated from un-
treated SHIME colon samples resulted
in a 50% drop of the TEER value com-
pared to the control situation. This indi-
cates that secreted metabolites from gut
bacterial origin pose a certain stress
towards tight junction proteins. These
findings were supported by a drop in
mitochondrial activity and a sharp in-
crease in paracellular transport of luci-
fer yellow. As a positive control, addi-
tion of 2 mM butyrate (a physiological
concentration expected in vivo) re-
stored TEER values indicating the pro-
tective effect from butyrate towards
epithelial barrier functioning. Interest-
ingly, intestinal water derived from co-
lon vessels treated with the cocktail of
butyrate producing Clostridia also re-
sulted in normalized TEER values and
lucifer yellow transport, independent of
butyrate levels. These recent findings
with M-SHIME systems connected to
Caco-2 epithelial cell cultures can help
to support previous findings on the
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ability of butyrate producing bacteria to
improve gut barrier functioning with
bioactive peptides (Quévrain et al.,

2015) or to stimulate regulatory T-cells
(Atarashi et al., 2011).

CONCLUSION

To conclude, the importance of micro-
environment differences for the prefer-
ential colonization of gut microbiota
and their functionality cannot be under-
estimated. While in vivo samples can-
not always grasp these differences, sev-
eral in vitro model systems have been
developed that can mimic these differ-
ent micro-environments. While very
useful in providing mechanistic infor-
mation to support in vivo observations,
in vitro data can neither be overesti-
mated. Each model system comes with
its boundaries, and needs a proper vali-
dation with human in vivo data.
Another advantage of model systems of
the gut micro-environment is the ability
to study the micro-environment behav-
iour of specific microorganisms. This
not only contributes to our understand-
ing of their role in host-microbe inter-
actions, but it also provides opportuni-
ties for exploring these environments
with the purpose of isolating microor-
ganisms with novel metabolic traits
etc... (Van den Abbeele et al., 2013).
The increasing insight in the putative
health-promoting role of functionally
important groups such as butyrate pro-
ducing bacteria indicate that next
generation probiotics will no longer
belong solely to the classic lactic acid
producing strain, but will also include
strains from other phyla. Such efforts
obviously need to come with the neces-
sary risk assessment steps and depend-
ing on the domain of application (phar-
maceutical vs. nutraceutical) and the
type of application (preventive Vs.
therapeutic), selection criteria will be
more stringent. In addition, current
legislation is not yet adapted for the
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inclusion of these novel strains and a
debate between scientists, regulators
and industry is highly warranted.
Finally, the last aspect where in vitro
model systems can become very useful
is the exploration of and preclinical
testing of novel biotherapeutics. The
last couple of years have brought a
revolution in this field, especially with
respect to ecosystem restoration. The
best-known example is the highly suc-
cessful application of faecal microbial
transplants to cure Clostridium difficile
associated diarrhoea. While the success
of FMT for CDAD primarily lies in the
sudden diversification of the microbi-
ome, thereby tackling microbial dys-
biosis (the primary reason why Clos-
tridium difficile is so successful), this
success cannot be simply extrapolated
to other pathologies. Especially when
considering FMT for disease where in-
herent gut barrier function may be
compromised (Crohn’s disease, ulcera-
tive colitis, metabolic syndrome...),
extreme caution is necessary given the
badly characterized nature of faecal
transplants and the risk of disease or
allergen transmission from the donor to
the receiving patient. Already now, re-
search groups have started to tackle
these FMT disadvantages by making
cocktails of microorganisms of diverse
phylogeny and functionality. This has
already resulted in the successful treat-
ment of 2 CDAD patients with a de-
fined consortium of 33 microorgan-
isms, isolated from a healthy individ-
ual’s faecal microbiome (Petrof et al.,
2013).

Knowledge about microbial composi-
tion and functionality in specific gut



micro-environments may result in new
candidate strains that can be taken up
in such defined microbial cocktails. /n
vitro model systems will become useful

tools to help in the identification and
isolation of such microorganisms and
in the preclinical testing of the resulting
biotherapeutic products.
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SUMMARY

The Human Microbiome Project established a deep, molecular understand-
ing of interactions between microbial communities and their hosts, and pro-
vided insight into how the host and epigenetic factors can influence intesti-
nal ecosystems. In this context, we give a brief overview of the capacity for
metagenomics and metabolomics to explore host-pathogen interactions over
multiple life stages. Young children are naturally resistant to toxigenic Clos-
tridium difficile, which forms part of the normal developing microbiome. By
studying both paediatric and adult cases, we hope to discover why suscepti-
bility to C. difficile changes as we age. Our mini-review considers current
risk factors in Clostridium difficile infection and emerging treatment op-
tions, including faecal microbiota transplantation as promising therapy when
antibiotics fail. Manipulation of the intestinal microbiota offers a relatively
unexplored niche for targeted therapy, but incomplete genome coverage,
bioinformatics discrepancies and inferred biological function highlight the
need for a multi-’omic approach to complement next generation sequencing
and provide a direct measure of the altered intestinal phenome.

INTRODUCTION

Antibiotic resistance among pathogenic
bacteria is a major emerging public
health threat with estimates of world-
wide deaths reaching 10 million annu-
ally by 2050 (Review on Antimicrobial
Resistance, 2014). Overuse of antibiot-
ics and adaptability of bacteria have
created a growing number of “super
bugs” that are resistant to multiple anti-
biotics. Clostridium difficile is one such
organism and is rapidly becoming one
of the major public health threats of the
21st century. C. difficile is a spore-
forming anaerobe that is the single
leading cause of nosocomial infections

in some hospitals (Pant et al., 2013;
Magill et al., 2014). In the western
world, it is by far the most deadly
enteric pathogen triggering colonic
disease due to the secretion of two
potent exotoxins (Figure 1) (Taylor et
al., 1981; Savidge et al., 2003; Genth et
al., 2008; Kuehne et al., 2010). The
incidence and severity of C. difficile
infection (CDI) has risen dramatically
in the United States since 2000 with
almost half a million annual cases
including 30,000 deaths in 2011(Lessa
et al., 2015). Because of this perceived
threat to patients, the Centers for
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Figure 1: Schematic of C. difficile infection in a patient.

Disease Control and Prevention as-
signed an urgent hazard level (Centers
for Disease Control and Prevention,
2013) to this pathogen and urged the
scientific community to identify risk
factors to better manage new, but ex-
pensive treatment (e.g. Dificid®).

Due to the growing international
concern regarding both clinical man-
agement and dissemination of C. dif-
ficile, the United States and Europe
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now require hospitals to report sympto-
matic CDI cases. Because C. difficile is
resistant to most antibiotics, first line
therapy includes off-label use of metro-
nidazole or oral vancomycin in clini-
cally severe and recurrent cases (Cohen
et al., 2010; Goldberg et al., 2015).
However, up to 35% of CDI patients
will experience a clinical recurrence
following cessation of antibiotic use
despite a favourable response to treat-



ment (McFarland et al., 1999; Garey et
al., 2008; Johnson, 2009; Kelly, 2012;
Goldberg et al., 2015). Of these pa-
tients, up to 50% will experience sub-
sequent infective episodes, adding to
patient morbidity (Fekety et al., 1997;
McFarland et al., 1999, 2002). Nota-
bly, half of the recurrent episodes in-
volve a new C. difficile strain, strongly
suggesting that epigenetics and the in-
testinal ecosystem modulate host sus-
ceptibility to this pathogen (Young and
Schmidt, 2004; Garey et al., 2008;
Antonopoulos et al., 2009; Rupnik et
al., 2009; Centers for Disease Control
and Prevention, 2012; Britton and
Young, 2012; Peery et al, 2012;
Theriot et al., 2014). The heralded
clinical success of faecal microbiota
transplantation (FMT) in recurrent CDI
cases (>90% efficacy) (Burke and
Lamont, 2013; McKinney, 2013) is

strongly supportive of host-microbe
interactions being important in prevent-
ing CDI onset. The procedure involves
single to multiple orogastric or intraco-
lonic infusions of faecal bacteria origi-
nating from healthy donors. Typically,
only a single treatment is necessary to
eradicate disease in patients that previ-
ously experienced multiple recurrent
CDI episodes. Although FMT is con-
sidered a medical triumph against re-
current CDI, it is also regarded as a
treatment of last resort because of
safety and social concerns, especially
in children. After an initial 2013 FDA
regulatory ruling (McKinney, 2013)
FMT is now only available for recur-
rent CDI in a limited number of health
centres. Due to limited access, self-
administered FMT is becoming a com-
mon practice in the community, raising
additional ethical and safety concerns.

CURRENT TREATMENTS FOR CDI

Current herapeutic options for C.
difficile include metronidazole (cur-
rently the most common treatment),
oral vancomycin and the newly ap-
proved fidaxomicin (Dificid®). Access
to vancomycin and fidaxomicin is
somewhat restricted due to high cost.
However, vancomicin has increased
market share with significant com-
pounding occurring in hospital pharma-
cies, allowing capitalization of cheaper,
generic formulations. Fidaxomicin is
an important new antibiotic that re-
duces recurrent episodes with some
strains of C. difficile. However, a criti-
cal liability may be a reduced effect on
recurrence for the clinically important
epidemic strains (24.4% vs. 23.6% for
FXD and VA for ribotype 027) demon-
strating a significant market oppor-
tunity for alternative approaches, nota-
bly microbial therapeutics with either
defined bacterial communities or single

non-toxigenic C. difficile.

It is proposed that toxin inactivation
by the Merck antitoxin IgG monoclonal
antibodies provide protection against
recurrence. Merck recently advanced
an antibody combination into Phase 111
clinical trials. Reported Phase II trial
results demonstrated that single injec-
tions, when used with standard anti-
biotics, reduced disease recurrence to
as low as 7%. A cogent rationalization
for the reduction is lacking but Merck’s
investment provides evidence of sub-
stantial interest in a therapy directed
toward reducing CDI recurrence. Other
experimental therapies currently in
development include vaccines, toxin-
absorbing polymers, bile acid ana-
logues and probiotics. Notably, toxin-
binding resins also target bile acids. In
support of a vaccine development pro-
gram, antibodies against both toxins are
protective in hamsters, and serum
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anti-toxin antibodies in patients corre-
late with protection against sympto-
matic disease and recurrence. However,
the scope of antitoxin vaccination re-
mains uncertain since patients with se-
vere CDI are usually elderly and criti-
cally ill. While effective in hamster
CDI models, toxoid-based vaccines
currently in Phase III trials have not
proven as protective in patients and are

associated with several inherent short-
comings, including batch-to-batch vari-
ations and potential residual toxicity.
Given this critical need to generate pre-
dictors of clinical outcome, there is
currently much interest in understand-
ing the intestinal ecosystem that is vul-
nerable to C. difficile and epigenetic
factors that promote antibiotic re-
sistance in this pathogen.

ALTERED MICROBIAL COMMUNITY DYNAMICS IN CDI

Antibiotic exposure is a major risk fac-
tor for CDI development due to disrup-
tion of the indigenous microbiota
(Young and Schmidt, 2004; Jernberg et
al., 2007; Dethlefsen et al., 2008).
However, the specific changes in mi-
crobiome structure that lead to in-
creased risk are poorly defined. In an
effort to increase our understanding of
colonization resistance and identify mi-
crobial communities that are strongly
associated with CDI risk, several inves-
tigators have characterized differences
in the microbiomes of subjects with
and without CDI (Manges et al., 2010;
Antharam et al., 2013; Vincent et al.,
2013; Schubert et al., 2014), as well as
in patients before and after FMT (Song
et al., 2013; Dutta et al., 2014; Seekatz
et al.,, 2014). These studies primarily
utilized three methods to assess the dif-
ferences between the intestinal commu-
nities from groups of individuals: (1)
alpha-diversity, which describes the
microbiota community in terms of rich-
ness or diversity, (2) beta-diversity, a
comparison of communities between
samples, and (3) comparisons of the
relative abundance of microbial taxa
between individuals or clinical groups
(Schubert et al., 2014). Results from
these studies consistently illustrate that
microbial communities in patients with
CDI and antibiotic-associated diarrhoea
(AAD) are less diverse and structurally
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different than those isolated from
healthy subjects. These studies found
that healthy stools were dominated by
Bacteroidiaceae, Lachnospiraceae and
Ruminococcaceae, while CDI and
AAD patients typically exhibited an
enrichment of Enterobacteriaceae, En-
terococcaceae and Lactobacilliaceae
(Manges et al., 2010; Antharam et al.,
2013; Song et al., 2013; Dutta et al.,
2014; Schubert et al., 2014; Seekatz et
al., 2014).

In children, the clinical significance
and outcomes associated with CDI re-
main poorly defined, even though the
incidence is rising (Nylund et al.,
2011). It is well established that young
children are more refractory to CDI
than adults despite the fact that micro-
biome studies clearly demonstrate that
these populations exhibit similar low
diversity (Larson et al., 1982; Al-
Jumaili et al., 1984; Jangi and Lamont,
2010). Although colonization with
toxigenic C. difficile is prevalent during
the first two years of life, clinical
disease is rare (Larson et al., 1982;
Sandora et al., 2011; Rousseau et al.,
2012). One study found that asympto-
matic carriage rates increase in the first
year of life and then drops to 6% by
24-36 months (Rousseau et al., 2012).
While there is speculation regarding
passive transfer of maternal antibodies
(Rolfe and Song, 1995; Dallas and
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Rolfe, 1998), a protective gut microbi-
ome during infancy and a lack of toxin
receptors (Eglow et al., 1992) have
been proposed, the mechanism for
asymptomatic C. difficile carriage in
this population remains unknown. Not
surprisingly, molecular diagnostics,
which are more sensitive and specific,
are problematic in this population.
Aside from the >50% increase in CDI
incidence, concerns about detection of
colonization rather than true disease
have been raised (Gould et al., 2013;

Longtin et al., 2013; Moehring et al.,
2013). A recent study by Leibowitz et
al. (2015) found that hospitalized chil-
dren aged 1-18 years (19% with diar-
rhoea and 24% without diarrhoea),
tested positive for C. difficile by tcdB-
specific PCR. Furthermore, high rates
of C. difficile colonization have been
reported in paediatric populations with
additional co-morbidities, such as can-
cer (Dominguez et al., 2014) and IBD
(Hourigan et al., 2013; Pant et al.,
2013). As a result, the American
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Academy of Pediatrics guidelines cau-
tion that testing for CDI should be
exclusively performed on children who
meet the clinical criteria (Schutze et al.,
2013). They also note that test results
for infants may be difficult to interpret
due to high asymptomatic colonization
rates and suggest that in children be-
tween 1 and 3 years of age, other
causes of diarrhoea should be consid-
ered and tested for, even if the C. dif-
ficile test is positive. Notably, children
with co-morbid conditions, such as
IBD, are more susceptible to CDI, are
more likely to recur and are prone to
treatment failure. Moreover, CDI is
known to affect IBD severity and is
associated with higher rates of hospi-
talization (Pant et al.. 2013:
Kellermaver, 2015: Sandberg et al.,
2015). The ability to identify sympto-
matic CDI in a population with high
rates of asymptomatic C. difficile car-
riage would improve diagnostics and
treatment for at-risk children. Further-
more, a better understanding of disease
resistance in the paediatric population
is likely to identify key host and micro-
bial metabolic pathways. along with
microbial species that may protect
yvoung children from developing clini-
cal disease despite a lack of microbial
diversity.

Through a re-examination of pub-
lished microbiome data and our own

metagenomics analyses, we found that
in addition to the altered community
dynamics described above, expansion
of the Peptostreptococcaceae and Clos-
tridiaceae families occur in adult and
paediatric CDI populations, especially
in recurrent cases. Bipartite correlation
networks of stool operational taxo-
nomical units (OTU) with neuro-
transmitter levels show that many
OTUs associated with CDI develop-
ment share identity with apparent y-
aminobutyric acid (GABA) producing
Clostridiales, whereas OTUs associated
with mucosal serotonin are lost (Figure
2). Both GABA and serotonin are po-
tent neurotransmitters with important
regulatory function in the intestine, in-
cluding homeostasis of motility, muco-
sal barrier, blood flow and secretion,
and modulating immune function. Pre-
liminary global metabolomics profiling
of CDI patient stool specimens demon-
strate inverse correlations between
GABA and serotonin that predict treat-
ment failure in CDI patients (Figure 2).
Intracellular recording of sensory neu-
rons in the intestine confirm luminal
GABA alone can induce action poten-
tials that are likely enhanced by the C.
difficile toxins. These findings are sup-
ported by potent GABA-producing
Clostridiales yielding increased mor-
bidity and mortality in animal models
of CDI.

MICROBIAL NEUROTRANSMISSION IN THE INTESTINE

Our preliminary multi-’omics data are
of interest because recent reports link
serotonin receptor uptake inhibitors
(SERT) and zolpidem (a GABAa
receptor agonist) use with CDI devel-
opment in at-risk patients. Therefore,
microbial-derived  neurotransmitters
may represent novel druggable disease
targets for therapeutic intervention in
CDI although not all microbial-derived
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neurotransmitters potentiate CDI path-
ogenesis (Figure 3). Our laboratory re-
cently demonstrated that luminal nitric
oxide intermediary signals are capable
of ameliorating CDI pathogenesis via a
mechanism involving S-nitrosylation
and inactivation of the C. difficile tox-
ins (Savidge et al., 2011). The intestine
is a rich source of nitric oxide and
hydrogen sulphide neurotransmitters
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Figure 3: Antibiotic administration alters the intestinal microbiota, creating an environment that

favours spore germination through reduced bile

acid conjugation, and exacerbates C. difficile toxin
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generated from bacterial conversion of
dietary substrates such as nitrites. For
example, E. coli is a prominent species
that generates bioactive nitric oxide in
both the small and large intestine using
different oxygen dependent mecha-
nisms. Because antibiotic-induced
dysbiosis in CDI is associated with
expansion of Enterobacteriaceae (Song
et al., 2013; Schubert et al., 2014,
Seekatz et al., 2014), this has the likely
consequence of shifting the balance of
nitric oxide generating bacteria in the
colon. Our inability to culture the
majority of microbial species in the
intestine limits characterization of other
neurotransmitter regulators in CDI. For
example, expansion of antibiotic re-
sistant Lactobacilliaceae in CDI pa-
tients may be associated with elevated

histamine signalling, an important
regulator of intestinal permeability, im-
mune function and motility. Similarly,
depletion of short chain fatty acid pro-
ducing bacteria in CDI patients may
exert epigenetic effects on neuronal
signalling in the intestine resulting in
altered immune responses, intestinal
motility and luminal pH. At present, it
is not clear whether alterations in
microbial-derived ~ neurotransmitters
represent cause or consequence in CDI
disease pathogenesis, but emerging
data suggest further studies are needed
to establish their role.

In conclusion, treatment options for
patients experiencing recurrent CDI are
limited and often involve long-term
antibiotic administration, which poses a
serious threat to development of
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anti-bacterial resistance and reinfection
by C. difficile. Because new antibiotic
treatments are currently regarded as
cost prohibitive as frontline treatment
for CDI and efficacy decreases signifi-
cantly with each recurrence, identifying

at-risk patients for treatment failure is
imperative. We expect that multi-’om-
ics biomarkers may offer some candi-
date leads and provide insight into an
alternative clinical cure that is not de-
pendent on new antibiotics.

ACKNOWLEDGMENTS

We thank Karen Price for assistance with the figures. This work was supported by
grants AI100914, DK096323, DK56338 and UL1TR000071 from the National

Institutes of Health.

LITERATURE

Al-Jumaili, I.J., Shibley, M., Lishman, A.H.,
and Record, C.O.: Incidence and origin of
Clostridium difficile in neonates. J. Clin.
Microbiol. 19, 77-78 (1984).

Antharam, V.C., Li, E.C., Ishmael, A., Sharma,
A., Mai, V., Rand, K.H., and Wang, G.P.:
Intestinal dysbiosis and depletion of
butyrogenic bacteria in Clostridium difficile
infection and nosocomial diarrhea. J. Clin.
Microbiol. 51, 2884-2892 (2013).

Antonopoulos, D.A., Huse, S.M., Morrison,
H.G., Schmidt, T.M., Sogin, M.L., and
Young, V.B.: Reproducible community
dynamics of the gastrointestinal microbiota
following antibiotic perturbation. Infect.
Immun. 77, 2367-2375 (2009).

Britton, R.A. and Young, V.B.: Interaction
between the intestinal microbiota and host
in Clostridium difficile colonization re-
sistance. Trends Microbiol. 20, 313-319
(2012).

Burke, K.E. and Lamont, J.T. Fecal
transplantation for recurrent Clostridium
difficile infection in older adults: a review.
J. Am. Geriatr. Soc. 61, 1394-1398 (2013).

Centers for Disease Control and Prevention
(CDC): Vital signs: preventing Clostridium
difficile infections. MMWR Morb. Mortal.
Wkly Rep. 61, 157-162 (2012).

Centers for Disease Control and Prevention
(CDC): Antibiotic Resistance Threats in the
United States, 2013. U.S. Department of

90

Health and Human Services, Centers for
Disease Control and Prevention (2013).

Cohen, S.H., Gerding, D.N., Johnson, S.,
Kelly, C.P., Loo, V.G., McDonald, L.C.,
Pepin, J., Wilcox, M.H.; Society for
Healthcare Epidemiology of America; and
Infectious Diseases Society of America:
Clinical practice guidelines for Clostridium
difficile infection in adults: 2010 update by
the society for healthcare epidemiology of
America (SHEA) and the infectious dis-
eases society of America (IDSA),. Infect.
Control Hosp. Epidemiol. 31, 431-455
(2010).

Dallas, S.D. and Rolfe, R.D.: Binding of
Clostridium difficile toxin A to human milk
secretory component. J. Med. Microbiol.
47, 879-888 (1998).

Dethlefsen, L., Huse, S., Sogin, M.L., and Rel-
man, D.A.: The pervasive effects of an
antibiotic on the human gut microbiota, as
revealed by deep 16S rRNA sequencing.
PLoS Biol. 6, €280 (2008).

Dominguez, S.R., Dolan, S.A., West, K., Dan-
tes, R.B., Epson, E., Friedman, D., Little-
horn, C.A., Arms, L.E., Walton, K., Ser-
vetar, E., Frank, D.N., Kotter, C.V., Dow-
ell, E., Gould, C.V., Hilden, J.M., and
Todd, J.K.: High colonization rate and
prolonged shedding of Clostridium difficile
in pediatric oncology patients. Clin. Infect.
Dis. 59, 401-403 (2014).



Dutta, S.K., Girotra, M., Garg, S., Dutta, A.,
von Rosenvinge, E.C., Maddox, C., Song,
Y., Bartlett, J.G., Vinayek, R., and Fricke,
W.F.: Efficacy of combined jejunal and
colonic fecal microbiota transplantation for
recurrent Clostridium difficile Infection.
Clin. Gastroenterol. Hepatol. 12, 1572-1576
(2014).

Eglow, R., Pothoulakis, C., Itzkowitz, S., Is-
rael, E.J., O'Keane, C.J., Gong, D., Gao, N.,
Xu, Y.L., Walker, W.A., and LaMont, J.T.:
Diminished Clostridium difficile toxin A
sensitivity in newborn rabbit ileum is
associated with decreased toxin A receptor.
J. Clin. Invest. 90, 822-829 (1992).

Fekety, R., McFarland, L.V., Surawicz, C.M.,
Greenberg, R.N., Elmer, G.W., and Mulli-
gan, M.E.: Recurrent Clostridium difficile
diarrhea: characteristics of and risk factors
for patients enrolled in a prospective,
randomized, double-blinded trial. Clin.
Infect. Dis. 24, 324-333 (1997).

Garey, K.W., Sethi, S., Yadav, Y., and DuPont,
H.L.: Meta-analysis to assess risk factors
for recurrent Clostridium difficile infection.
J. Hosp. Infect. 70, 298-304 (2008).

Genth, H., Dreger, S.C., Huelsenbeck, J., and
Just, I.: Clostridium difficile toxins: more
than mere inhibitors of Rho proteins. Int. J.
Biochem. Cell Biol. 40, 592-597 (2008).

Goldberg, E.J., Bhalodia, S., Jacob, S., Patel,
H., Trinh, K.V., Varghese, B., Yang, J.,
Young, S.R., and Raffa, R.B.: Clostridium
difficile infection: A brief update on
emerging therapies. Am. J. Health Syst.
Pharm. 72, 1007-1012 (2015).

Gould, C.V., Edwards, J.R., Cohen, J., Bam-
berg, W.M., Clark, L.A., Farley, M.M.,
Johnston, H., Nadle, J., Winston, L., Gerd-
ing, D.N., McDonald, L.C., Lessa, F.C,;
and Clostridium difficile Infection Surveil-
lance Investigators, Centers for Disease
Control and Prevention. Effect of nucleic
acid amplification testing on population-
based incidence rates of Clostridium
difficile infection. Clin. Infect. Dis. 57,
1304-1307 (2013).

Hourigan, S.K., Chirumamilla, S.R., Ross, T.,
Golub, J.E., Rabizadeh, S., Saeed, S.A.,

Elson, C.O., Kelly, C.P., Carroll, K.C,,
Oliva-Hemker, M., and Sears, C.:
Clostridium difficile carriage and serum
antitoxin responses in children with
inflammatory bowel disease. Inflamm.
Bowel Dis. 19, 2744-2752 (2013).

Jangi, S. and Lamont, J.T.: Asymptomatic
colonization by Clostridium difficile in
infants: implications for disease in later life.
J. Pediatr. Gastroenterol. Nutr. 51, 2-7
(2010).

Jernberg, C., Lofmark, S., Edlund, C., and
Jansson, J.K.: Long-term ecological im-
pacts of antibiotic administration on the
human intestinal microbiota. ISME J. 1, 56-
66 (2007).

Johnson, S.: Recurrent Clostridium difficile
infection: a review of risk factors, treat-
ments, and outcomes. J. Infect. 58, 403-410
(2009).

Kellermayer, R.: Burdening questions about
Clostridium difficile in pediatric inflamma-
tory bowel diseases. J. Pediatr. Gastro-
enterol. Nutr. 60, 421-422 (2015).

Kelly, C. P. Can we identify patients at high
risk of recurrent Clostridium difficile infec-
tion? Clin. Microbiol. Infect. 18, Suppl. 6,
21-27 (2012).

Kuehne, S.A., Cartman, S.T., Heap, J.T., Kelly,
M.L., Cockayne, A., and Minton, N.P.: The
role of toxin A and toxin B in Clostridium
difficile infection. Nature 467, 711-713
(2010).

Larson, H.E., Barclay, F.E., Honour, P., and
Hill, I.D.: Epidemiology of Clostridium
difficile in infants. J. Infect. Dis. 146, 727-

733 (1982).

Leibowitz, J., Soma, V.L., Rosen, L., Ginoc-
chio, C.C.,, Rubin, and L.G.: Similar
proportions of stool specimens from

hospitalized children with and without
diarrhea test positive for Clostridium
difficile. Pediatr. Infect. Dis. J. 34, 261-266
(2015).

Lessa, F.C., Mu, Y., Bamberg, W.M., Beldavs,
Z.G., Dumyati. G.K., Dunn, J.R., Farley,
M.M., Holzbauer, S.M., Meek, J.I., Phipps,
E.C., Wilson, L.E., Winston, L.G., Cohen,
J.A., Limbago, B.M., Fridkin, S.K.,

91



Gerding, D.N., and McDonald, L.C.: Bur-
den of Clostridium difficile infection in the
United States. New Engl. J. Med. 372, 825-
834 (2015).

Longtin, Y., Trottier, S., Brochu, G., Paquet-
Bolduc, B., Garenc, C., Loungnarath, V.,
Beaulieu, C., Goulet, D., and Longtin, J.:
Impact of the type of diagnostic assay on
Clostridium difficile infection and compli-
cation rates in a mandatory reporting
program. Clin. Infect. Dis. 56, 67-73
(2013).

Magill, S.S., Edwards, J.R., Bamberg, W., Bel-
davs, Z.G., Dumyati, G., Kainer, M.A.,
Lynfield, R., Maloney, M., McAllister-Hol-
lod, L., Nadle, J., Ray, S.M., Thompson,
D.L., Wilson, L.E., Fridkin, S.K.; and
Emerging Infections Program Healthcare-
Associated Infections and Antimicrobial
Use Prevalence Survey Team: Multistate
point-prevalence survey of health care-
associated infections. N. Engl. J. Med. 370,
1198-1208 (2014).

Manges, A.R., Labbe, A., Loo, V.G., Atherton,
J.K., Behr, M.A., Masson, L., Tellis, P.A.,
and Brousseau, R.: Comparative meta-
genomic study of alterations to the intesti-
nal microbiota and risk of nosocomial
Clostridum difficile-associated disease. J.
Infect. Dis. 202, 1877-1884 (2010).

McFarland, L.V., Surawicz, C.M., Rubin, M.,
Fekety, R., Elmer, G.W., and Greenberg,
R.N.: Recurrent Clostridium difficile dis-
ease: epidemiology and clinical characteris-
tics. Infect. Control Hosp. Epidemiol. 20,
43-50 (1999).

McFarland, L.V., Elmer, G.W., and Surawicz,
C.M.: Breaking the cycle: treatment strate-
gies for 163 cases of recurrent Clostridium
difficile disease. Am. J. Gastroenterol. 97,
1769-1775 (2002).

McKinney, M.: FDA slaps regs on fecal
transplants; Increased steps for C. diff
treatment draw mixed reactions from
providers. Mod. Healthc. 43, 10 (2013).

Moehring, R.W., Lofgren, E.T., and Anderson,
D.J.: Impact of change to molecular testing
for Clostridium difficile infection on
healthcare facility-associated incidence

92

rates. Infect. Control Hosp. Epidemiol. 34,
1055-1061 (2013).

Nylund, C.M., Goudie, A., Garza, J.M., Fair-
brother, G., and Cohen, M.B.: Clostridium
difficile infection in hospitalized children in
the United States. Arch. Pediatr. Adolesc.
Med. 165, 451-457 (2011).

Pant, C., Anderson, M.P., Deshpande, A.,
Altaf, M.A., Grunow, J.E., Atreja, A., and
Sferra, T.J.: Health care burden of
Clostridium difficile infection in
hospitalized children with inflammatory
bowel disease. Inflamm. Bowel Dis. 19(5):
1080-1085 (2013).

Peery, A.F., Dellon, E.S., Lund, J., Crockett,
S.D., McGowan, C.E., Bulsiewicz, W.J.,
Gangarosa, L.M., Thiny, M.T., Stizenberg,
K., Morgan, D.R., Ringel, Y., Kim, H.P.,
Dibonaventura, M.D., Carroll, C.F., Allen,
J.K., Cook, S.F., Sandler, R.S., Kappelman,
M.D., and Shaheen, N.J.: Burden of
gastrointestinal disease in the United States:
2012 update. Gastroenterology 143, 1179-
1187 (2012).

Review on  Antimicrobial  Resistance:
Antimicrobial Resistance: Tackling a crisis
for the health and wealth of nations. (2014).

Rolfe, R.D. and Song, W.: Immunoglobulin
and non-immunoglobulin components of
human milk inhibit Clostridium difficile
toxin  A-receptor binding. J. Med.
Microbiol. 42, 10-19 (1995).

Rousseau, C., Poilane, 1., De Pontual, L.,
Mabherault, A.C., Le Monnier, A., and Col-
lignon, A.: Clostridium difficile carriage in
healthy infants in the community: a poten-
tial reservoir for pathogenic strains. Clin.
Infect. Dis. 55, 1209-1215 (2012).

Rupnik, M., Wilcox, M.H., and Gerding, D.N.:
Clostridium  difficile  infection:  new
developments in epidemiology and patho-
genesis. Nat. Rev. Microbiol. 7, 526-536
(2009).

Sandberg, K.C., Davis, M.M., Gebremariam,
A., and Adler, J.: Disproportionate rise in
Clostridium difficile-associated hospitaliza-
tions among US youth with inflammatory
bowel disease, 1997-2011. J. Pediatr.
Gastroenterol. Nutr. 60, 486-492 (2015).



Sandora, T.J., Fung, M., Flaherty, K., Helsing,
L., Scanlon, P., Potter-Bynoe, G., Gidengil,
C.A., and Lee, G.M.: Epidemiology and
risk factors for Clostridium difficile
infection in children. Pediatr. Infect. Dis. J.
30, 580-584 (2011).

Savidge, T.C., Pan, W.H.,, Newman, P.,
O'brien, M., Anton, P.M., and Pothoulakis,
C.: Clostridium difficile toxin B is an
inflammatory enterotoxin in human intes-
tine. Gastroenterology 125, 413-420 (2003).

Savidge, T.C., Urvil, P., Oezguen, N., Ali, K.,
Choudhury, A., Acharya, V., Pinchuk, I.,
Torres, A.G., English, R.D., Wiktorowicz,
J.E., Loeffelholz, M., Kumar, R., Shi, L.,
Nie, W., Braun, W., Herman, B,
Hausladen, A., Feng, H., Stamler, J.S., and
Pothoulakis, C.: Host S-nitrosylation inhib-
its clostridial small molecule-activated
glucosylating toxins. Nat. Med. 17, 1136-
1141 (2011).

Schubert, A.M., Rogers, M.A., Ring, C.,
Mogle, J., Petrosino, J.P., Young, V.B., Ar-
onoff, D.M., and Schloss, P.D.: Micro-
biome data distinguish patients with
Clostridium difficile infection and non-C.
difficile-associated diarrhea from healthy
controls. MBio. 5, ¢01021-01014 (2014).

Schutze, G.E., Willoughby, R.E.; Committee
on Infectious Diseases; American Academy
of Pediatrics. Clostridium difficile infection
in infants and children. Pediatrics 131, 196-
200 (2013).

Seekatz, A.M., Aas, J., Gessert, C.E., Rubin,
T.A., Saman, D.M., Bakken, J.S., and
Young, V.B.: Recovery of the gut microbi-
ome following fecal microbiota transplanta-
tion. MBio. 5, €00893-00814 (2014).

Song, Y., Garg, S., Girotra, M., Maddox, C.,
von Rosenvinge, E.C., Dutta, A., Dutta, S.,
and Fricke, W.F.: Microbiota dynamics in
patients treated with fecal microbiota trans-
plantation for recurrent Clostridium difficile
infection. PLoS One 8, ¢81330 (2013).

Taylor, N.S., Thorne, G.M., and Bartlett, J.G.:
Comparison of two toxins produced by
Clostridium difficile. Infect. Immun. 34,
1036-1043 (1981).

Theriot, C.M., Koenigsknecht, M.J., Carlson,
P.E. Jr., Hatton, G.E., Nelson, A.M., Li, B.,
Huffnagle, G.B., Z Li, J., and Young, V.B.:
Antibiotic-induced shifts in the mouse gut
microbiome and metabolome increase sus-
ceptibility to Clostridium difficile infection.
Nat. Commun. 5, 3114 (2014).

Vincent, C., Stephens, D.A., Loo, V.G., Edens,
T.J., Behr, M.A., Dewar, K., and Manges,
A.R.: Reductions in intestinal Clostridiales
precede the development of nosocomial
Clostridium difficile infection. Microbiome
1, 18 (2013).

Young, V.B. and Schmidt, T.M.: Antibiotic-
associated diarrhea accompanied by large-
scale alterations in the composition of the
fecal microbiota. J. Clin. Microbiol. 42,
1203-1206 (2004).

93



94



Old Herborn University Seminar Monograph 29:

Microbial metabolism and mammalian physiology - One integrated system.
Editors: Peter J. Heidt, James Versalovic, Andreas Schwiertz, and VVolker Rusch.
Old Herborn University Foundation, Herborn, Germany: 95-103 (2015).

UNCOVERING THE COMMUNICATIONS THAT MODULATE HOST
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SUMMARY

Alterations to the microbiome have been associated with numerous aspects
of health and disease. Application of microbiome studies to the improve-
ment of human health will require identifying under which contexts the
components of the microbiome have a causal influence on health and dis-
ease, identifying the smallest consortia of taxa capable of recapitulating the
phenotypic variation observed by the whole community, and identifying the
molecular communication signals between the consortia and the host to ena-
ble targeted interventions to improve health. Here we summarize research
progress on experimental platforms and designs to move from causation, to
causative organism, to molecular communications.

INTRODUCTION

Human microbiome studies suggest the
microbiota can serve as a biomarker of
disease progression, severity, and treat-
ment efficacy (Faith, et al.,, 2013;
Karlsson et al., 2013; Scher et al.,
2013; Gevers et al., 2014; Subrama-
nian et al., 2014; Taur et al., 2014).
Further research and refinement will
determine if microbiome-based bio-
marker assays are sufficiently precise,
sensitive, and cost effective for clinical
practice. In parallel, there is a need to
determine in which diseases the micro-
biome influences the onset and pro-
gression of pathogenesis in a causative
manner and to identify the microbial
members or community structures with
a causative role in disease susceptibil-
ity as well as any environmental or host
factors that operate in parallel or in
concert with the microbiota to modu-
late disease risk and severity (de Vos
and de Vos, 2012; Ahern et al., 2014).
The ultimate goal is to determine

through what molecular language mi-
crobes communicate these beneficial
and deleterious effects and the mecha-
nisms by which these communications
influence health and disease so that we
may intervene to promote health.

One common source of host-
microbe communication is the rich in-
testinal metabolic diversity derived
from the diet, the host, and the gut mi-
crobiota. These metabolites are in con-
stant flux from the metabolic pro-
cessing and modifications by both the
host and the microbiota. Given that
each person has a unique collection of
roughly one-hundred organisms har-
boured in their gut microbiota, unique
dietary preferences driven by their per-
sonal tastes and cultural influences, and
their own genome’s unique potential to
absorb and utilize metabolic input,
interpersonal  metabolite  diversity
represents a large potential influence
on disease susceptibility with rich
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opportunities for synergism. Advances
in microbiome and gnotobiotic meth-
ods have uncovered a few examples of
these synergisms in model systems
(Hansen and Sartor, 2007; Ivanov et
al., 2009; Faith et al., 2014; Woting et
al., 2014; Chassaing et al., 2015). As
we move forward, advances in

metabolomics, microbiome tools, mi-
crobial culturing, and human microbi-
ome study design will foster greater
complexity in model systems and im-
proved identification of key microbial
components and metabolites influenc-
ing health.

THE INFLUENCE OF INTERPERSONAL MICROBIOME VARIABILITY
ON HEALTH

Quantifying the influence of interper-
sonal microbiome variability on health
remains a challenge. Given the interact-
ing components of diet, host genotype,
and microbiota, an essential factor in
quantifying the microbiome’s influence
is to design experiments that control for
diet and host genotype. Gnotobiotic
animals colonized with the gut micro-
biota sampled from individual humans
represent one such system (Turnbaugh
et al., 2009). These ‘“humanized”
microbiota mice have the benefit of
allowing different human microbiota to
be tested for their differential influ-
ences in the context of a diverse array
of gnotobiotic animal models (mostly
rat and mouse) where both diet and
genotype can be controlled. Sixty to
seventy percent of the genus-level taxa
in a human microbiota colonize a gno-
tobiotic animal, and both 16S rRNA
amplicon sequencing and meta-
genomics methods indicate that mice
colonized with a human microbiota ex-
hibit significantly greater similarity to
their human donor’s microbiota than to
mice colonized with the microbiota of
the human donor’s sibling or unrelated
human donors (Turnbaugh et al., 2009;
Goodman et al., 2011; Ridaura et al.,
2013).

Colonization of germ-free animals
with human gut microbes leads to nu-
merous alterations in host physiology
including increases in colonic lamina
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propria regulatory T cells, increases in
adiposity, and alterations in intestinal
metabolite profiles (Atarashi et al.,
2013; Faith et al., 2014). Importantly,
in the context of understanding human
disease, mouse models can display
differential phenotypic responses when
colonized with the microbiota of differ-
ent human donors. For example in
Ridaura et al. (2013), gnotobiotic mice
were colonized with the gut microbiota
of one of four different twin pairs dis-
cordant for obesity. Two weeks later,
the animals colonized with the gut mi-
crobiota from one of the four obese hu-
man donors had significantly increased
total body and fat mass relative to mice
colonized with their discordant lean
sibling. In addition, co-housing animals
harbouring an obese donor’s microbi-
ota with animals harbouring a lean do-
nor’s microbiota prevented the adipos-
ity phenotypes. Interestingly, these ob-
servations where diet dependent and
did not occur under the metabolic con-
ditions fostered by consumption of a
high fat, low fruit and vegetable diet.
Differential responses to interpersonal
variability in human gut microbiota
composition have also been observed
in the context of irritable bowel syn-
drome (IBS) where the transfer of fae-
cal microbiota from IBS patients,
characterized by hypersensitivity to
colorectal distension, to gnotobiotic
rats led to an increase in abdominal



contractions in response to colorectal
distensions relative to rats colonized
with non-hypersensitive healthy volun-
teers (Crouzet et al., 2013). In addition,
early evidence suggest that germ-free
mice after colonization with the faecal
microbiota of humans with diarrhoea
dominant IBS (IBS-D) phenocopy fea-
tures of their microbiota donor, with
animals receiving the IBS-D donor
having significantly faster transit time
than those receiving the microbiota of
healthy controls (Bercik et al., 2012).
Although the use of humanized mi-
crobiota gnotobiotic models is still in
its infancy, early evidence across a
range of models suggest these studies
will enable a broader understanding of
the potential for interpersonal variation
in microbiota composition to generate
phenotypic variation in gnotobiotic ani-
mals receiving the donor microbiotas.
It is also critical to understand the role
of interpersonal variation in microbiota
composition directly in humans. While
safety and practical concerns prevent
identical experimental paradigms in
humans, faecal microbiota transplanta-
tion (FMT) whereby an individual with
a particular disease has the faecal mi-
crobiota of a healthy donor infused into
their intestine, provides the unique op-
portunity to gain a better understanding
of the role of specific donor microbiota
in humans. FMT has repeatedly proven
to be a highly effective treatment for

recurrent Clostridium difficile infec-
tions with a cure rate of >90%. Given
this efficacy and the high rate of asso-
ciation of alterations in the microbiota
to different diseases, there are numer-
ous clinical trials being designed and
underway for other clinical indications.
The second largest current application
of FMT is in clinical trials of Ulcera-
tive Colitis (UC) where a few case re-
ports and clinical trials have already
been published (Angelberger et al.,
2013; Moayyedi et al., 2015; Rossen et
al., 2015). From these early results, it is
clear that if FMT significantly im-
proves UC, the magnitude and efficacy
of the intervention is far less than in
recurrent C. difficile. Nonetheless there
are early hints that donor selection may
be essential to efficacy (Moayyedi et
al., 2015), which suggests that simply
taking a “healthy” individual’s micro-
biota as a donor to a patient with a par-
ticular disease is likely overly simplis-
tic. If this variability in donor microbi-
ota efficacy holds true in UC and other
indications it provides the rare oppor-
tunity to understand overlapping micro-
biotas (the donor and the subset of the
donor that engrafts in the recipient) in
the context of humans with different
genotypes and environmental histories
and enables the quantification of inter-
personal microbiota features such as
the prevalence of effective donors for
different indications.

IDENTIFYING MICROBIAL EFFECTOR STRAINS

Given the diversity of responses of dif-
ferent rodent models and phenotypes to
interpersonal variation in gut microbi-
ota composition, a subsequent chal-
lenge is to identify the microbial con-
sortia or individual taxa within each
community that are responsible for the
observed differences. Gnotobiotic ani-
mals colonized with defined consortia

provide a means to identify such taxa
(Faith et al., 2010). These models sys-
tems have enabled the identification of
bacterial strains and consortia that
modulate regulatory T cells (Round and
Mazmanian, 2010; Geuking et al.,
2011; Atarashi et al., 2013; Faith et al.,
2014), Th17 cells (Ivanov et al., 2009),
tumorigenesis (Arthur et al., 2012), and
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colitis (Hansen and Sartor, 2007; Eun
et al., 2014). More recently, advances
in high throughput microbial culturing
systems (Goodman et al., 2011; Lagier
et al., 2012) have enabled the isolation,
archiving, and reuse of personalized
culture collections, from individual hu-
man donors, whose membership con-
tains the majority of genus level taxa
from the original community (Good-
man et al., 2011). Coupling such sys-
tems with high throughput combinato-
rial gnotobiotic screening experiments
(Ahern et al., 2014; Faith et al., 2014)
or targeted in vitro assays (Romano et
al., 2015) provides the opportunity to
identify the specific strains driving
variation in phenotypic diversity be-
tween animals colonized with the
microbiota of different humans. Such
experiments and follow-up mechanistic
studies will determine if variability in
pathogenesis is driven by the same taxa
or mechanisms in different donors, the
extent to which the whole community
context is necessary for full pathology
manifestation, and could identify key
beneficial organisms for addition in
future FMT clinical trials and patho-
genic organisms to target for removal.
Although animal models provide a
valuable resource to understand host-
microbe interactions and move towards
mechanistic underpinnings, at this still
early stage in our knowledge of the hu-
man microbiome, it is unclear if the
transfer of phenotyplc variation from
humans to mice is mediated by the
same strains and mechanisms in ro-
dents as in the original human commu-
nity (assuming the microbiota contrib-
utes in a causative way to a given
phenotype in humans). It is clearly a
possibility, even in cases where the mi-
crobiota contributes to phenotypic vari-
ation or disease pathogenesis in a cas-
ual way, that the community members
responsible for these changes only do
so in the context of a specific host
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where their molecular communications
with the host are interpreted in a host-
dependent manner. Therefore it is es-
sential that, in addition to advances in
gnotobiotic models, we push forwards
technologies and study designs to move
human microbiota studies towards
more finely grained quantitation of the
microbial consortia that explain disease
risk. One such method to quantify the
risk associated certain taxa harnesses
the unique data of FMT. For indica-
tions where FMT is effective, but only
in a subset of individuals, analysmg the
strain-specific differences in microbi-
ota engraftment in responders and non-
responders provides the possibility to
identify key taxa that must be removed
or added for a successful therapy. The
drastic heterogeneity between individu-
als’ microbiota creates a formidable
challenge to this type or research, as
the recipient microbiota will vary dras-
tically - and likely completely at the
strain-level (Faith et al., 2013, 2015) -
from person to person. However, FMT
studies that use one donor microbiota
to treat several individuals provide at
least a consistent donor microbiota to
generate safety profiles and to begin
quantifying the molecular details of
faecal microbiota transplantation and
how strain-specific differences in en-
graftment modulate FMT efficacy.
Improved design of human microbi-
ota studies is also critical outside the
realm of FMT. Current human studies
often feature 16S rRNA amplicon
sequencing. Although this method is
effective in identifying high abundance
organisms that are uniquely associated
with a community or that are highly
enriched in a pathogenic site (Re/man
et al, 1990, 1992), it lacks the
resolution to identify unique strain
variants of common species and
genera. Disease associated changes in
the microbiota to date have been
dominated by descriptions of broad



community characteristics such as re-
ductions in diversity and alterations in
the abundance of different phyla. Alt-
hough such descriptions can serve as
weak biomarkers of disease, they also
are sufficiently broad to encompass the
microbiota of healthy individuals and
lack sufficient detail to provide insight
into disease aetiology or potential clini-
cal interventions. Strain-level resolu-
tion techniques would provide the abil-
ity to identify unique strains from com-
mon species that are enriched or absent
from individuals with disease. Early
evidence suggests unrelated individuals
do not share microbes at the strain
level, thus strain level techniques
would best be employed in family stud-
ies where strains are known to be

shared between individuals (Faith et
al., 2015) and perhaps in the context of
a geographically isolated population
where the total set of microbes in the
community are perhaps more limited
and freely shared between individuals.
Such studies are currently limited by
the precision, resolution and depth
attainable by current microbiome meth-
ods, although improvements in meta-
genomics algorithms or experimen-
tally-driven advances (Beitel et al.,
2014) could enable studies such as us-
ing microbial inheritance patterns to
quantify the risk associated with all of
the taxa harboured in an individual’s
gut microbiota in the context of disease
(Faith et al., 2015).

IDENTIFYING COMMUNICATION MECHANISMS OF
MICROBIAL EFFECTOR STRAINS

To fully realize the potential of micro-
biome inspired health interventions, we
must not only identify the organisms
that modulate health but also the com-
munication signals used to do so. Alt-
hough this large challenge is virtually
unexplored in the context of human
health, animal studies have begun to
identify the specific proteins or
metabolites that mediate cross talk be-
tween the host immune system and mi-
crobes. For example, Peterson et al.
characterized the influence of both
strain-specific (Peterson et al., 2007)
and species-specific IgA (Peterson et
al., 2015) on the colonization and tran-
scriptional expression of the abundant
commensal organism  Bacteroides
thetaiotaomicron. Yang et al. (2014)
characterized the T-cell antigen recep-
tor repertoire of intestinal Th17 cells in
animals colonized by segmented fila-
mentous bacteria (SFB), a known po-
tent inducer of Thl7 cells in mice,
showing both the localization of SFB

specific T-cells and the potential of the
immune system to maintain the specific
Th17 response even in the context of
co-colonization with a strong Thl cell
inducer (Listeria monocytogenes). Sev-
eral groups have shown the potential
for abundant microbially generated
compounds like short chain fatty acids
to increase regulatory T-cells (Fu-
rusawa et al., 2013; Smith et al., 2013).
Importantly, metabolic output can vary
between strains of the same species
leading to strain-specific phenotypic
outcomes such as the observation by
Fukuda et al. (2011), that one of three
tested strains of species Bifidobacte-
rium longum were capable of prevent-
ing lethal infection with enterohaemor-
rhagic Escherichia coli O157:H7 in
gnotobiotic mice. Similarly, Romano et
al. (2015) found strain-specific varia-
bility in the potential of Edwardsiella
tarda species to generate trimethyla-
mine (a precursor of potential athero-
sclerotic compound trimethylamine-N-
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oxide) from choline. Again these re-
sults highlight the importance of strain-
specific variation in functional capacity
to interact with and manipulate the
host. While numerous individuals har-
bour B. longum and E. tarda species in
their microbiota, a smaller fraction har-
bour specific strains with a given func-
tional potential.

The above examples of microbe-
host communication are mostly focused
on targeted examples where some idea
of the molecular signal is known by the
nature of the interaction (T-cell or B-
cell) or the abundance of the molecule
and its use in prior clinical interven-
tions (short-chain fatty acids). None-
theless, platforms designed to identify
effector strains, such as the combinato-
rial gnotobiotics strategies described
above, can serve to narrow the search
from the communications from a com-
munity of organisms with the host
down to the smallest microbial consor-
tium sufficient for phenotype modula-
tion. In addition, we have previously
shown these combinatorial gnotobiotic

search strategies can be used to identify
the specific microbial strains whose
presence/absence best explains the ob-
served variation in metabolite diversity
(Faith et al., 2014). Identifying micro-
bial effector strains in culture-depend-
ent assays provides the potential to use
in vitro cultures to perform gnotobiotic
experiments where animals are fed a
supply of crude extracts of one or more
specific microbes, microbial superna-
tants from culture media processed by
the target organisms, or some fraction-
ated form of these proteins and metabo-
lites to further refine the potential
microbial effector signals that interact
with the host to modulate health. Simi-
lar crude extract and fractionation stud-
ies could be performed in a culture in-
dependent manner in the context of ani-
mal experiments where some aspect of
host health can be transmitted via the
microbiota and also in the context of
humanized microbiota experiments
where different human microbial com-
munities differentially modulate health
in gnotobiotic animals.

CONCLUSION

Although much progress has been
made in the characterization of the mi-
crobes in and on our body surfaces, we
are still far from the day where we un-
derstand the molecular communication
signals driving the phenotypic variation
associated with interpersonal differ-
ences in microbiome composition.

However, gnotobiotic animals com-
bined with defined collections of spe-
cific microbial strains are aiding in the
dissection of these communications and
will be critical for understanding and
designing the next generation of clini-
cal studies to understand host-microbe
communication systems in humans.
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SUMMARY

It is now recognized that disturbances in host microbial populations may be
linked to acute infections such as Clostridium difficile and to chronic dis-
eases including inflammatory bowel disease, cardiovascular disease, cancer,
obesity, diabetes, and metabolic disorders. The gut microbiome is influ-
enced through dietary exposures, drugs, and environmental factors. Features
generally associated with health include a high level of diversity, stability
and resilience of the gut microbiome over time and a predominance of obli-
gate anaerobic bacteria that greatly outnumber facultative anaerobic species.
A dysbiosis or reduction in health promoting metabolites can have a signifi-
cant impact on host barrier, immune function, and physiology and may, if
not cause disease, certainly exacerbate or prolong the disease process. It fol-
lows therefore, that strategies such as diet modifications, pre-and probiotics,
and faecal microbial transplantation (FMT) may be beneficial in both the
prevention and treatment of disease by modifying either microbial composi-
tion or function. Probiotics, defined as live microbes that, when ingested,
have health-promoting effects have been examined for both preventative
and treatment roles in a number of diseases. Despite a multitude of studies
demonstrating numerous molecular mechanisms of action, benefits of pro-
biotics in clinical studies remain modest. Recent metagenomic research is
identifying shifts in other dominant commensals that are associated with
human disease and future probiotic therapy may focus on other possibly
more relevant bacterial strains such as Faecalibacterium prausnitzii or Ak-
kermansia muciniphila. Faecal microbial transplantation delivers a complete
microbial ecosystem consisting of a wide array of microbes. FMT has been
shown to be highly effective with >90% cure rate in recurrent Clostridium
difficile infection (RCDI) and is currently being investigated for treatment of
numerous diseases. However, in that there is extensive variability between
individuals in their microbiota composition, personalized approaches may
be required in order to effectively utilize therapies aimed at manipulating
the balance of the gut microbiota.

INTRODUCTION

Our gut microbiome changes through-
out life and can be influenced by diet,
drugs, and environmental exposures.
Numerous studies to date suggest that
alterations or “dysbiosis” in the gut
microbiome are linked with chronic

diseases as well as being associated
with acute infectious states. This
“dysbiosis”, defined as a disruption of
the normal balance between the gut
microbiota and host along with a
decrease in overall diversity has been
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associated with obesity, type 2 diabe-
tes, irritable bowel syndrome, inflam-
matory bowel disease, cardiovascular
disease, autoimmune arthritis, chronic
kidney disease, multiple sclerosis, au-
tism, and cancer (Backhed et al., 2004;
Turnbaugh et al., 2006; Berer et al.,
2011; Wang et al., 2011; Morgan et al.,
2012; Qin et al., 2012; Kang et al.,
2013; Ng et al., 2013; Wu et al., 2013;
Brusca et al., 2014; Ramezani and Raj,
2014; Louis et al., 2014). It is not clear
however, whether it is the overall low

diversity or the increase or decrease of
specific microbial taxa that are most
important and whether these changes
are causative or associative. However,
although many questions remain to be
answered, research to date in animal
models and human studies supports the
concept of developing strategies aimed
at targeting the gut microbiota to re-
store homeostasis through increasing
diversity and shifting the balance of gut
commensals.

MICROBIAL COMPOSITION AND FUNCTION

Studies showing that microbial com-
position and gene richness were able to
distinguish healthy obese individuals
from those with metabolic disease (Le
Chatelier, 2013) suggests that profiling
the microbial genome on a functional
basis may be useful in predicting dis-
ease course in some human diseases
(Fang, 2013). In addition, animal stud-
ies showing that disease phenotypes
such as obesity, metabolic syndrome
and colitis can be transferred to healthy
recipients through faecal transplanta-
tion along with studies in humans that
faecal transplantation with donor faecal
material can cure C. difficile colitis
(Turnbaugh et al., 2006; Garrett et al.,
2007;  Turnbaugh et al., 2008;
Aroniadis and Brandt, 2013) argues
strongly for a major role of gut mi-
crobes in the development and modula-
tion of various human diseases alt-
hough underlying mechanisms have not
as of yet been completely defined. A
greater understanding of factors that
influence the gut microbiome as well as
which components of the microbiota
are most important in a particular con-
dition is necessary in order to effec-
tively develop therapeutic interventions
based on manipulating the gut microbi-
ome to promote health or treat disease
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(Hollister et al., 2014). If the concept
that all healthy humans have a “core”
microbiome was true, then achieving
this “core” group would represent a
clear therapeutic target. However, re-
sults from metagenomic studies to date
have shown that there are extreme lev-
els of inter-individual variability even
among closely related individuals, and
there does not appear to be a core
microbiome, at least in terms of species
(Qin et al., 2010; Shafquat et al., 2014).
Alternatively, the idea exists that a core
healthy microbiome may be defined by
metabolic and functional aspects, sug-
gesting that identification of these
metabolic  pathways and specific
metabolites may lead to the identifica-
tion of specific metabolic pathways to
target (Shafquat et al., 2014). Features
generally associated with health in-
clude stability and resilience over time
and a predominance of obligate anaero-
bic bacteria that greatly outnumber fac-
ultative anaerobic species. Often a
reduction in the obligate anaerobes is
accompanied by an increase in faculta-
tive anaerobes in disease states, in-
cluding members of the Enterobateri-
aceae family of the Proteobacteria phy-
lum. This family includes several path-
ogens including Salmonella, Shigella,



Klebsiella, Proteus and E. coli. How-
ever, currently it is not known if spe-
cific species, a metabolic functional
profile, or other factors are most im-
portant in the maintenance of health
and/or induction of disease, and which

should be targeted for therapeutics.
How viruses, archaea and eukaryotes
interact with bacteria to maintain gut
homeostasis also remains to be clearly
determined.

BENEFICIAL ACTIVITIES OF GUT MICROBIOTA

One of the key mechanisms by which
gut microbes are thought to exert health
benefits is through the production of
short chain fatty acids (SCFA) by the
breakdown and fermentation of poly-
saccharides. SCFAs include acetate,
propionate, and butyrate, with the over-
all abundance produced dependent
upon the diet of the host and microbial
composition of the colon. Bifidobacte-
ria and lactobacilli produce mainly lac-
tate and acetate, which can contribute
to health benefits through reduction of
pH and immune modulation (Fukuda et
al., 2011), but they do not produce
butyrate or propionate, two SCFAs
which have been identified to exert
highly beneficial local and systemic
immunological effects (Louis et al.,
2014; Flint et al., 2015). Butryate and
propionate are produced primarily by
bacteria belonging to the Clostridium
clusters XIVa and IV, and to the Bac-
teroidetes phylum (Louis et al., 2010;
Reichardt et al., 2014). Complex carbo-
hydrate fermentation by bacteria leads
to the production of short-chain fatty
acids including acetate, butyrate and
proprionate (Flint et al., 2008). Acetate
maintains gut barrier function and can
prevent pathogen translocation
(Fukuda et al., 2011). Butyrate is the
primary energy source for colonocytes

and also has numerous anti-inflamma-
tory effects (Zimmerman et al., 2012).
A lack of butyrate results in colonocyte
cell death and autophagy (Donohoe et
al., 2011). In addition to SCFAs,
numerous metabolites and structural
components of gut commensals interact
with host epithelial and immune cells
to influence barrier function and immu-
noregulatory activity. Gut microbes
also provide protection against infec-
tion by pathogenic organisms through
colonization resistance. This protection
may include competition for nutrients
or attachment sites on the mucosa, pro-
duction of antimicrobial compounds, or
stimulation of host defences. Coloniza-
tion resistance may also help keep po-
tentially pathogenic commensals from
multiplying and inducing disease.
Thus, a dysbiosis or reduction in health
promoting metabolites can have a sig-
nificant impact on host barrier, immune
function, and physiology and may, if
not cause disease, certainly exacerbate
or prolong the disease process. It fol-
lows therefore, that strategies such as
diet modifications, pre-and probiotics,
and faecal microbial transplantation
may be beneficial in both the preven-
tion and treatment of disease by modi-
fying either microbial composition or
function.

PROBIOTICS

Probiotics, defined as live microbes
that, when ingested, have health

promoting effects have been examined
for both preventative and treatment
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roles in a number of diseases (Ghouri
et al.,, 2014; Ferolla et al., 2015). A
multitude of studies have delineated
molecular mechanisms of probiotic
strains in modulating host physiology
and immune function through interac-
tions between the host and various
effector molecules, including cell sur-
face proteins, release of bioactive
molecules, lipoteichoic acid, peptido-
glycan, and exopolysaccharides (Bron
et al., 2012; Lee et al., 2013). Oral in-
take of probiotics has been shown to
significantly alter host gene expression
both in a strain-selective manner (van
Baarlen et al., 2011) and in a host-de-
pendent manner (Mariman et al.,
2015). There is clinical evidence that
probiotics have some efficacy in the
prevention of necrotizing enterocolitis
in infants, in relieving symptoms of
irritable bowel syndrome, and also in
the prevention of antibiotic-associated
diarrhoea. However, whether probiotics
are able to reverse dysbiosis and restore
gut homeostasis has not yet been
demonstrated. Some studies have
demonstrated that intake of probiotics
can alter both the composition and
metabolic activity of existing microbes
in the gut (McNulty et al., 2011) while
others have shown no effect on

composition but significant effects on
microbial gene expression (Lahti et al.,
2013; Eloe-Fadrosh et al., 2015).
Further, the existing gut microbiota can
also have effects on gene expression of
the probiotic (Lahti et al., 2013)
suggesting that the host microbiota
may have a significant influence on the
individual response to probiotic. Other
host factors that change response to
probiotics include diet (Ohland et al.,
2013; Yadav et al., 2013; Degirolamo
et al., 2014; Tachon et al., 2014) and
the existing microbiome (Ferrario et
al., 2014). Further, different probiotic
strains taken together can have com-
petitive or inhibitory effects on each
other (Ringel-Kulka et al., 2014) and
the host may become adapted to contin-
ual ingestion of probiotics and prebiot-
ics or bacterial products (Dykstra et al.,
2011; Chambers et al., 2014; Komura
et al, 2014). These studies clearly
demonstrate that the use of probiotics
to mediate human health or treat dis-
ease involves a complex reciprocal in-
teraction of the probiotic, host immune
function, and commensal microbiota
encountered by the probiotic. Further
studies are required to truly understand
how to properly use these individual
strains for beneficial purposes.

FUTURE OF PROBIOTIC THERAPY

While clinical trials have shown mod-
est benefits from probiotic therapy,
overall the results have been relatively
modest. Most of the strains used as
commercial probiotics include lactoba-
cilli and bifidobacteria, even though
neither of these are major colonizers of
the adult human gut and defects in
these have not yet been linked with any
human disease in adults. Further, meta-
genomic research is clearly identifying
shifts in other dominant commensals
that are associated with human disease
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(Backhed et al., 2004; Turnbaugh et al.,
2006; Frank et al., 2007; Morgan et al.,
2012; Qin et al., 2012; Kang et al.,
2013; Ng et al., 2013; Wu et al., 2013).
The identification of specific organ-
isms, such as Faecalibacterium
prausnitzii (Varela et al., 2013; Cao et
al., 2014), which has been shown to be
reduced in patients with inflammatory
bowel disease, as well as other butyrate
producing microbes such as Roseburia
spp., has led to the suggestion that
these organisms should be used as



probiotic preparations in patients with
IBD to help manage the disease. In
addition, Akkermansia  muciniphila
(Everard et al., 2013; Cani and Van
Hul, 2015), which is reduced in pa-
tients with metabolic syndrome and

diabetes, and specific microbial-pro-
duced metabolites in autism spectrum
disorders (Siniscalco and Antonucci,
2013; Frye et al., 2015) may be of
more relevance for treating specific
conditions in adults.

FAECAL MICROBIAL TRANSPLANTATION

Faecal  microbiota  transplantation
(FMT), a process of transferring stool
from a healthy individual to a sick per-
son, has been shown to be highly effec-
tive with >90% cure rate in recurrent
Clostridium difficile infection (RCDI)
(Cammarota et al.,, 2014). Unlike
probiotic therapy which involves only a
few species of microorganisms, faecal
microbial transplantation delivers a
complete microbial ecosystem consist-
ing of a wide array of microbes. RCDI
is one of the most common hospital
acquired infections. There has been a
large increase in the number of infec-
tions along with increased severity and
mortality over the past decade, associ-
ated with significant health care costs.
Following a course of antibiotic ther-
apy, approximately 20-30% of patients
will experience a recurrence. Unfortu-
nately, the risk of recurrence continues
to increase with each subsequent epi-
sode, and no conventional treatment
has been proven effective. Recent re-
search suggests that development of
RCDI involves alterations in bile acid
metabolism. In particular, germination
of C. difficile spores can be either in-
hibited or stimulated by a complex
mixture of bile salts. Cholate and
chenodeoxycholate are metabolized
into the secondary bile acids deoxycho-
late and lithocholate. Deoxycholate
stimulates germination while lithocho-
late inhibits germination (Sorg and
Sonenshein, 2008, 2009). Administra-
tion of antibiotics shifts the bile acid
pool and allows for spore germination

(Giel et al., 2010). Antibiotics also re-
duce the diversity of microbiota and
thus decrease competition for available
nutrients. In that FMT is so effective at
treating RCDI, this procedure is rapidly
gaining acceptance throughout the
world although questions still remain
about the optimal route of administra-
tion, quality control, durability of re-
sponse and long-term outcomes.
Studies have shown that several de-
fined communities of microbes are
equally as effective in the treatment of
RCDI as is FMT. A combination of 10
facultative aerobes and anaerobes was
effective against RCDI (7vede and
Rask-Madsen, 1989) as was a 33-strain
combination (Petrof et al., 2013). Re-
cent reports of success of freeze-dried
(Tian et al., 2015) and encapsulated
forms (Hirsch et al., 2015; Stollman et
al., 2015), as well as the use of selected
strains of Clostridium either in live
form or as spores (Gerding et al., 2015)
(Seres Health Ecobiotic®) suggests that
in the very near future a much more
targeted approach will be undertaken to
cure recurrent C. difficile infection. In-
deed, it may be possible to use a single
strain of Clostridium based upon an
ability of the particular strain to modu-
late bile acid metabolism to restore gut
homeostasis in patients who are colo-
nized with C. difficile (Buffie et al.,
2015). This is a clear indication of how
an approach based on an understanding
of the underlying mechanism of disease
can lead to effective therapy focusing
on manipulating the gut microbiome.
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FAECAL MICROBIAL TRANSPLANTATION AND
INFLAMMATORY BOWEL DISEASE

Inflammatory bowel disease, which in-
cludes Crohn’s disease and ulcerative
colitis, is a chronic, relapsing and
remitting set of conditions character-
ized by an excessive inflammatory re-
sponse leading to the destruction of the
gastrointestinal tract. While the exact
aetiology of inflammatory bowel dis-
ease remains unclear, increasing evi-
dence suggests that the human gastro-
intestinal microbiome plays a critical
role in disease pathogenesis. Manipula-
tion of the gut microbiome has there-
fore emerged as an attractive alterna-
tive for both prophylactic and therapeu-
tic intervention against inflammation.
Probiotics have had limited benefit in
ulcerative colitis, and have demon-
strated no benefit in the treatment of
Crohn’s disease (Wasilewski et al.,
2015). Borody and Campbell (2012)
reported using FMT as an induction
and maintenance therapy in patients
with IBD, with as many as 69 rectal
infusions, to successfully treat 3 pa-
tients. However, in most cases, the re-
sults are not as consistent or as durable
as in the setting of CDI. Most of the
published reports consist of small case
series, which suffer from significant
heterogeneity with regards to disease
activity, mode and frequency of deliv-
ery, and duration of follow up. A sys-
tematic review published in 2012 in-
cluded 9 case series/reports of FMT to
treat IBD (N=26); it found that 19/25
patients experienced symptomatic im-
provement, 13/17 ceased taking IBD
medications within 6 weeks, and 15/24
had no active disease 3-36 months after
FMT (Anderson et al., 2012). A recent
case series also found that 7/9 paediat-
ric patients with mild-to-moderate UC
disease activity experienced clinical
improvement, and 3/9 achieved clinical
remission within 1 week after a 5-day
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course of daily FMT enema (Kunde et
al., 2013). On the other hand, another
pilot study by Vermeire et al. (2012)
examined the role of FMT in the man-
agement of 4 patients with refractory
Crohn’s disease who had failed cortico-
steroids, immunomodulators and anti-
TNF therapy. These 4 patients received
3 doses of FMT by naso-jejunal infu-
sion over 2 days but none experienced
clinical, biological or endoscopic bene-
fit 8 weeks later. More importantly, the
faecal bacterial composition of these 4
patients did not show clustering with
their donors after FMT, unlike the
cases in recurrent CDI. Intense FMT
treatment of 3 paediatric UC patients
using a combination of colonoscopy
and enemas during a 6-12 week period
showed significant clinical benefit and
also an expansion of rare taxa and sig-
nificant changes in colonic mucosal
gene expression (Kellermayer et al.,
2015). Two randomized control trials
published recently demonstrated a pos-
sible potential for the use of FMT in
treating patients with ulcerative colitis,
although neither demonstrated a large
response (Moayyedi et al., 2015;
Rossen et al., 2015).

Thus, while manipulating the gut
microbiome still remains a potential
therapeutic target in patients with IBD,
the question remains as to why some
individuals have dramatic improve-
ments while others do not and also why
continual therapy appears to be neces-
sary. In IBD patients with active in-
flammation, the luminal environment
that the transplanted microbiota enters
contains factors (e g. nitrate, reactive
oxygen species, viruses, phages) that
may prevent successful colonization of
some species and allow for the bloom
of microbes received from the donor
that are adapted to living in



inflammatory environments (Winter et
al., 2013). In the colon, bacterial spe-
cies are primarily anaerobes which lack
the ability to respire oxygen and rely
on fermentation of complex poly-
saccharides for growth. Dysbiosis in
patients with intestinal inflammation is
characterized by a marked decrease in
obligate anaerobes and an increased
relative abundance of facultative anaer-
obes such as Gammaproteobacteria and
Bacilli (Frank et al., 2007). Members
of the Enterobacteriaceae family are
adapted to survival in the presence of
inflammatory mediators such as reac-
tive oxygen and nitrogen species (Win-
ter et al., 2013). In the inflamed gut,
increased growth of these pathogenic
organisms can act to reduce gut barrier
function and stimulate the immune sys-
tem, thus propagating inflammatory
responses. At the same time, a
reduction in anaerobic bacteria that

produce either butyrate or other anti-
inflammatory molecules would also
contribute to an increased inflamma-
tory state. Thus, under these conditions,
the newly transplanted microbes may
initially exert an anti-inflammatory ef-
fect due both to the production of
immunoregulatory molecules (e.g.
short-chain fatty acids) and generation
of signalling molecules (e.g. secondary
bile acids), but over time a susceptible
individual that has a genetically-deter-
mined defect in handling bacteria or in
barrier function may develop an in-
flammatory response directed towards
the newly transplanted microbes. Thus,
under these conditions, while targeting
the microbiota may initially be effec-
tive in reducing gut inflammation at
induction FMT, due to patient genetic
susceptibility, continual maintenance
FMT would be necessary.

FUTURE OF FAECAL MICROBIAL TRANSPLANTS

Many questions remain to be answered
before FMT becomes a feasible treat-
ment option for diseases other than C.
difficile infection. Optimal dosage, fre-
quency of treatment, preparation of do-
nor material, and route of administra-
tion needs to be determined. In that

each donor is different, this represents
a clear challenge to implementation of
this type of therapy. In addition, po-
tential long-term effects and the risk of
transferring either infectious material
or susceptibility to disease needs to be
evaluated.

CONCLUSION

In order to develop new therapies
aimed at returning our microbiome to a
healthy state, future research should
seek to understand why and how our
gut microbiome changes and to under-
stand the functional consequences of
those changes. It is clear that interac-
tions between the gut microbiome and
the host have a major role in health and
disease; therefore, manipulation of gut
microbiota represents a therapeutic tar-
get. However, in that there is extensive

variability between individuals in their
microbiota composition, personalized
approaches may be required in order to
effectively utilize therapies aimed at
manipulating the balance of the gut mi-
crobiota. In the future, a detailed analy-
sis of an individual’s gut microbes may
indeed be part of their health care and
biomarkers identified that can be fol-
lowed for changes that may herald im-
minent onset of disease.
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OVERVIEW AND KEY CONCEPTS

In this 29" edition of the Old Herborn University Seminar, microbial metab-
olism and mammalian physiology were discussed as one integrated biologi-
cal system. The lectures, discussions, and contributions to this monograph
emphasize the web of interactions between diet, the microbiome (placental,
vaginal, oral, and intestinal), microbial metabolites, and mammalian cells
(epithelial and immune). Central concepts included various holistic perspec-
tives on microbial and mammalian (rodent, primate, and human) biology.
Prenatal and postnatal nutrition may have a lasting impact on mammalian
growth and development. In addition to the ingestion of active dietary com-
ponents, microbes may generate bioactive metabolites by luminal conver-
sion of dietary substrates or de novo biosynthesis in bacterial cells. These
metabolites may impact mammalian physiology via the microbiome or di-
rectly on mammalian cell signalling pathways. Host-microbe metabolic axes
must be considered in terms of metabolite flow across organ systems and
across time in man’s microbial ages (Figure 1). In this Seminar, leading
scientists considered the contributions of microbial cells (species) and their
metabolites on mammalian cell function, signalling pathways, and bidirec-
tional communication networks. In this way, we are considering the micro-
bial-mammalian interface of human biology, and how microbes can impact
human health and susceptibility to disease.

MICROBES AND HUMAN DEVELOPMENT

New concepts to consider include the
prenatal impact of the microbiome dur-
ing foetal development and composi-
tional relationships between microbi-
omes at different body sites. Microbial
communities may impact human biol-
ogy even during foetal development.
During pregnancy the placenta grows

and develops with its own microbiome
forming a distinct collection of human-
associated bacterial taxa. The placenta
has long been considered sterile during
gestation, and, similar to other previ-
ously “sterile” body sites, microbial
communities have been characterized
in the placenta (4agaard et al., 2014).

*Corresponding author.
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Figure 1: The human microbiome, microbial metabolism and mammalian physiology.

The gut microbiota affects human health from birth to elderly life stages and is important for
maintaining human physiology and energy production. The composition of the gut microbiome in
early life has an effect on the risk of developing disease in later life. (Reprinted with permission

from Nicholson et al., 2012.)

The presence of pathogenic bacteria in
placental cultures is considered diag-
nostic for intrauterine infection and a
significant risk factor for preterm birth
(Hillier et al., 1988). Findings in diag-
nostic microbiology must now be
placed in the context of the placental
microbiome and a broader array of
commensal microbes in pregnancy.
Term and preterm infants have
discordant microbiomes, and future
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diagnostic tests may detect differences
in placental microbial biomarkers that
may be useful clinically. Taxa in the
placental microbiome that may dis-
criminate spontaneous preterm birth
include members of the phyla Teneri-
cutes and Fusobacteria. Could placental
microbes or deficiencies in microbial
features contribute to preterm birth
along with maternal and environmental
factors? In a practical sense, perhaps



microbial metabolites generated by pla-
cental bacterial taxa may be used to
monitor women at risk of preterm birth.

Tantalizing evidence suggests that
one microbiome may influence the
composition and function of a distinct
microbiome at a different body site. In
other words, does the microbial com-
munity at a superficial body site poten-
tially influence the microbiome estab-
lished in a separate body compartment?
In this case, the placental microbiome
most closely resembles the oral micro-
biomes of the supragingival plaque and
the dorsum of the tongue by bacterial
composition (4agaard et al., 2014).
Seeding of the neonatal microbiome
with bacteria from the placenta, which
arises through hematogenous spread,
may facilitate prenatal colonization of
the foetus and in utero exposure to mi-
crobial metabolites. The oral-to-placen-
tal microbiome connection may help
drive physiological and immunologic
development of the foetus and help dic-
tate susceptibility to preterm birth or
neonatal disease (King et al., 2007,
Zeldovich and Bakardjiev, 2012). We
are beginning to make connections be-
tween microbial communities at differ-
ent body sites and how microbial and
human cells are linked together as one
biological system.

This Seminar highlighted the im-
portance of diet before and after birth
with respect to microbial composition
and function in the developing infant
and child. Maternal diet during preg-
nancy may have a lasting impact on the
composition of the gut microbiome
postnatally. In foetal and postnatal life,
offspring exposed to a maternal high
fat diet yielded increased expression of
inflammatory cytokines, Toll-like re-
ceptors, and their respective signalling
pathways (Yan et al., 2011, Xue et al.,
2014). Results of a study by Aagaard et
al. (2014) on maternal diet modifica-
tion of the primate foetal epigenome

suggest that obesity caused by a high-
caloric, high-fat maternal diet yielded
changes in the juvenile intestinal
microbiome of non-human primates.
The quality of the diet during preg-
nancy may yield persistent effects on
the gut microbiome during childhood
several years after the initial dietary
exposure. This phenomenon of diet’s
persistent effects on mammalian me-
tabolism via changes in the human
microbiome demands further attention.

After birth, neonatal nutrition may
have a lasting impact on microbiome
composition, function, and disease sus-
ceptibility. The intestinal microbiome
of infants born vaginally and exclu-
sively breastfed diminished the relative
amounts of members of the phylum
Firmicutes, while increasing the rela-
tive abundance of Bacteroides species
(Jost et al., 2012). The maternal micro-
biome at birth and postpartum may be
critical in the establishment and devel-
opment of the neonatal microbiome via
horizontal transmission. Human milk
oligosaccharides (HMO) are the third
most abundant component in human
milk, and breastfeeding may serve as
an important mechanism for dictating
how the gut microbiome is “seeded”
early in life. More than 150 different
HMOs have been identified, and were
discussed by Lars Bode in this Seminar
(Bode, 2012). Only humans have such
a high quantity and structural diversity
of HMOs with inter- and intrapersonal
differences in composition. These dif-
ferences are determined partly by hu-
man genetics or maternal diet during
lactation. HMOs are maternal com-
pounds contributing to the development
of the postnatal gut microbiome fol-
lowing childbirth. HMOs may function
as prebiotics from human milk, and
should be added to the list of plant-de-
rived oligosaccharides considered as
prebiotics (Gibson and Roberfroid,
1995; Roberfroid, 2007). HMOs also
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have antimicrobial features partly due
to anti-adhesive properties that may
inhibit bacterial pathogens and alter the
ability of commensal species to colo-
nize the intestine. By altering coloniza-
tion, HMOs may help shape the nature
of bacterial communities. For example,
HMOs reduced the ability of entero-
pathogenic E. coli (EPEC) to attach in
a tissue culture adhesion assay and
mouse EPEC infection (Manthey et al.,
2014). HMOs may have indirect effects
on the infant microbiome, namely as
epithelial and immune cell modulators.
Specific HMO structures such as
disialyl-lacto-N-tetraose (DSLNT) im-
proved survival and reduced pathology
scores in a rat necrotizing enterocolitis
(NEC) model (Jantscher-Krenn et al.,
2012). The effects of DSLNT on

intestinal pathology are highly struc-
ture-specific. Perhaps specific HMOs
can prevent or suppress the pathology
of severe NEC in infants, directly by
acting on the intestinal mucosa, and
raise the possibility that microbial
metabolites may act directly as im-
munomodulators as well. The biology
of HMOs serves as a reminder that key
dietary components early in life may
affect mammalian biology via changes
in the composition and function of the
microbiome, or directly on mammalian
cells by modulating immune cell sig-
nalling via pattern recognition recep-
tors (TLRs), production of antimicro-
bial peptides, mucin composition, and
cytokine production in the intestinal
mucosa.

THE BACTERIAL COMMUNITY:
GUT MUCOSAL BIOLOGY INTERFACE

Dietary components such as carbohy-
drates and lipids clearly affect micro-
bial composition in the intestine. Mi-
crobes that respond to elements of the
diet, in turn, may influence whole body
metabolism and affect the ability of
mammals to absorb and process nutri-
ents. This interplay of diet, the microbi-
ome, and mammalian metabolism rep-
resents a central theme of this OHUS
Monograph. In rodent models, diets
differing in polysaccharide and fat con-
tent yielded major differences in gut
microbial composition and correspond-
ingly microbial metabolism. The caecal
microbiota of genetically obese ob/ob
mice, lean ob/+ and wild-type siblings,
and their ob/+ mothers were compared
after ingesting the same polysaccha-
ride-rich diet (Ley et al., 2005).
Regardless of kinship, ob/ob (obese)
mice had approximately half the num-
ber of Bacteroidetes than lean mice and
a proportional increase in Firmicutes
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taxa. Colonization of germ-free mice
with obesity-associated microbiota re-
sulted in increased total body fat, when
compared to mice colonized by micro-
biota associated with leanness. The gut
microbiota may produce metabolites,
and directly or indirectly affect patterns
of mammalian metabolism and weight
gain (Turnbaugh et al., 2006).

Specific bacterial species have been
identified that are associated with alter-
ations in mammalian body metabolism
and weight gain (Le Chatelier et al.,
2013). Studies demonstrated that hu-
mans afflicted with diabetes and/or
obesity harbour increased cell numbers
of Clostridium ramosum (Erysipelotri-
chi) (Qin et al., 2012; Karlsson et al.,
2013; Le Chatelier et al., 2013). The
researchers investigated the role of C.
ramosum in the pathophysiology of
obesity in gnotobiotic mice. The results
showed that Simplified Intestinal Hu-
man Microbiota (STHUMI) mice with



C. ramosum had enhanced diet-induced
obesity compared with SIHUMI mice
without C. ramosum. This species of
bacteria proliferated in SIHUMI mice
fed a high-fat diet (HFD). Small intesti-
nal glucose and fat transporters in these
animals may be upregulated, leading to
increase in body fat deposition. This
upregulation in HFD-fed SIHUMI mice
may be caused by C. ramosum increas-
ing gene expression of the fatty acid
transport proteins ileal FA-transport
protein-4 (FATP4) and CD36. In addi-
tion, enterocytes of obese mice con-
tained increased gene expression of
perilipin, which is a fat storage protein
(Woting et al., 2014). So, gut microbes
may proliferate when exposed to die-
tary fat and may enhance the body’s
ability to absorb and metabolize simple
sugars and triglycerides. Diet alters the
microbiome, and the microbiome, in
turn, changes the ability of mammals to
absorb and metabolize nutrients.

The availability of nutrients and de-
gree of flexibility of resident bacteria in
finding nutrients determine the diver-
sity and mutualistic cooperation among
the component species in human gut
microbiota (Backhed et al., 2005). Nu-
trient availability and microbial compo-
sition are complicated by the presence
of different bacterial layers in the
intestinal lumen (luminal) and adjacent
to the mucosa (mucosal). These
“layers” of microbes and luminal con-
tent are affected by hydrodynamics
(fluid shear), oxygen content, and the
presence of mucus (Van den Abbeele et
al., 2011). The composition and func-
tion of the mucosal microbiome may
directly affect the biology of the intesti-
nal mucosa, but this area adjacent to
the mucosa is difficult to access and
dynamics of microbiome colonization
are challenging to study. Butyrate-
producing organisms of the groups
Clostridium cluster IV and XIVa are
enriched in the mucosal microbiome

(discussed in this monograph by Tom
van de Wiele) (Nava et al., 2011). Pro-
motion of regulatory T cell accumula-
tion in mice is caused by the spore-
forming components of native intesti-
nal microbiota, especially Clostridium
clusters IV and XIVa (Atarashi et al.,
2011). In vitro models, consistent with
in vivo data, showed that strictly
anaerobic bifidobacteria tend to reside
in the upper part of the mucus layer,
but the Firmicute, F. prausnitzii,
mainly colonized the lower part of the
mucus, at the anoxic/oxic interphase
and adjacent to the intestinal epithe-
lium. Intestinal bacteria and their me-
tabolites are stratified in layers span-
ning the lumen and mucosa-associated
spaces.

The metabolism of carbohydrates by
specific microbes generates precursors
of short chain fatty acids (SCFAs) such
as butyrate. Generation of butyrate pro-
vides a fuel source for the intestinal
epithelium, enhances tight junction for-
mation and promotes intestinal
“barrier” function. Deficiencies of
butyrate-producing microbes such as F.
prausnitzii (Sokol et al., 2008) have
been demonstrated in disease states
such as inflammatory bowel disease
(e.g. Crohn’s disease) (Willing et al.,
2009). Models such as M-SHIME de-
tected clear differences in healthy ver-
sus Crohn’s disease-associated micro-
biomes, and data showed that human
participants with active disease yielded
lower butyrate production. In summary,
deleterious effects on microbial com-
position of the mucosal microbiome
caused by shifts in the intestinal envi-
ronment may culminate in ineffective
functioning of the gut mucosa and in-
creased disease susceptibility. Con-
versely, abundance of microbial
metabolites such as SCFAs may pro-
mote healthy immune and epithelial
cell function, and disease resistance.
The compositional and functional

121



stratification of the intestinal microbi-
ome in “layers” can be studied with
new model systems and provide

insights into microbial-mucosal inter-
actions.

MICROBIAL METABOLITES AND MAMMALIAN PHYSIOLOGY

Microbial metabolites represent the
biochemical currency of communica-
tion between microbial and mammalian
cells in the gut and the gut-brain axis.
As we consider the links between diet
and the microbiome, and the microbi-
ome and mammalian physiology before
and after birth, the roles of microbial
metabolites in different body compart-
ments must be considered. SCFAs are
well-known examples of microbial me-
tabolites affecting the intestinal epithe-
lium. Three main SCFAs produced in
the human colon are acetate, propio-
nate, and butyrate. Propionate and ace-
tate affect adipogenesis and leptin pro-
duction. By modulating gut and adipo-
cyte-derived hormones, SCFAs may
affect the gut-brain axis and brain func-
tion, including appetite and satiety
(Xiong et al., 2004; Samuel et al.,
2008). Acetate is able to directly affect
neuronal function in the brain, espe-
cially regions associated with appetite
and satiety control (4nastasovska et al.,
2012). Using carbon-11 labelled ace-
tate as a potential PET marker, acetate
is actively assimilated by many organs
including the liver, skeletal muscle,
spleen, heart, and adipose tissue. Ace-
tate may reach the brain in small, yet
significant amounts, regardless of the
route of administration (Frost et al.,
2014). Supplementation of fermentable
carbohydrates has long been known to
reduce appetite in animal studies, and
the appetite suppressing effect of ace-
tate was recently shown to occur via
hypothalamic  neuronal  activation
(Frost et al., 2014). Whether adminis

tered or produced in the colon, acetate
has a direct effect on hypothalamic
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neurons by its incorporation into the
glutamate-glutamine transcellular
cycle, increasing GABAergic transmis-
sion and activating acetyl-CoA carbox-

ylase (ACC). The increased ACC
activity induces malonyl-CoA
expression, which activates pro-

opiomelanocortin neurons and there-
fore reduces food intake (see contribu-
tion by J. Bell in this monograph). The
SCFA, acetate, provides a clear exam-
ple of how one microbial metabolite
mediates communication  between
different organs such as the gut and the
brain.

In addition to appetite suppression
and body metabolism, microbial me-
tabolites may modulate the immune
system by actlva‘ung or suppressing
immune responses in the gut mucosa.
Fungi within the microbiome may pro-
mote resistance to pathogenic microbes
and tolerance to commensal microbes.
The mammalian tryptophan catabolic
enzyme, indoleamine 2,3-dioxygenase
1 (IDO1), plays a key role in the con-
version of dietary or microbial trypto-
phan into kynurenines and promotion
of tolerance to commensal microbes.
The capacity of IDO1-expressing den-
dritic cells, epithelial cells, and
kynurenines to induce Tregs and inhibit
Th17 has revealed their unexpected po-
tential to control inflammation, allergy,
and Thl7-driven inflammation in fun-
gal infections (Grohmann et al., 2007;
Romani et al., 2008). Conversely, the
exploitation of the IFN-y/IDO1 axis for
functional specialization of antifungal
regulatory mechanisms may have ena-
bled fungal microbiota to co-evolve
with the mammalian immune system,



and to prevent dysregulated immunity
(Zelante et al., 2009). In contrast, bene-
ficial microbes may convert tryptophan
into bioactive indole compounds. In-
dole derivatives act as endogenous lig-
ands for the arylhydrocarbon receptor
(AhR) (Heath-Pagliuso et al., 1998)
and are generated through conversion
from dietary tryptophan by commensal
intestinal microbes (Bjeldanes et al.,
1991). By binding AhR, the microbi-
ome may stimulate mammalian im-
mune cells to produce the cytokine 1L-
22 and thereby enhancing protective
mucus production, suppressing IL-17
production, and stimulating production
of antimicrobial peptides via STAT3
activation. The lesson in Lactobacillus-
mediated indole-3-aldehyde (one ex-
ample of indole derivative) production
from tryptophan is that bacterial metab-
olites generated by the microbiome
may have a profound impact on im-
munity. The metabiotic concept refers
to metabolites produced by the micro-
biome or probiotic species that may
confer specific benefits on mammalian
physiology or immunity. Metabiotics
such as indole derivatives may sup-
press inflammation and promote immu-
nologic resistance to different patho-
gens.

Gamma-aminobutyric acid (GABA)
is another important co-metabolite pro-
duced by glutamate decarboxylases

(GADs) of mammals and bacteria.
Amino acid decarboxylation systems,
such as the GAD system, enable bacte-
rial species to cope with acid stress,
and GABA is enriched in the intestines
of patients with recurrent C. difficile-
associated disease (CDAD). Most
intestinal GABA measured in stool is
microbial in origin, and this metabolite
(GABA) appears to potentiate the risk
of C. difficile infection. Individuals
consuming the GABA, receptor ago-
nist, zolpidem (Ambien®), have in-
creased risk of C. difficile infection,
adding support to the pathogenic role
of GABA in CDAD. Data from mouse
models also support the ability of
GABA receptor signalling to exacer-
bate intestinal inflammation. In con-
trast to elevated amounts of microbial
GABA in recurrent CDAD, the bile
acid metabolite lithocholate is associ-
ated with healthy controls and patients
cured post-FMT. The scientific com-
munity is beginning to identify specific
microbes and microbial metabolites
that contribute to human health and al-
ter disease susceptibility. New classes
of microbial biomarkers are being char-
acterized, and GABA is a good exam-
ple. So we are beginning to identify
specific microbial metabolites and how
their receptors/signalling pathways
may protect patients or enhance disease
susceptibility.

SYSTEMS BIOLOGY AND THERAPEUTIC MICROBIOLOGY

Many published studies have explored
associations between differences in mi-
crobial composition and human health
and disease states, including but not
limited to inflammatory bowel disease,
necrotizing enterocolitis, and obesity.
However, few microbiome studies
could verify causation. Scientists
should attempt to verify causation, try
to identify microbial effector strains

and metabiotics, and modify effector
strains to improve mammalian health.
To identify microbial effector strains,
one must isolate individual microbes or
rely on differences in metabolite
profiles. Faith et al. (2014) approached
the challenge of identifying microbial
effector strains. One of several human
faecal samples transmitted  a
metabolic/immunologic phenotype to
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recipient germ-free mice and resulted
in efforts to identify the key microbe(s)
involved by metagenomic and micro-
bial sequencing. Ninety-four bacterial
consortia were taken from the culture
collection and were introduced as
humanized gut microbiota to germ-free
mice. Feature selection algorithms and
follow-up mono-colonization studies
may identify effector bacterial strains.
An unexpected range of bacterial
strains was found to promote accu-
mulation of colonic regulatory T cells
(Tregs) and expand Nrpl (lo/-) periph-
eral Tregs. Other strains modulated adi-
posity in mice and caecal metabolite
concentrations (Faith et al., 2014). The
greatest numbers of Tregs in the co-
lonic lamina propria were associated
with B. intestinalis colonization (Faith
et al., 2014). Specific metabolites such
as quinic acid, a cyclic polyol, were
detected and correlated with effector
bacterial strains. As effector strains are
identified, their specific metabolic fea-
tures may be useful in determining
which effector strains (and metabolites)
may be ideally suited for particular re-
search and clinical applications. These
studies point to the utility of combining
intestinal microbiology with well-
defined gnotobiotic mouse models so
that specific functions of the microbi-
ome can be linked to specific microbes.

Another key challenge in microbi-
ome research is to understand the role
of interpersonal microbiome variation
in disease. Researchers investigated gut
microbiota from twins with discord-
ance for obesity that modulated metab-
olism in mice. They found that co-
housing mice containing an obese
twin's microbiota (Ob) with mice con-
taining the lean co-twin's microbiota
(Ln) led to suppression of body mass
and adiposity increases in Ob cage ma-
tes. As mice are coprophagic, rescue is
correlated with invasion of specific
members of Bacteroidetes from the Ln
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microbiota into the Ob microbiota
(Ridaura et al., 2013). Another study of
interpersonal microbiome variation in
disease showed that faecal microbiota
transplantation induced 7 of 9 remis-
sions in patients with active ulcerative
colitis from one donor (Moayyedi et al.,
2015). Thus, even if a donor does not
have disease, this donor may not be an
appropriate donor for someone that
does have the disease. Thus, microbial
composition is important in terms of
determining whole body metabolism
and careful selection of stool donors for
faecal  microbiota  transplantation
(FMT). Determining the causative driv-
ers of diverse responses from diverse
microbiota is a key challenge in
microbiome research.

The relative diversity and abun-
dance of each body habitat's microbes
varie between individuals (Human Mi-
crobiome Project Consortium, 2012).
On the other hand, metabolic pathways
are relatively conserved between indi-
viduals in a healthy population (Human
Microbiome  Project  Consortium,
2012). Diet has a large role in modulat-
ing microbiota, and it is a primary
determinant of gut microbial composi-
tion. Although short-term dietary inter-
ventions might rapidly change commu-
nity structures within the gut microbi-
ome, long-term shifts in steady-state
microbial communities require longer
term and substantial dietary changes
(Voreades et al., 2014). Antibiotics re-
duce the relative diversity within gut
microbiomes. Researchers found sub-
stantial variations in microbial com-
munities of subjects given a single anti-
microbial agent (ciprofloxacin). These
changes occurred between two courses
of antibiotics administered to subjects.
When the study ended, the composition
of the gut microbiota in every subject
had stabilized, although it was changed
from its initial state. Thus, alternative
stable states may shift depending on the



frequency, duration and nature of anti-
microbial exposure (Dethlefsen and
Relman, 2011).

Several options for microbial
manipulation provide opportunities for
changing microbial composition and
function. Studies showed that probiot-
ics were effective for infectious diar-
rhoea (Francavilla et al., 2012;
Dinleyici and Vandenplas, 2014). A
systemic review and meta-analysis
showed significant beneficial effects of
probiotics that reduced global symp-
toms or abdominal pain (Ford et al.,
2014). A systematic review of probiot-
ics, prebiotics, and synbiotics in
inflammatory bowel disease demon-
strated that some studies yielded im-
provement trends, but definitive treat-
ments had been evasive (Ghouri et al.,
2014). Diet of the host can have a large
effect on responses to probiotics. Also,
probiotics can alter microbial composi-
tion quite differently depending upon
the diet (Degirolamo et al., 2014). The
effects of probiotic treatment are
strongly influenced by the existing in-
testinal microbial ecosystem. Con-
founding factors in human studies of
probiotics include the individual’s diet,
established microbial communities in a
particular individual, and the luminal
environment.

Faecal microbiota transplantation
(FMT) is a method to radically change
microbial composition by introducing
faecal microbiota from a healthy per-
son to a person with an intestinal disor-
der. Researchers found that infusion of
donor faeces was significantly superior
to vancomycin in treatment of recurrent
C. difficile infection (van Nood et al.,
2013). FMT caused bacterial composi-
tion to normalize quickly from a state
of dysbiosis. Although the microbiome
in the subject reflected the donor im-
plant material at 1 day post-FMT, the
composition was highly varied at later
time points (Weingarden et al., 2015).

It is likely that mechanisms contrib-
uting to FMT’s effectiveness as a treat-
ment strategy in patients with recurrent
C. difficile infection stem from the abil-
ity to interfere with pathogen spore ger-
mination and competition by C.
difficile (Britton and Young, 2014). Im-
portantly, FMT can be considered as
the simultaneous administration of hun-
dreds of bacterial taxa with different
functional features. For example, func-
tional classes of bacterial strains may
include lactate producers, methano-
gens, mucin degraders, and short chain
fatty acid producers. Restoration of
many microbiome-related functional
features after one or several procedures
(FMT) may be necessary for restitution
of a severely depleted microbiome.
Disorders of microbial ecology (e.g.
CDAD) secondary to antibiotic con-
sumption in susceptible individuals em-
phasize the need for replacement strate-
gies with consortia and pools of mi-
crobes harbouring diverse microbio-
logic functions.

Future perspectives on FMT include
customization of bacterial combina-
tions with defined and known specific
biological properties to produce pre-
dictable responses. Additionally, devel-
opment of standardized conditions for
transplantation  (inoculation)  and
maintenance of faecal-derived micro-
bial communities, and analyses of do-
nor-recipient microbiome compatibili-
ties represent next steps in advancing
FMT and other microbial consortia-
based replacement strategies. In addi-
tion to global and multifunctional con-
siderations, precision microbiome re-
constitution has been shown to impact
bile acid-mediated resistance to CDAD
(Buffie et al., 2015). In this example,
one species, Clostridium scindens, has
7-dehydroxylase activity resulting in
production of bile acid metabolites that
mediate resistance to C. difficile infec-
tion. One of these bile acid metabolites,
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Figure 2: The human-microbiome holometabolome. Environmental factors including diet and
medications influence microbial and human metabolism together as one physiological system.
Changes in the holometabolome likely affect gut biology, the brain-gut axis and brain
development and function. (Reprinted with permission from Selkrig et al., 2014.)

lithocholate, was found enriched in
healthy controls and FMT-responsive
patients by Tor Savidge and colleagues.
So, we come full circle by considering
microbiome  replacement  therapy

(FMT), identifying individual effector
bacterial strains (C. scindens), and de-
tecting individual bile acid metabolites
conferring disease resistance.

SUMMARY AND FUTURE DIRECTIONS

This 29" edition of the Old Herborn
University Symposium (June 2015)
placed the spotlight on the overlapping
contact points between diet, the gut mi-
crobiome, microbial metabolism, and
human metabolism/physiology. The
“Holometabolome” concept as pro-
posed in 2014 provides a conceptual
framework by linking environmental
factors with microbial and mammalian
metabolism, and considering how
metabolites from microbes and mam-
mals impact the biology of the intestine
and remote organ systems (e.g. brain)
(Figure 2). The importance of the mi-
crobiome in utero and the impact of
breast milk drive home the point that
humans rely on microbes and microbial
metabolites during the earliest weeks to
months of human life. The exciting
reality is that microbial composition
and function can be manipulated by
diet and that effects of the microbiome
on early human development cannot be
underestimated.

Beyond early human life, microbial
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taxa communicate effectively with
mammalian cells at the mucosal
interface, resulting in different meta-
bolic and immunologic profiles later in
life. Several important concepts in
microbiome science have emerged.
First, one microbiome (oral) may seed
a different microbiome (placenta) and
enable it to function with the foetus.
Dietary impact of the microbiome may
persist for many years. Compositional
and functional stratification of the gut
microbiome reminds us that the
microbiome is a differentiated organ
with different functional aspects. By
describing various microbial metabo-
lites and their potential roles, we must
think in terms of microbiome-related
contributions to the entire host. The gut
microbiome will be tapped to under-
stand the needs/identity/skills of indi-
vidual microbes so that functions can
be attached. The relative contribution
of microbiomes to heredity is an
interesting question to ponder. Finally,
intentional manipulation of the gut



microbiome by introducing intact
microbial communities (FMT), single
or selected beneficial microbes (pro-
biotics), or dietary shifts (including
prebiotics) will hopefully yield oppor-
tunities to improve human health and

prevent or cure diseases. Insights into
microbial and human metabolism may
help us identify new biomarkers, diag-
nostic tools, and therapeutic targets in
the future.
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