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Dirk van der Waaij
1931-2016

Dirk van der Waaij was the originator and one of the founders of the Old Herborn
University Seminars. He had for a long time the wish to organise yearly meetings
on the subject "microflora and immune system" and to publish the proceedings of
these meetings in a series of monographs. This idea became reality in 1985 when
Dirk and I attended the 10th International Symposium on Intestinal Microecology
in Minneapolis, Minnesota (USA). During this symposium we had a meeting with
Volker Rusch in the bar of our hotel and Dirk discussed his ideas on these yearly
meetings with us. Volker had organised the Symposium on Intestinal
Microecology the year before in Herborn, Germany as an honour to the
University of Herborn (that was founded in 1584 by William I "the Silent", but
closed by Napoleon in 1812). Volker recognised in Dirks idea possibilities to
restore the academic environment in Herborn and during that evening the "Old
Herborn University Seminars" were born and the ideas of Dirk became reality.
Dirk, who was born in Semarang (in the Dutch East Indies, nowadays
Indonesia), did spend 3 years (from 1942 until 1945) from his youth in Japanese
concentration camps. During the last year of the war he was "hospital-care-taker-
assistant" in a "boys concentration camp" housing boys of ten years and older.
This might be the reason that, after finishing high school in the Netherlands, he
decided to study medicine in Leiden. After completing his medical studies he
performed his PhD studies in the Laboratory for Parasitology of the Leiden



University and received his PhD title cum laude after defending his thesis entitled
"Development and transmission capabilities of Toxoplasma gondii during
experimental infection with chronic course in mice". His studies included the role
of innate immunity as well as adaptive immunity and can be considered as the
start of his lasting interest in the relation between the microflora and the immune
system, which was and still is one of the main subjects of the Old Herborn
University Seminars.

After finishing his PhD studies, Dirk worked from 1959 until 1975 as head of
the Department of Microbiology in the Radiobiological Institute TNO in Rijswijk,
the Netherlands, where he started and maintained germ-free and SPF rodent
colonies and where he also had the possibility to work with other laboratory
animal species, such as beagle dogs and rhesus macaques. Here, Dirk developed
his ideas on how to manipulate the microflora in order to prevent infections in
immunocompromised patients as well as graft-versus-host disease, a serious
immunological complication after allogeneic bone marrow transplantation. His
concepts of complete and selective decontamination of the gastrointestinal tract,
reverse isolation by the use of laminar airflow systems, as well as the concept of
"colonisation resistance" have had great influence on the treatment of patients
with leukaemia and other disorders of the haematopoietic system. He was the
initiator of the Gnotobiotic Project Group of the European Organisation for
Research on the Treatment of Cancer (EORTC), which performed several
international multicentre studies on the effect of selective decontamination of the
gastrointestinal tract and nursing under reverse isolation conditions on the
survival of leukaemia patients during intensive chemotherapy.

In 1975, Dirk was appointed Professor in Bacteriology and Serology at the
Department of Medical Microbiology of the University of Groningen where he
worked until his retirement in 1992. He had many PhD students, working again
on the relation between the microflora and the immune system, as well as on
methods to characterise the microflora. Many of those students were speakers
during the different Old Herborn University Seminars, in this way also
disseminating the original ideas of Dirk.

During the years that he was active in organising the Old Herborn University
Seminars, he had every year new ideas on how the program could give insight in,
what he called, the white spots: the parts of the puzzle that were missing to
understand the important influence of the microflora on immune and other
functions of the host. After his retirement in 1992, Dirk continued to be a member
of the Old Herborn Seminar Committee until he decided in 2009 that it was time
to make place for the younger generation.

In the years after 2009, Dirk developed health problems that made it difficult
for him to travel and thus to attend the seminars, but he was present at the 25th
seminar during which his important role in founding and continuing the Old
Herborn University Seminars was highlighted.

We miss him greatly and will remember him as a driven scientist whose
original ideas and research still have a great influence on basic science as well as
on the medical field. We express our condolences to his wife Hillie and his
family.

Peter J. Heidt
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HOST-MICROBIOME INTERACTIONS - AN EVOLUTIONARY
PERSPECTIVE

THOMAS C.G. BOSCH and RENE AUGUSTIN

Zoological Institute, Christian-Albrechts-University Kiel, Olshausenstr. 40,
24098 Kiel, Germany

“NOTHING IN BIOLOGY MAKES SENSE EXCEPT IN THE LIGHT
OF EVOLUTION” (Dobzhansky, 1973)

SUMMARY

We are in the midst of a technology-driven revolution that has given us the
tools to study nature. In the last 10 years, biology has made revolutionary
advances from century-old debates about the relative importance of non-
pathogenic bacteria. New applications of sequencing technologies are trans-
forming our understanding of the biology of plants, animals and humans.
All multicellular organisms are colonized by an assemblage of micro-
organisms which, for the most part, peacefully co-exist with their hosts.
Alterations to microbial communities are associated with, and likely con-
tribute to, a number of disorders. Any organism, therefore, is considered a
“metaorganism” or “holobiont”.

This review examines how a growing knowledge of the animal-bacterial
interactions in the phylogenetically ancient model system Hydra is uncover-
ing new mechanisms to old cell biological problems that provide a founda-
tion for understanding, preventing and in the long-term even treating dis-
eases. We demonstrate that the epithelium is an ecosystem hosting a com-
plex microbiome and that components of the innate immune system as well
as transcriptional regulators of stem cells are involved in maintaining
homeostasis between epithelia and their resident microbiota. We conclude
that beneficial bacterial-host interactions should be considered an integral
part of biology and that nontraditional model systems can provide a holistic
understanding of the complexity of metaorganisms.

INTRODUCTION:
EPITHELIA ARE ECOSYSTEMS AND HOST TO
COMPLEX MICROBIAL COMMUNITIES

Our understanding of the biology of
plants, animals and humans is in the
midst of a major transition. Extraordi-
nary recent progress in molecular ge-
netics in a number of model systems,
novel sequencing technologies and
comparative bioinformatics is revealing

details about that undermine prior con-
ceptions, and highlight the value of an
evolutionary perspective. The naive
conception that the intestinal or cutane-
ous epithelium is an entity, with some
ectodermal and mesodermal cell types
interacting with each other, is fading as
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Figure 1: (A) Dendrogram showing evolutionary relationships of selected metazoans. Taxa are
arranged in descending order of phylogenetic emergence relative to vertebrates. Divergence times
are not to scale and tree branches are intended only to depict general relationships. (B) The fresh-
water polyp Hydra vulgaris attached to substrate (picture by S. Franzenburg). The basal metazoan
has been a useful model addressing fundamental questions in immunity and host-microbe interac-
tions in recent years. (C) Multicellular organisms are metaorganisms composed of the macroscopic
host and synergistically interdependent bacteria, archaea, viruses and eukaryotic species including
fungi and algal symbionts (modified from Bosch and McFall-Ngai, 2011).

the complex and dynamic nature of or-
ganisms as metaorganisms is becoming
better understood. All animals, ranging
from simple invertebrates to humans,
are host to complex microbial commu-
nities and, therefore, must be consid-
ered a meta-organism, i.e. the macro-
scopic host in synergistic interdepend-
ence with bacteria, archaea, viruses,
fungi, and numerous other microbial
and eukaryotic species (Figure 1) (Ley
et al.,, 2008; Bosch and McFall-Ngai,
2011; Bosch and Miller, 2016). These

resident microbes influence fitness and
thus ecologically important traits of
their hosts (McFall-Ngai et al., 2013;
Bosch, 2013).

Since 150 years bacteriologists, mi-
crobiologists and immunologists have
focused on bacteria as pathogens. This
approach has led to enormous insights
in the battle between the invading
harmful microbes and the host and also
opened up the opportunity to develop
efficient strategies to fight infections.
Today we know that most bacteria are



not harmful but beneficial and are play-
ing a key ecological role. In an updated
literature survey, only about 200 of the
millions of bacteria that interact with
humans are regarded as emerging or
reemerging pathogens (Taylor et al.,
2001; Woolhouse and Gowtage-
Sequeria, 2005). Inexpensive, high
throughput sequencing has uncovered a
new world of relationships between
skin cells and their colonizing microbes
(Grice and Segre, 2011; Findley et al.,
2013; Belkaid and Segre, 2014; Oh et
al., 2014). For example, using mass
spectrometry and DNA sequencing, the
bacteria and chemical compounds
found on human skin have been sam-
pled and mapped across the body in a
series of 3-D images (Bouslimani et al.,
2015). The chemical signature (secre-
tome) found on the skin is thought to
be unique to an individual and is dis-
tinct for certain body parts. It harbours

specific combinations of bacteria and a
distinct mix of molecules from foods
eaten and even medicines taken. This
newfound awareness of the skin as an
ecosystem colonized by a diverse mi-
lieu of microorganisms presents addi-
tional layers of complexity for derma-
tologists and raises many questions that
are being addressed by new and inter-
disciplinary research programs. The
field of ecological evolutionary devel-
opmental biology (Eco-Evo-Devo) at-
tempts to study and model this new
view of nature by organizing concepts
such as developmental symbiosis and
developmental plasticity into evolu-
tionary theory (Gilbert et al., 2015).
“Biology has entered a new era with
the capacity to understand that an or-
ganism’s genetics and fitness are inclu-
sive of its microbiome” (Brucker and
Bordenstein, 2014).

BACTERIA MATTER: RECENT LESSONS FROM HAEMOPHILUS

Symbiotic microorganisms occupy a
wide range of skin niches (Grice and
Segre, 2011; Findley et al., 2013; Bel-
kaid and Segre, 2014; Oh et al., 2014)
and may even protect against invasion
by more harmful or pathogenic organ-
isms. Recent evidence supporting this
view comes from a study focused on
Haemophilus ducreyi (van Rensburg et
al., 2015). This bacterium causes chan-
croid, a relatively common form of
sexually transmitted genital ulcers that
is endemic in certain parts of Africa
and Asia and facilitates the transmis-
sion of HIV-1. The bacterium has also
been implicated in nonsexually trans-
mitted cutaneous ulcers in children in
the tropics. Interestingly, infected indi-
viduals can either clear the infection or
develop pustules that eventually form
abscesses. What is the reason behind
these differences? Taking advantage of

a unique human skin infection model,
researchers at Indiana University have
found evidence to suggest that the
make-up of the skin's microbiome
plays a major role in whether an
individual can clear the H. ducreyi
bacterial infection without intervention
(van Rensburg et al., 2015). The
investigators compared the skin micro-
biome in patients who resolved their H.
ducreyi infection to those who did not.
Strikingly, pre-infection skin microbi-
omes of pustule formers and resolvers
have distinct community structures that
change in response to the progression
of H. ducreyi infection. In people who
progressed to an active infection, the
microbiome was much more dispersed
from the beginning of the experiment
to the end than in those people who
spontaneously resolved their infections.
The results highlight an association be-



tween the skin's microbial inhabitants
and resolution of infection. But do the
bacteria that normally colonize our skin
directly help to clear the pathogenic
bacteria or is the microbiome only an-
other indicator, but not the cause of
bacterial infection? While we have to
wait for answers to these questions, the
Haemophilus study provides a convinc-
ing example of how the ecology of hu-
man skin can influence health and dis-
ease. Microbes therefore matter! Intri-
guingly, one of the abundant bacterial
taxa among the infection-resolvers was
Propionibacterium acnes, a microbe
associated with skin acne. Thus it

seems that under some circumstances
bacterial species or strains, such as
Propionibacterium acnes, may cause
skin disease and under other conditions
may guard the skin and keep it healthy.
Principles of ecology appear to deter-
mine the homeostasis between skin-
dwelling bacteria and their host tissue.
Recent studies highlight that in addi-
tion to chancroid, the pathological out-
come of many human and animal dis-
eases is influenced by the co-existence
with the residing microbial communi-
ties (Manichanh et al., 2006; Oakley et
al., 2008; Enck et al., 2009; Giongo et
al., 2011; Huang et al., 2011.

IN THE BEGINNING, NON-HOST DERIVED IMMUNITY APPEARED
FOR THE FIRST TIME IN CNIDARIA ...

The origin of metaorganisms represents
a major evolutionary step that sup-
ported multicellular life (Bosch and
Miller, 2013). Phylogenetically, stable
associated microbes providing non-host
derived immunity appeared for the first
time in Cnidaria (Figure 1A), eumeta-
zoan animals with a radially symmet-
rical, sac-like body plan. Can therefore
early emerging metazoans help us to
understand basic concepts that may be
involved in mucosal immunity? Cni-
darians such as the freshwater polyp
Hydra are diploblastic animals consist-
ing of an ectodermal and an endoder-
mal epithelium (Figure 1B). While both
layers are separated by an extracellular
matrix (mesoglea), a true mesoderm is

missing. In both layers, epithelio-mus-
cular cells whose bodies form part of
the epithelium but whose bases extend
to form muscle fibres are multifunc-
tional having both secretory and phago-
cytic activity. Cnidarians not only are
among the earliest known phyletic line-
ages to form natural symbiotic relation-
ships with bacteria and eukaryotes but
also possess most of the gene families
found in bilaterians and have retained
many genes that have been lost in Dro-
sophila melanogaster and Caenorabdi-
tis elegans (Bosch and Miller, 2013).
For this reason, “early emerging meta-
zoans” such as Hydra allow us to gain
insights into the very early evolution of
metaorganisms (Figure 1C).

MICROBE-EPITHELIAL INTERACTIONS IN HYDRA

Defining the individual microbe-host
conversations in a given metaorganism
(Figure 1C) is a challenging but neces-
sary step on the path to understanding
the function of the associations as a
whole. Untangling the complex interac-

tions requires simple animal models
with only a few specific bacterial spe-
cies. Such models can function as liv-
ing test tubes and may be key to dis-
secting the fundamental principles that
underlie all host-microbe interactions.
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Figure 2 A) Life Hydra vulgaris AEP polyp (photo credit: S. Franzenburg). B) schematic
representation of Hydra tissue including ectodermal and endodermal epithelial (with cilia) cells
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low) (scheme credit: L. Lenk). C) Schematic representation of human skin including associated
microbiota. Note structural similarities with the simple epithelium of Hydra. D) Hydra polyps are
colonized by species-specific microbiota. Upper panel: Bacterial communities identified from four
different Hydra species. Lower panel: Comparison of the phylogenetic tree from Hydra and the
environmental cluster tree of the corresponding microbiota. E) Innate immune recognition in Hy-
dra by Toll-like receptor (TLR) signalling. Recognition of bacteria is mediated by an intermolecu-
lar interaction of HyLRR-2 as receptor and HyTRR-1 as signal transducer. The HyTRR-1 mole-
cule contains a Toll/interleukin-1 receptor (TIR) domain, a transmembrane domain, and an extra-
cellular domain lacking any specific domain structure. The HyLRR-2 gene encodes a transmem-
brane protein carrying up to eight TLR-related LRR domains in its N-terminal region in addition
three EGF domains. Upon activation, the receptor recruits primary adaptor molecules such as
MyDS88 to engage downstream signalling pathways including NF-«B. Activation of this receptor
complex then triggers the innate immune response, which involves the production of antimicrobial
peptides. Abbreviations: MyD88, myeloid differentiation factor 88; TM, transmembrane; TFs,
transcription factors; LRR, leucine-rich repeat; EGF, epidermal growth factor; NF-kB, nuclear
factor kappa-light-chain-enhancer of activated B cells (taken from Bosch, 2013).



Here we introduce Hydra (Figure 1B;
Figure 2A and B) as such a non-tradi-
tional model with one of the simplest
epithelia in the animal kingdom, with
only two cell layers, with few cell types
derived from only three distinct stem
cell lineages, and with the availability
of a fully sequenced genome and nu-
merous genomic tools including trans-
genesis. For analytical purposes, Hydra
is a premier model organism, which in
the laboratory is propagated and mass-

cultured. The ectodermal epithelium
provides a permanent protection barrier
to the environment and resembles in
several aspects the anatomy of the cuta-
neous epithelium in vertebrates (Figure
2B and C). Since the genome content
(Chapman et al., 2010) and the ectoder-
mal epithelial organization are remark-
ably similar to that of the human skin,
these animals offer unique insights into
the biology of a cutaneous epithelium.

MICROBIAL COLONIZATION

Bacteria are an important component of
the Hydra metaorganism and colonize
the mucus layer, which is coating the
ectodermal epithelium (Figure 2B).
The 36 identified bacterial phylotypes
represent three different bacterial divi-
sions and are dominated by Proteobac-
teria and Bacteroidetes (Fraune and
Bosch, 2007; Franzenburg et al,
2013). Disturbances or shifts in any of
these partners can compromise the
health of the whole animal (Fraune et
al., 2015). Because Hydra have been
cultivated tens of years under standard
conditions at constant temperature and
identical food, it came as a surprise that
examinations of the microbiota in
different species kept in the laboratory
for more than 20 years under controlled
conditions revealed an epithelium colo-
nized by a complex community of mi-
crobes, and that individuals from dif-
ferent species but cultured under identi-
cal conditions differed greatly in their
microbiota. Bacteria in Hydra, there-
fore, are specific for any given species
(Franzenburg et al., 2013). In line with
this, the composition of the microbi-
ome parallels the phylogenetic relation-
ships of the Hydra species (Figure 2D).
The microbiome, therefore, reflects an
ancestral footprint of evolution, a pat-
tern termed phylosymbiosis (Brucker

and Bordenstein, 2013). This finding
strongly indicates that distinct selective
pressures are imposed on and within
the Hydra epithelium and that the host
cells actively shape the composition of
its colonizing microbiota (Bevins and
Salzman, 2011). Microbiota coloniza-
tion can depend on the genetics of the
host, and there is an intensifying inter-
est today in resolving the relative con-
tributions of the environment and host
genes on the assembly of host-associ-
ated microbial communities. In hu-
mans, along with evidence for the in-
fluence of environmental factors, there
is clear support for a host genetic com-
ponent in structuring of microbial com-
munities (Spor et al., 2011). In addition
to candidate gene approaches, research-
ers have used host genome-wide ge-
netic variation to find interactions with
the microbiome. For example, in a
recent genetic association study fo-
cused on psoriasis, a chronic autoim-
mune disease with complex genetic ar-
chitecture, evidence was provided that
a number of susceptibility genes are
involved in innate and adaptive im-
munity and skin barrier functions (7soi
et al., 2015). The microbiota, therefore,
is a complex trait that is under strong
host genetic control. The host genome
may filter environmental microbes into



host tissues as a form of symbiont do-
mestication, and reciprocally, environ-
mental microbes may prefer to occupy

specific lineages of hosts (Brucker and
Bordenstein, 2012).

MICROBIAL RECOGNITION AND REGULATION

For microbial recognition, Hydra uses
the Toll-Like Receptors (TLRs) with
MyD88 as signal transducer (Figure
2E) and the nucleotide-binding and oli-
gomerization domain (NOD)-like re-
ceptors (NLRs). Engagement of these
receptors leads to a fast induction of
protective programs. Prominent effec-
tor molecules downstream of the con-
served TLR cascade are antimicrobial
peptides (AMPs) (Figure 2E). AMPs in
vertebrates and invertebrates act by dis-
rupting the structure or function of the
microbial cell membranes. Our work
has shown that in contrast to previous
assumptions these peptides are not
simply killing microbes but function as
host-derived regulators of the symbi-
otic microbiota (Franzenburg et al.,
2013). In humans, there are three im-
portant groups of AMPs: the defensins
as cationic non-glycosylated peptides
containing six cysteine residues; the
histatins, which are small, cationic, his-
tidine-rich peptides present in human
saliva; and cathelicidin LL-37 which is
derived proteolytically from the C-

terminal end of the human CAP18 pro-
tein (De Smet and Contreras, 2005). In
the human genome there are at least 33
B-defensin genes. In Hydra the situa-
tion is much more simple. Up to now
three families of potent AMPs have
been identified: the hydramacin, peri-
culin and arminin peptides. Constitu-
tive high level expression and species-
specific variability made particularly
the arminin peptide family an excellent
candidate for investigating the role of
AMPs in shaping the host-specific
microbiota. Arminin-deficient Hydra
have a decreased ability to select suita-
ble bacterial partners from a pool of
foreign potential colonizers as they are
colonized differently than control
polyps, which select for bacterial types
partially resembling their native micro-
biota (Franzenburg et al., 2013). We
conclude from these results that AMPs
are shaping the stable associated micro-
biota and function as host-derived
regulators of microbial diversity rather
than being protecting agents against
pathogenic infection only.

MICROBIAL FUNCTION

Recent studies in germfree animals
have shown that shifts in the microbi-
ome can have a strong effect on host
traits and could be causal in disease
phenotypes (Turnbaugh et al., 2009).
Similarly to studies in mice, we have
used gnotobiotic Hydra to analyse the
functional importance of commensal
bacteria (Fraune et al., 2015). Bacterial
colonizers in Hydra inhabit the outer
layer of the glycocalyx and therefore,

have no direct contact to the ectoder-
mal epithelium (Figure 2B). While con-
trol cultures very rarely show signs of
fungal infection, germfree Hydra cul-
tures are regularly infected by fungi.
Fungal hyphae are growing on the sur-
face of germfree polyps closely at-
tached to the ectodermal epithelium
and can cause the death of the animals.
Restoring the specific microbiota in
gnotobiotic polyps prevents fungal



Figure 3: A) A scheme illustrating the current scenario of host gene environmental interactions. In
response to changes in the microbiota FoxO activity is altered, which results in a change in expres-
sion of stem cell and immune genes, which has an impact on the maintenance of stem cell and
immune system (secretome change, e.g. AMP’s) and thereby on the composition of the microbiota
as well as on the aging process of an organism. Young, non-aged individuals, and potentially im-
mortal organisms such as Hydra, have high numbers of active stem cells and an effective immune
system. Old, aged individuals, and FoxO-deficient Hydra are characterized by a decline in stem
cell number and functionality as well as an increasingly ineffective and unspecific immune system.
B) In the Hydra holobiont, beneficial microbes represent a major factor whose activities are linked
to both tissue homeostasis, illustrated as stem cell factors, and immunity (modified from Bosch,
2013).

infection (Fraune et al., 2015). Bacteria
found to significantly inhibit fungal
outgrowth in vivo include Acidovorax
sp., Curvibacter sp., Pelomonas sp. and
Undibacterium sp.. Most importantly,
none of the tested bacterial colonizers
alone is able to provide full antifungal
resistance. Mono-associations with dis-
tinct members of the microbiota are not
efficient or fail completely to provide

protection. Resistance is only achieved
in polyps recolonized by a complex
bacterial community. Multiple mem-
bers of the microbiota act synergisti-
cally to confer resistance against the
pathogenic fungus indicating that func-
tional diversity within the commensal
microbiota is central to pathogen clear-
ance from the epithelium.



STEM CELL PROLIFERATION IS LINKED TO INNATE IMMUNITY
AND MICROBIOTA COMPOSITION

As always, the unexpected is the most
fascinating. In an effort to uncover the
molecular logic behind Hydra’s unlim-
ited life span by an unbiased transcrip-
tome analysis, we found that the tran-
scription factor forkhead box O (FoxO)
is strongly expressed by all three stem
cell lineages, whereas it is absent in
differentiated cells (Boehm et al.,
2012). By gain-of-function and loss-of-
function analysis we subsequently
could show that FoxO indeed is a criti-
cal component of the mechanisms con-
trolling stem cell behaviour in immor-
tal Hydra. Interestingly, silencing of
FoxO activity not only affects develop-
mental and differentiation genes but
also causes changes in the expression
patterns of antimicrobial peptides
(AMP) which represent the immune

status of Hydra (Figure 3A). FoxO
knockdown polyps showed significant
changes in expression of AMPs of the
hydramacin, periculin and arminin
family. In line with this, in silico analy-
sis revealed multiple FoxO-binding
sites on the promoter sequences of the
corresponding antimicrobial peptide
genes. The unexpected link between
FoxO and components of the innate
immune system (Figure 3) has shed at
least some light on the age-old problem
of how developmental pathways are
linked to components of innate immun-
ity. Taken together, it seems that bene-
ficial microbes represent a major factor
whose activities are linked to both
tissue homeostasis, illustrated as stem
cell factors, and immunity (Figure 3B).

THE IMMUNE SYSTEM AS HARDWARE FOR A FUNCTIONING
INTERSPECIES NETWORK

Numerous observations in Hydra indi-
cate that immune systems evolved as
much to manage and exploit beneficial
microbes as to fend off harmful ones
(Bosch, 2015). Evidence for this view
comes from the discovery that indi-
viduals from different species differ
greatly in their microbiota and that in-
dividuals living in the wild are colo-
nized by microbiota similar to that in
individuals grown in the lab, pointing
to the maintenance of specific micro-
bial communities over long periods of
time. As a result of the finding that

interactions between animals and mi-
crobes are not specialized occurrences
but rather are fundamentally important
aspects of animal biology and that anti-
microbial peptides and other compo-
nents of the immune system are key
factors for allowing the right microbes
to settle and to kick the less desirable
ones out, the view of the role of the im-
mune system has changed radically in
the last decade and is seen now as
door-opener for symbiotic interactions
(Bosch, 2015).

CONCLUSIONS

The increasing awareness that animals
including humans exist only within a
partnership with symbionts has led to

two important realizations. First, the
health and fitness of the skin appears
fundamentally multi-organismal; and



second, an in-depth understanding of
the physmlogy, evolution and develop-
ment of organisms cannot be done on
host cells only. Those unexpected in-
sights ask for new research initiatives
to systematically evaluate the critical
position that microbes have in the host
body. However, in spite of all these in-
sights we have still not been able to
coherently integrate the accumulated
abundance of information into a truly

mechanistic understanding of host-mi-
crobe interactions in a given organism.
It is particularly striking that we do not
even know yet what defines a healthy
state of microbiota. Furthermore, how
does the host control the symbiotic
community composition? How stable
are these host-associated species com-
munities and how robust are they to
environmental perturbations?

SIX IMPORTANT AREAS OF FUTURE RESEARCH

* Important areas of future research
include developing approaches to ex-
amine at a mechanistic level how a
complex microbiota interacts as a spa-
tially and temporally dynamic network.
Here, a key point is to understand to
what extent the overall function of the
microbiota is influenced by individual
as well as synergistic contributions of
community members.

* More generally, current microbiota
research crucially requires us to be able
to manipulate particular microbes
within the community (Bosch, 2014).
Tools to modify the presence of partic-
ular microbes are rare. Novel tools are
needed to tag particular species or
strains and/or identify molecules that
can impact a specific taxon.

* Important areas of future research
also include metagenomic screening of
the associated virome, including both
DNA and RNA mammalian viruses
and bacteriophages, and its correlation
with disease.

* What is urgently needed is to inte-
grate information across numerous or-
ganisms and from multiple levels of
organization, portraying the ecological
and genetic interaction networks of en-
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tire systems, moving away from a
linear cause and effect perspective.
Such integrative and multi-level re-
search approaches are required to sys-
tematically evaluate the critical role of
the microbe-host assemblages as units
of selection during evolution.

* With a deeper understanding of the
interdependent networks and interfaces
that define host-microbiota interac-
tions, we will hopefully be able to de-
termine whether microbial community
dynamics result from disease or are im-
plicit in instigating disease.

* This will be a key future develop-
ment in guiding therapeutic strategies,
including those based on engineering
microbial genomes and synthetic com-
munities. Since functional studies are
crucial both for elucidating the causal
mechanisms whereby microbes affect
host fitness and human genetic varia-
tion impacts the microbiome, and for
identifying novel treatments for inflam-
matory skin diseases, such as atopic
dermatitis and acne vulgaris, non-tradi-
tional model systems such as Hydra
may serve as an informative experi-
mental tool in rethinking paradigms in
medical research.
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Figure 4: A model that summarize and illustrates how changes on environmental conditions
influence the partner choice within the metaorganisms. The quick exchange of partners leads to a
fast alteration of the functional abilities of the holobiont and allows, without immediate change of
the host genome, an adaption to the changed environment.

SEEKING A HOLISTIC UNDERSTANDING OF THE
CUTANEOUS EPITHELIUM

Epithelia are ecosystems carrying a
myriad of microbes with them. Current
efforts to understand the association
between microbes and host cells treat
the interacting partners as separate enti-
ties, rather than parts of one holistic
system. The properties of a given sym-
biosis system, however, cannot be de-
termined or explained by the specific
features of its separate constituents.

We have seen above that the micro-
biota associated with a given cutaneous
epithelium might change in response to
changes in tissue homeostasis or envi-
ronmental conditions. That makes it
exciting to ask whether the ability of
the cutaneous epithelium to adapt to
stresses, to function under different en-
vironmental conditions, and resist a
pathogen infection, is dependent not
only on the genome of the epithelial
cells, but on the genomes of its symbi-
onts. In principle, the modularity and
interoperability of the components of

the metaorganism allows rapid adapta-
tion to changing environmental condi-
tions by altering the associated micro-
biota. This view was conceptualized by
the “holobiont concept” (Zilber-Rosen-
berg and Rosenberg, 2008; Rosenberg
et al, 2009; Rosenberg and Zilber-
Rosenberg, 2013) which predicts that
changes in the microbiome — from a
shift in the ratio of different microbes
to the acquisition of new ones — can
allow the holobiont to adapt quickly to
changing circumstances and even ac-
quire new abilities during its lifetime.
Depending on the variety of different
niches provided by the host, which can
change with developmental stage, diet
or other environmental factors, a more
or less diverse microbial community
can be established within a given host
species. The dynamic relationship be-
tween symbiotic microorganisms and
environmental conditions results in the
selection of the most advantageous
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holobiont. A living system such as the
cutaneous epithelium is nothing but a
network of self-coordinating parts,
which can bolster its resilience. It may
be this kind of modular structure that
provides the human skin with re-
sistance against certain pathogens (such
as Haemophilus) enabling it to fast
adapting to novel environmental condi-
tions (Figure 4).

Accordingly, and in more general
terms we see host-microbe interactions
as significant drivers of animal evolu-
tion and diversification (Gilbert et al.,
2015). The forces that shaped and still
are shaping the colonizing microbial
composition are the focus of much cur-
rent investigation, and it is evident that
there are pressures exerted both by the

host and the external environment to
mold these ecosystems. Understanding
the diversity of such genome-microbi-
ome-environment interactions requires
integrative, multidisciplinary, and mod-
elling-based approaches (Bosch, 2014;
Gilbert et al., 2015).

The newness of all of this microbi-
ome research and the implications of
these discoveries revolutionizing many
aspects of biology and medicine are
truly exciting. And the lessons are
clear: Over decades we have learnt
about the toothed wheels (Figure 3B),
but we still do not understand the
clock. As we recently proposed (Bosch
and Miller, 2016): “The time has come
for a holistic understanding of complex
life processes”.
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SUMMARY

The complex interaction between the metazoan host and its commensal gut
microbiota is one of the essential features of symbiosis in the animal king-
dom. As there is a burgeoning interest to decipher the molecular dialogue
that shapes host-microbiota mutualism, the use of gnotobiotic model organ-
ism becomes an imperative approach to unambiguously parse the specific
contributions to such interaction from the microbiome. In this review, we
focus on several remarkable gnotobiotic studies in Drosophila that function-
ally depicted how the gut microbes can alter host physiology and behaviour
through transcriptomic regulation, hormonal control and diet modification.
These results in concert illustrate that the gnotobiotic flies mono- or poly-
associated with members of its gut microbiota deliver a versatile and power-
ful model that is amenable to different types of studies ranging from classic
genetics to large-scale systems approaches.

INTRODUCTION

In 1883, Louis Pasteur expressed his
wish to raise a “microbially deprived”
young animal on “pure” food from
birth, and postulated that “without any
preconceived notion.... life under such
condition... shall become impossible”
(Pasteur, 1885). Nearly 30 years later,
Eugene Wollman at the Pasteur insti-
tute in Paris successfully cultured the
first germfree common blowflies
(Calliphora vomitoria) and observed
that except for certain minor growth
delay, the adult flies appeared perfectly
normal (Wollman, 1911). At first,
Wollman’s experiment seemed to have
put an end to Pasteur’s claim, yet in
truth it was only the beginning.
Throughout his productive career as a
microbiologist, Wollman probably did

not realize that his germfree blowflies
spawned an entire field of animal
physiology based on host-microbe
interactions; and only when a germfree
life was made possible, the concept of
“gnotobiology” could spring to life. In
the past century, Pasteur’s musing on
what life would be like without its resi-
dent microbes gradually transformed to
a quest to understand how the eukary-
otic hosts and their bacterial partners
orchestrate the symphony of life, and
how such interactions probably pro-
foundly changed the course of our evo-
lutionary history (McFall-Ngai et al.,
2013).

Microbes occupy every possible
ecological niche on earth. A set of
particular niches comprise the various
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internal epithelia of the metazoan hosts,
who, through eons of evolution, have
forged complex and intricate relation-
ships with this rich and diverse micro-
bial community, called the “microbi-
ota” (McFall-Ngai et al., 2013; Doug-
las, 2014). A human host carries on his
body far more microorganisms than his
own cells, and these invisible dwellers
constitute 1-3% of his body mass (Hu-
man Microbiome Project, 2012; Som-
mer and Backhed, 2013). The human
gut alone harbours approximately 500
to 1,000 bacterial species (Eckburg et
al., 2005), and represents the largest
mucosal surface where the exchanges
between the host and the microbiota
take place. In the last decades, many
studies together generated a systematic
understanding of how the gut microbi-
ota and its diverse gene repertoire,
called the “microbiome”, can configure
the fitness parameters of the host; a
healthy microbiota can expand the
host’s metabolic potential, fortify its
immune system, promote healthy aging
and even dictate its emotional and psy-
chological well-being (reviewed in:
Grenham et al., 2011; Clemente et al.,
2012; Sommer and Backhed, 2013;
Kaiko and Stappenbeck, 2014; and Sha-
ron et al., 2014). However, as the com-
munity structure and activities of the
gut microbiota are extremely sensitive
to fluctuations in the environment, per-
turbations to the microbiota pose sig-
nificant risks to the host (reviewed in:
O'Hara and Shanahan, 2006; and Gib-
son et al., 2014). Subtle changes in host
immunity, diet or xenobiotic concentra-
tion can disrupt the balance in the gut
microbial community, which conse-
quently compromises host fitness. In
mammals, microbiome imbalance, or
dysbiosis, positively correlates to the
onset of obesity, diabetes, colon cancer
(reviewed in: Tremaroli and Backhed,
2012; Karlsson et al., 2013; and Irraza-
bal et al., 2014) and human psychiatric

18

disorders such as schizophrenia and
autism (reviewed in Fond et al., 2014).
Currently, a large amount of re-
search on host-microbiota mutualism
employs vertebrate models, yet the
high complexity of the microbial com-
position in the mammalian gut, the
difficulty to culture most of these
microbial species, and the cost of rais-
ing these animals in a strictly sterile
environment pose a considerable obsta-
cle. Therefore, to delve deeper into the
molecular interplay between the host
genome and the microbiome and the
environmental contributions to such
interplay, a more genetically tractable
model organism with simpler and even
defined microbiota is an attractive op-
tion. Drosophila melanogaster fits
these criteria. First of all, the intestinal
tract of the fruit fly is anatomically and
physiologically similar to the mamma-
lian gut (Lemaitre and Miguel-Aliaga,
2013), yet the microbial composition is
rather simple: throughout the larval and
adult life, the fly gut hosts five to
twenty aero-tolerant commensal spe-
cies, all of which are readily cultured in
the laboratory (Broderick and Le-
maitre, 2012; Erkosar et al., 2013).
Two families of bacteria: Acetobacter-
aceae and Lactobacillaceae, dominate
the community (Chandler et al., 2011;
Shin et al., 2011; Storelli et al., 2011;
Wong et al., 2011; Ridley et al., 2012;
Chaston et al., 2014). However, the fly
gut microbiota is transient in nature and
requires constant replenishment, thus
the community structure and bacterial
load fluctuate highly as the flies de-
velop and age (Blum et al., 2013; Bro-
derick et al., 2014; Erkosar and Leu-
lier, 2014). Such inconstancy makes it
difficult to clearly pinpoint the bacte-
rial genetic factors contributing to host
physiology. Therefore, the use of gno-
tobiotic fly models, in combination
with classic genetic approaches and
next-generation sequencing, proves to



e

Sterile environment

-

—

APy

APy

Freshly loid Drosophila
embryos

2,7% Bleach

2L/

70% Ethanol

4Py

Nutritive substrate
+ Antibiotics & preservatives

Sterile water

>

O o=

0 Monoassociation OR é Polyassociation

e

OR Nutritive substrote +
Sterile housing

Iy

Metabolism, Physiology &
Growth parameters

Metabolism, Physiology &
Behaviour

Figure 1: Building a gnotobiotic Drosophila model to study host-microbiota mutualism.

A. To obtain germfree flies, freshly laid eggs are harvested in large-scale and washed in succession
with bleach, ethanol and sterile water. To maintain axeny, the dechorionated eggs are then grown
in the presence of antibiotics and preservatives or in a sterile environment.

B. To study the specific contribution of the microbiome to the different aspects of host physiology,

ex-axenic eggs or adults are mono-associated with

a single gut commensal species (green drop) or

poly-associated with a defined set of gut commensal bacteria (blue and yellow coloured drop).

Such gnotobiotic flies have been used to study the

impact of specific commensals on host juvenile

growth, developmental timing, metabolic homeostasis and adult behaviour.

be the new and effective means to
study intestinal mutualism with added
advantage, because it enables the inves-
tigators to inoculate the germfree sub-
jects with various bacterial strains of
predefined quantity and composition —
such of any member of the fly microbi-
ota. In this setting, the researchers not
only can rigorously monitor the pheno-
typic changes in different aspects of
host physiology, but also can robustly
correlate and even attribute particular
changes to the specific functions from
the microbiome, as the genomes of

many gut microbiota species are being
rapidly sequenced and annotated (Hu-
man Microbiome Project, 2012). More-
over, except for Acetobacter, which is
mostly found in insects (Crotti et al.,
2009; Chouaia et al., 2014), Lactoba-
cillus species are commensal to mam-
mals (Reuter, 2001; Rastall, 2004 ;
Walter et al., 2011). Therefore, the re-
sults from such gnotobiotic fly studies
can be readily translated to mammalian
studies. Drosophila models were first
used to dissect the genetic networks
governing host/pathogen interaction

19



(Buchon et al., 2014). With the same
approach, pioneering studies have
shown promising results to identify and
functionally characterize the genetic
components of the molecular crosstalk
between Drosophila and its commensal

bacteria. In this review, we discuss the
findings from the studies using gnoto-
biotic fly models to unravel the impact
of the members of gut microbiota on
host metabolism, physiology and be-
haviour (Figure 1).

THE MAKING OF THE GNOTOBIOTIC FLIES

As mentioned before, in the early
1910s, Eugene Wollman and his col-
leagues at the Pasteur institute were
among the first to raise germfree ani-
mals such as common blowflies, tad-
poles and guinea pigs. Wollman made
the first germfree common blowflies by
treating the egg surface with diluted
hydrogen peroxide and raising the lar-
vae on sterilized meat substrate (Woll-
man, 1911). Interestingly, Wollman
observed that the germfree larvae
reached normal body size, but at a
slower rate. Moreover, these flies
seemed slower in movement and less
interested in foraging. Therefore, even
though the “microbially deprived” life
was indeed possible in a sterile envi-
ronment, the difference between such a
life and it’s conventionally reared (CR)
siblings was already observable to the
naked eye. In the next few decades,
Drosophila melanogaster was attaining
a more and more prominent status as a
model genetic organism. As a result, in
the 1950s and ‘60s, different methods
were developed to sterilize Drosophila
eggs on a large-scale and keeping
axenic fly stocks turned into a routine
laboratory practice.

In 1969, Marion Bakula developed
the first monoxenic Drosophila model
by associating bleached fly eggs with
either “native” or “foreign” bacteria
strains (E. coli) (Bakula, 1969). In her
study, only the “native” bacteria iso-
lated from the fly gut persisted
throughout larval development in the
fly host, who pupariated at a slightly
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faster pace than the axenic controls.
This is also the first gnotobiotic model
to demonstrate that the essential mode
of microbial transmission in fruit flies
is through larvae ingestion of the con-
taminated chorion. Therefore, thorough
dechorionation of the eggs can effec-
tively render a fly stock germfree. In
the next several decades, after trying
different sterilizing agents such as anti-
formin and formalin (Begg and Sang,
1950) researchers found that the treat-
ment with common household bleach
(diluted sodium hypochloride solution)
in combination with ethanol wash is the
safe, simple, rapid and effective way to
dechorionate the embryo and rid the
surface of bacterial “contaminants”.
However, bleaching alone cannot elim-
inate intracellular endosymbionts such
as Wolbachia, the most widespread in-
sect symbiont whose relationship with
the host ranges from parasitism to mu-
tualism. Depending on the context, the
presence of Wolbachia is known to af-
fect reproductive success, enhance in-
sulin signalling and boost host defence
(Ikeya et al., 2009; Gronke et al., 2010;
Ringo et al., 2011; Hamilton and Perl-
man, 2013). Therefore, to obtain a
“true” germfree or gut-commensal spe-
cific phenotype unadulterated by
Wolbachia, different laboratories have
adopted various protocols to maintain
germfree stocks, either by combining
bleaching with rearing flies on food
containing a mixture of antibiotics, or
by one-time treatment of bleach and the
subsequent maintenance of the flies in



a sterile environment (Figure 1A). Of
note, bleaching and/or antibiotic treat-
ment can lower fly viability and fecun-
dity and have certain unintended nega-
tive cellular and systemic effects on the
host (Ridley et al., 2013). Therefore,
the studies using germfree flies man-

date careful and thorough controls. In
the following sections, we review a few
seminal gnotobiotic Drosophila studies
that have uncovered important molecu-
lar mechanisms governing host-micro-
biota interaction.

THE STUDY OF HOST PHYSIOLOGY USING
A GNOTOBIOTIC FLY MODEL

A gnotobiotic fly model with classic genetics approach

That the germfree flies develop and
grow at a slower pace is an old obser-
vation that has held true since Woll-
man’s time. For example, in Baluka’s
monoxenic culture, the native bacterial
isolates from the Drosophila gut: Stock
13, a Brevibacterium variant, acceler-
ated pupariation compared to the
axenic stock (Bakula, 1969). This ob-
servation has now been further charac-
terized in greater detail. On a “stand-
ard” laboratory diet, the pupariation
and adult eclosion rate of the axenic
flies are delayed by one day compared
to their CR siblings (Shin et al., 2011;
Wong et al., 2014). However, this delay
becomes striking when the axenic flies
are presented with nutritive challenges.
Particularly, when raised on a diet
where the yeast content was below
0.1%, or was completely replaced by
casamino acids, the germfree flies die
(Shin et al., 2011). This observation
suggests that an intact gut microbiota
provides life-sustaining factors for the
host experiencing severe nutritive du-
ress. Next, when fed on a diet with low
yeast content, germfree flies pupariate
six days later than the CR flies (Storelli
et al., 2011). Therefore, the gut micro-
bioa can also override the developmen-
tal delay to potentiate growth in sub-
optimal nutritive environment. Im-
portantly, these two studies also

demonstrated that inoculating the
axenic fly embryos with one or several
defined gut commensal species, such as
Lactobacillus plantarum (L. planta-
rum) or Acetobacter pomorum (A. po-
morum), can recapitulate the growth
benefits conferred by the entire gut mi-
crobiota. Moreover, only certain strains
of L. plantarum sustain growth on a
low-yeast diet: several other isolates
from the fly origin were unable to pro-
mote host growth even though they
could colonize the larval gut and the fly
food just as efficiently as the beneficial
strains (Storelli et al., 2011). This ob-
servation unequivocally illustrates that
the gut microbiota promotes growth by
not just serving as a food source, but
through complex molecular and bio-
chemical interactions with the host.
How then, does the gut microbiota
promote host growth? First of all, like
for many metazoan species, the source
of the fly gut bacteria comes from con-
taminated food (Broderick and Le-
maitre, 2012; Erkosar and Leulier,
2014), and naturally, some of the pri-
mary functions of the gut bacteria are
to enhance digestion and expand the
host’s metabolic potential. The addi-
tional enzymatic activities from the
bacterial origin help break down the
specific nutritive substrates that are
otherwise indigestible for the host, who
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Figure 2: The host physiological and behavioural responses to the addition of different gut
commensal strains.

Gnotobiotic studies have depicted the effect of Acetobacter and Lactobacillus strains on systemic
growth, metabolic homeostasis and adult behaviour. Specifically, in the presence of nutritive chal-
lenge, A. pomorum (orange) regulates host insulin signalling in the insulin producing cells (IPCs)
and thus promotes larval growth and maturation, whereas L. plantarum (blue) interacts with host
TOR (target of rapamycin) pathway in the fat body and the prothoracic gland to control ecdysone
production and affects insulin signalling directly or indirectly (dotted blue line). During the adult
stage, both Acetobacter and Lactobacillus strains regulate host triacylglyceride (TAG) and circu-
lating glucose levels, but only Lactobacillus strains have been shown to impact host behaviours
such as mating preference and odour attraction to food. The effect of the gut commensals repre-
sented by Acetobacter and Lactobacillus can be direct or via modifying the nutritional substrates.
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can in turn harvest energy from these
food substrates and extract necessary
metabolic building blocks for various
biological processes (Sommer and
Backhed, 2013). In addition, essential
micronutrients derived from bacterial
metabolism such as vitamins and short
chain fatty acids directly fuel the host’s
metabolism (Natarajan and Pluznick,
2014). Indeed, two recent studies found
that fortifying the food fed to the
germfree flies with B vitamins pheno-
copies the effect of the presence of the
gut bacteria to a large extent, indicating
that the gut microbiota accomplishes
metabolic sparing of the B vitamins for
the host through a yet unknown mecha-
nism (Fridmann-Sirkis et al., 2014;
Wong et al., 2014).

However, the growth benefits from
the gut microbiota are probably beyond
vitamin B provision. To identify the
microbial factors that can rescue host
lethality on the casein diet, Shin et al.
conducted a random mutagenesis in 4.
pomorum and isolated strains that re-
stored ex-germfree larval survival on
casamino acid diet but led to delayed
pupariation when compared to animals
mono-associated with the wild-type A.
pomorum. Several such mutations af-
fect Pyrroloquinoline quinone-depend-
ant alcohol dehydrogenase (Pqqg-adh),
an enzyme involved in the ethanol res-
piratory chain, and whose end product
is acetic acid. Although Pgg-adh mu-
tant bacterial strains were impaired in
their production of acetic acid, supple-
mentation of casamino acid diet with
acetic acid alone failed to rescue
germfree larval lethality. However,
concomitant association with Pgg-adh
mutant 4. pomorum strains and supple-
mentation with acetic acid completely
rescued larval developmental timing.
Therefore, upon severe nutritive chal-
lenge, the addition of A. pomorum first
and foremost restores the viability of

the fly host, and then the intact activity
of the bacterial ethanol respiratory
chain promotes host growth and matu-
ration. Based on this result, it is likely
that the molecular mechanisms that
sustain larval life and promote growth
are separable.

Genetic factors from the host

What are the host factors responding to
the beneficial growth promotion effect
of the microbiota in the presence of
nutritional challenges? The studies of
Shin et al. (2011) and Storelli et al.
(2011) demonstrate that the addition of
A. pomorum or L. plantarum can accel-
erate growth and maturation by modu-
lating host systemic hormonal signal-
ling. In the Shin et al study, larvae
mono-associated with the Pgq-adh mu-
tant strain of A. pomorum survived to
adulthood, but displayed metabolic fea-
tures reminiscent of defective insu-
lin/insulin like growth factor (IIS)
signalling, such as low body weight, re-
tarded growth, elevated haemolymph
glucose and trehalose levels, and higher
level of triacylglyeride (TAG), the
main form of stored lipids. At the
molecular level, in the fat body of the
flies mono-associated with mutant Pgq-
adh A. pomorum strains on the
casamino diet, membrane activation of
PI3K and cytoplasmic retention of
dFOXO were abolished, and the ex-
pression of Insulin-Like peptides
(Dilps) such as Dilp3 and 5 was re-
duced in the larval brain. Most im-
portantly, the ectopic expression of
Dilp2 largely rescued both the defec-
tive IIS phenotype and the molecular
signatures associated with such defects
in flies mono-associated with mutant
strain of A. pomorum. Therefore, A.
pomorum, partly via its ppg-adh activ-
ity, regulates IIS to maintain the host’s
metabolic homeostasis (Figure 2). Sim-
ilarly, on a low-yeast diet, mono-
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association with L. plantarum lowered
the expression of insulin receptor, a
negative readout of pathway activity,
suggesting that the presence of L.
plantarum also enhances insulin signal-
ling (Storelli et al., 2011). Moreover, L.
plantarum reduced the juvenile growth
period through TOR signalling: damp-
ening TOR activity in the fat body —
the functional analogue of the mamma-
lian liver — and the prothoracic gland
compromised the L. plantarum growth
promoting effect as measured by adult
emergence (Figure 2). TOR is the host
nutrient-sensitive signalling pathway
devoted to balance organismal growth
and maturation in a nutrient-dependent
manner (Hietakangas and Cohen,
2009; Danielsen et al., 2013). In the
developing larvae, TOR activity in the
prothoracic gland directly controls
ecdysone production, which in turn af-
fects the parameters of systemic growth
via IIS. As TOR responds to the circu-
lating levels of different micronutrients
in the haemolymph, such as branched-
chain amino acids, L. plantarum may
act upstream of TOR in several ways.
First, L. plantarum can directly regu-
late TOR activity by making certain
metabolites or other biochemical path-
way intermediates or/and end products.
Secondly, L. plantarum can -either
modify the diet or boost the host’s
digestive capacity to enhance nutrient
assimilation, which then indirectly acti-
vates TOR pathway. Therefore, how L.
plantarum promotes host juvenile
growth is to yet be studied in detail.
Now two groups have demonstrated
that specific strains from both Aceto-
bacter and Lactobacillus families can
promote juvenile growth upon nutritive
challenge (Shin et al., 2011; Storelli et
al., 2011). What effect does the com-
bined action of Acetobacter and Lacto-
bacillus have on the host? To study
how these two commensal bacteria in-
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teract in the host and how such interac-
tions impact adult host physiology, a
study by Newell and Douglas com-
pared differences in circulating glucose
levels, TAG contents and adult body
weight between axenic flies and ex-
germfree flies associated with a single
or different combinations of the five fly
commensal species (Newell and Doug-
las, 2014). Specifically, using a set of
defined microbiomes with up to five
commensal species (4. pomorum, A.
tropicalis, L. plantarum, L. brevis, and
L. fructivorans), the authors inoculated
the germfree flies with one or different
combinations of these strains and found
that all these combinations lowered cir-
culating glucose concentrations in com-
parison to axenic flies. However, in
terms of lowering host TAG levels,
these different combinations of bacteria
worked at different efficiency: the Lac-
tobacillus species can lower TAG level
moderately; Acetobacter did so more
effectively than Lactobacillus, but not
as effectively as the five species co-
inoculation, which was the only treat-
ment that recapitulated the benefits of
the conventional commensal flora.
Interestingly, one specific co-inocula-
tion, with Acetobacter tropicalis and
Lactobacillus brevis, was particularly
potent in that it lowered host TAGs
more than in animals poly-associated
with the five commensal species. Other
forms of co-associations with two bac-
terial representatives from the Lactoba-
cillus and Acetobacter genera failed to
reproduce the phenotype. These results
indicate that Acetobacter and Lactoba-
cillus strains can act in synergy, but not
consistently. A plausible explanation
for this puzzling phenomenon is that
the content of the microbiome, rather
than the taxonomic combination, deter-
mines the TAG content of the host (see
below).



Gnotobiotic model with systems approach

Large-scale identification of bacterial
genetic determinants

Using classic genetic analysis on a
mono-association fly model, Shin et al.
(2011) and Storelli et al. (2011) identi-
fied the entry points to further dissect
the molecular dialogue between the
host and the gut microbiota that alters
host physiological traits. Gnotobiotic
models are now deployed for large-
scale search to fit the same purpose. In
a metagenomic study, Chaston and col-
leagues first gathered a collection of 41
fully sequenced bacteria strains broadly
encompassing different Acetobacter
and Lactobacillus genus. Raised in
mono-association with each of the 41
strains, the fly hosts showed a spectrum
of different responses in terms of
pupariation timing and adult TAG con-
tent. Based on the comparison of the
amplitude of the mono-association ef-
fect on these two parameters, the au-
thors undertook a metagenome-wide
association study (MGWAS) that effec-
tively correlates bacterial genetic deter-
minants to the magnitude of changes in
developmental timing and TAG content
(Chaston et al., 2014). Remarkably, the
MGWAS based on developmental tim-
ing first yielded clusters of genes oper-
ating in the cellular respiratory chain,
including the PQQ enzyme that con-
verts sugar and alcohol substrates to
acetic acid. This result corroborates the
finding from the transposon screen in
A. pomorum by Shin et al. (2011). In-
terestingly, they recovered the Pgq mu-
tant bacteria on a casein-only fly me-
dium that causes lethality in germfree
flies, whereas the MGWAS was con-
ducted on standard laboratory fly food,
where the developmental delay in
germfree flies was subtle. At a glance,
it is a bit surprising that both studies
uncovered the same bacterial factor
based on host developmental timing, a

trait that varies drastically in the two
experimental setups. It provocatively
suggests there is a robust and canonical
host interaction with bacterial ethanol
respiratory chain products that cannot
be masked by different host nutritional
backgrounds. Such response has been
shown to involve host insulin signal-
ling. How such robust interaction is
maintained in a different nutritional
background is an extremely interesting
topic to explore. Moreover, in the study
by Chaston et al. (2014), the clusters of
genes that correlated to lower host
TAG content are known to regulate re-
dox sensing and glucose oxidation,
such as glucose dehydrogenase (GDH),
gluconate-2 dehydrogenase (GnDH)
and a single domain oxidoreductase
(SDR). Importantly, introducing these
candidate genes into selected Acefo-
bacter strains that lack these enzymes
conferred the ability to the bacteria to
reduce host TAG level. Furthermore,
the authors observed that ectopic ex-
pression of GDH and GnDH concomi-
tantly lowered glucose content in the
media where the gnotobiotic flies were
raised. These results strongly suggest
that the gut microbiota can modulate
host lipid storage and nutritional home-
ostasis through altering the nutrient
composition of the food. Another intri-
guing observation from the study is that
the clustering of bacterial strains based
on the effect on host developmental
timing and TAG level is largely unre-
stricted to the taxonomic structure of
the bacteria. Hence, the collective ge-
netic composition of the gut microbi-
ome once again proves to be a more
faithful predictor of host response than
taxonomic classification. Now looking
back, the finding by Chaston et al.
(2014) probably also partially explains
why Newell and Douglas (2014) ob-
served inconsistent TAG lowering ef-
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fect in flies associated with different
combinations of Acetobacter and Lac-
tobacillus strains (see the previous sec-
tion). Altogether, this particular study
raises a few interesting issues. For ex-
ample, Chaston and colleagues propose
that by modifying the food, bacterial
glucose metabolism impacts the adult
host’s capacity to store lipid (Chaston
et al.,, 2014). Does this observation
hold true in the developing larvae? The
published studies seem to favour the
likelihood, as Shin et al. (2011) une-
quivocally demonstrated that gnotobi-
otic larvae harbouring mutant Pgq mu-
tant Acetobacter strain show higher cir-
culating sugar and triglyceride as a re-
sult of the compromise in the host insu-
lin signalling activity (Figure 2). If this
is the case, do the bacteria directly
elicit the host insulin response, or is
such insulin response an indirect result
of bacteria altering the glucose content
of the food? These two possibilities are
not mutually exclusive but require fur-
ther detailed mechanistic studies that
either tease them apart or meld them
together. So far Chaston and colleagues
were unable to rescue developmental
delay by ectopically expressing the en-
zymes involved in glucose oxidation,
but such negative outcome likely to
imply that the interaction between host
maturation and microbiota metabolism
is more complex than we think.

The host’s transcriptomic response to
gnotobiotic association

The association with certain commen-
sal species modulate host IIS and TOR
signalling. What other kind of molecu-
lar changes take place in the host in the
presence of the gut microbiota? To an-
swer this question, several groups re-
cently undertook microarray studies to
compare the transcriptomic differences
between the germfree flies and their
conventionally reared siblings at differ-
ent age, and demonstrated that in the
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fly gut, the presence of the microbiota
significantly alters the expression of a
core set of genes that control transcrip-
tion, gut structure, immunity, metabo-
lism, signalling and stress response
(Broderick et al., 2014; Guo et al.,
2014) and reviewed in Erkosar and
Leulier (2014). Among these studies,
Guo and colleagues extended the
microarray  finding and elegantly
showed that in the aging fly gut, the
transcription factor Foxo represses pep-
tidoglycan recognition protein SC2
(PGRP-SC2), which subsequently leads
to hyperactivation of Rel/NFkB activity
that is responsible for an intestinal
dysbiosis phenotype. In addition to
these studies, another noteworthy mi-
croarray analysis using poly-associated
gnotobiotic flies identified a short but
focused list set of genes whose func-
tions are enriched in digestion and pri-
mary metabolism. Erkosar et al. (2013)
conducted the microarray study on ex-
germfree adult flies exposed to a de-
fined set commensal bacterial strains
(4. pomorum, Commensalibacter intes-
tini, Lactobacillus brevis and L. planta-
rum). First, the polyassociation yielded
certain genes that overlap with those
found in the concomitant study by Bro-
derick et al. (2014) using CR flies. Spe-
cifically, such polyassociation mark-
edly up-regulates the expression of a
set of digestive enzymes and other
genes involved in primary metabolism.
This result reflects the conventional
notion that gut bacteria assist in host
digestive functions to effectively ex-
tract nutrients and energy from food.
Intriguingly still, half of the polyasso-
ciation upregulated genes identified by
Erkosar et al. (2013) were also in-
volved in response to intestinal infec-
tion, and the majority of these genes
are directly or indirectly under the con-
trol of Relish, the Drosophila
orthologue of the mammalian NFkB
factor p105 (Buchon et al., 2009). This



result once again corroborates the study
by Broderick et al. (2014), who also
observed that more than half of the up-
regulated genes in the CR fly gut
changed expression pattern in Relish
mutant flies. As Relish is essential to
the interplay between host innate im-
munity and nutritional response,
Erkosar et al. (2013) postulated the fol-
lowing scenario: the presence of com-
mensal strains usually promotes the
expression of a certain set of digestive
enzymes and metabolic genes, but in
the presence of an acute infection, a
change in the host transcriptome is trig-
gered, so that these microbiota-medi-
ated metabolic genes are down-regu-
lated to prepare for immune defence,
and such change is mediated by Relish.
Consistent with this hypothesis, the au-
thors found that the expression patterns
of several selected candidate genes
such as trypsin and Jonah proteases are
indeed down-regulated upon pathogen
infection or in the genetic background
where Relish activity is compromised.
In summary, the finding by Erkosar et
al. (2013) first largely recapitulates the
host’s transcriptomic response to gut-
microbiota in CR flies, thus cementing
the utility and relevance of the poly-
association model. Furthermore, like in
Broderick et al. (2014), the authors
identified Relish as the central regula-

tor of a transcriptional trade-off be-
tween metabolic response and immun-
ity, and thus opened a new chapter for
potential mechanistic studies of such
switch. Altogether, the studies by
Erkosar et al. (2013) and others were
the first to demonstrate that the gut mi-
crobiota profoundly alters the host tran-
scriptomic landscape, yet we know lit-
tle how the bacteria mechanistically
effect these changes. Secondly, these
studies also provide an exhaustive list
of genes that govern the host response
to the gut microbiota. The functional
studies of these candidates will im-
mensely advance our understanding of
the molecular basis of host-microbiota
interaction. Furthermore, how are these
host transcriptomic changes integrated
into the known insulin and TOR signal-
ling networks - as a response to the gut
microbiota - to control systemic growth
and metabolic homeostasis? Similarly,
are these transcriptomic changes di-
rectly mediated by unknown bacterial
factors, or through bacterial modifica-
tion of the food substrate, or both? If
both, what are the bacterial factors and
how is the food modified? These are
immediate questions that can be ad-
dressed with gnotobiotic models cou-
pled to metabolomics and mutagenesis
studies.

The gut microbiota impacts social behaviour

Throughout the long eukarvotic evolu-
tionary history, many animal species
abandoned the solitary life style for
group living in highly developed social
structures, in exchange for bodily pro-
tection, cooperative foraging and in-
creased chances of mating and repro-
duction. As the long-time evolutionary
partner of its eukarvotic host, it is not
surprising that the symbiotic gut bacte-
ria also evolved to control host individ-

ual and social behaviour, probably with
the interest to maximize its transmis-
sion among the members of the society
(Montiel-Castro et al., 2013). Through
bidirectional signalling along the
“microbiota-gut-vagus-brain axis”. the
activities of the gut microbiota can im-
pact the activities of host neural cir-
cuitry and alter host foraging behav-
iour, stress and anxiety response and
even the development of empathy (for
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extensive reviews, see: Crvan and Di-
nan. 2012; Montiel-Castro et al., 2013;
Stilling et al.. 2014). Gnotobiotic flies
have recently emerged to be a produc-
tive model to study social interactions.
For example. fruit flies preferentially
mate with partners fed on the same
kind of diet. a phenomenon termed
“positive assortive mating”, which is
readily lost in axenic flies. However,
the gnotobiotic addition of L. planta-
rum restores such positive assortive
mating, indicating that the gut microbi-
ota may plav a direct role in altering fly
pheromone composition according to
the host’s dietary environment (Sharon
et al.. 2010). Besides mating prefer-
ence. the presence of gut microbiota
was also shown to determine how fruit
flies are attracted by odours from
different food substrates (Venu et al.,
2014). In controlled learning experi-
ments, Venu et al. presented the larvae
subjects with three separate food
choices: fresh laboratory food, food
processed by axenic larvae, and food
used by conventionally reared larvae.
While the larvae and adult female sub-
jects showed no preference between the
fresh food and axenically processed
food, they were strongly attracted to
the food substrate where the CR larvae

were raised. Furthermore, the same lar-
vae subjects equally preferred food that
has been used to raise larvae mono-
associated with Lactobacillus brevis or
L. plantarum. As an important control,
the same larvae subject showed no
preference to fly food containing only
cultured L. brevis, indicating the inter-
action between L. brevis or L. planta-
rum with the fly larvae is imperative to
generate the source for such social at-
traction. The nature of such source is
unknown, but it can be a volatile com-
pound produced by either the bacteria
or the larvae when both are residing in
the same niche (Figure 2). In the wild,
fruit flies search of hospitable habitat
with suitable food substrate for mating,
egg laying and rearing larvae (Durisko
and Dukas, 2013). The results from this
studv imply that the host interaction
with the commensal Lactobacillus
genus of the gut microbiota can
manufacture compounds that serve as
cues for the host’s searching effort and
decision-making. What are these
compounds? Through what pathways
and neurons do they act? What other
aspects of fly behaviour do they affect?
These are the questions that probably
can also be answered with gnotobiotic
studies.

CONCLUSION

In a recent essay, McFall-Ngai and col-
leagues commented that we humans are
just “animals in a bacterial world”
(McFall-Ngai et al., 2013). This pithy
statement rightly illustrates the over-
whelming number and the diversity of
the microbes that we live with, yet we
have only began to grasp how these
seemingly humble dwellers can power-
fully change our being throughout evo-
lution. By enhancing the host’s meta-
bolic potential, the gut microbiota helps
expand the host’s ecological niche. By
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altering host behaviour, these bacteria
probably also played their parts in
shaping social hierarchies and caste
systems in the animal kingdom. We
still know very little about how the
bacteria do it. However, by harnessing
the power of the gnotobiotic flies, we
have begun to systemically characterize
how the gut microbiota potently elicits
a myriad of host physiological re-
sponses and behavioural changes. Im-
portantly, the gnotobiotic model, in
combination with classic genetics and



large-scale next generation sequencing
methods, grant us the unprecedented
power of resolution to pinpoint the spe-
cific bacterial factors responsible a par-
ticular host phenotype. Only with such
resolution, we can delve deeper into the
mechanisms that govern host-micro-
biota interaction, and find answers to
how these mechanisms evolved over

time in different species. However, no
matter how complex and unexpected
these answers are, they never will devi-
ate from the truth that Pasteur and
Wollman prompted us to discover, that
our genetic makeup is metagenomic,
and our life story is indispensably,
microbial.
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INTRODUCTION

The main title of this seminar ("The
Magnificent Microbiome - Future As-
pects") strongly indicates a holistic
view on present and future aspects re-
lated to our magnificent microbiome.
Therefore, I am allowing myself the
liberty of taking a broad holistic view
on the general rules for establishing

and maintenance of the life-long inter-
actions going on between a host organ-
ism and its microbiota, thus making
truth to a general opinion:
Man and his microbiota = a super-
organism,
* Qur gastrointestinal tract and its
microbiota = a super-organ.

WHAT IS ECOLOGY?

The word comes from the Greece
“oicos”, meaning ‘“home”. According
to Begon et al. (2006) the word ecology
was firstly used by Ernest Haeckel in
1869 to describe studies of interactions
between organisms and their surround-
ings. Simplified (and with focus on
functions), ecosystems can be defined
as the co-operation going on between
species, strains or individuals and their
surroundings in a defined area. In even
more popular words, ecology describes
life as it is lived.

In medical sciences - contrary to eco-
logical sciences - the focus has often
been on the organism. Doctors and
medical scientists have in the greatest
detail studied sub-cellular particles,
cells, tissues, organs and the organism
itself. Ecology is in fact dealing with
another level, starting with the individ-
ual organism, followed by the popula-
tion (consisting of individuals of the
same strain or species), the community
(consisting of a certain number of
strains or species) and the environment.
At all these levels, a continuous flow of

interactions takes place. The sum of
species and interactions in a commu-
nity present in a defined area is often
characterized as an ecosystem. It
should be kept in mind that an ecosys-
tem is never in balance, but always in
some sort of a balanced unbalance. The
description given above opens up for
studies at different levels

At the level of the organism, eco-
logical studies are most often dealing
with how an individual member is af-
fected by, and how it affects, the envi-
ronment. At this levels environment
consists of all factors outside the organ-
ism irrespectively whether they are
other organisms or species (biotic),
physical or chemical (abiotic) factors.

At the level of the population, eco-
logical studies are focused upon pres-
ence or absence of particular species,
their abundance or rarity, and upon
trends and fluctuation in their number.
In fact, up to now, such studies have
created the dominant part in medical
ecology.

At the level of community, ecologi-
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cal studies are focused upon the organi-
zation of various species within a de-
fined area or compartment. Studies of
biofilms may be taken as typical com-
munity ecological studies and they
have become an important part of mod-
ern medicinal ecology.

In all these three approached, the fo-
cus is often mostly descriptive, i.e.
which species are there, fluctuations in
numbers, specific relationships in ar-
rangements, etc., etc., leaving varia-
tions and interactions in functions as
well as interactions with biotic and abi-

otic environmental factors relatively
little commented wupon. In 1992
Liekens tried to include in the defini-
tion of ecology ”...the interactions be-
tween organisms and the transfor-
mation and flux of energy and matter”
(Liekens, 1992). Although this exten-
sion in definition has not been accepted
generally, it goes without saying that
“the flux of energy and matters” are
two important principles in establish-
ment and maintenance in all ecosys-
tems.

GENERAL THEORIES AND RULES
FOR DEVELOPMENT OF ECOSYSTEMS

Irrespectively of whether looking upon
development of ecosystem(s) from an
evolutionary point of view (example:
evolution of life on earth) or from an
individual point of view (example: evo-
lution of a “microbiota” in an individ-
ual at birth), the principles might be the
same but the problems might be differ-
ent. Per definition, the term “micro-
biota” includes all of the bacteria,
viruses, fungi and protoctists that are
present in a specific ecosystem. How-
ever, it has to be underlined that up to
now, most studies on human/microbe
ecosystems have been on the bacteria
present at a particular site. In fact, at
present we know much less about
viruses, fungi and protoctists within
human/microbe ecosystems.

In a very recent publication (Pintor
et al.,, 2011) the authors used the so-
called evolutionary game theory for
studying and expressing the going-on
in every ecosystem. In evolutionary
game theory, the concept evolutionary
stable strategy (ESS) is used to de-
scribe the set-up or sum of strategies
used by existing members of an ecosys-
tem to prevent the establishment of a
newcomer. They used the so-called fit-
ness-generating (G-function) approach
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to distinguish among three possible
pathways: novel evolutionary strategy,
empty niche, and recipient community
non-evolutionary stable strategy. They
define G-function as “the per capita
growth rate and the evolutionary
dynamics of a species possessing a par-
ticular strategy within a particular envi-
ronment”.

Applying their concept on an indi-
vidual level at birth, the three following
examples might be pertinent. A bacte-
rial species capable to adhere to an epi-
thelial cell has a novel strategy for a
newcomer to be established in an eco-
system in which the “native” species do
not possess this capability. Bacterial
species capable of utilizing hydroxyl
groups present in many host-derived
compounds delivered to the intestinal
tract, as bile acids, steroids, bilirubin
etc., represent “specialists” capable of
filling out niches not reached by the
great majority in the intestinal microbi-
ota, whereas strains — or species — mul-
tiplying a little bit faster than existing
species represent a recipient commu-
nity non-evolutionary stable strategy.

Without going into any evaluation
of their mathematical modelling, it is
easy to follow the authors when they



state that the ESS concept provides a
new mechanistic hypothesis for when
entrance of a newcomer results in long-
or short-term increases in biodiversity
and/or species replacement. A major
objection is the ESS term itself: “evolu-
tionary stable strategy”. As mentioned

above, an ecosystem is never in bal-
ance, but always in some sort of a bal-
anced unbalance (“give me a solid
point, and I shall move the Earth™), cre-
ating an initial uncertainty in mathe-
matical evaluations.

TERMS OF EXCLUSIONS AND INCLUSIONS

A variable degree of resistance — and
acceptance — to a newcomer seems to
be a general feature in all ecosystems.
In medical ecology, most attention has
been focused upon mechanism(s) of
value for exclusion of newcomers
thought to be able causing diseases,
whereas far little attention has been
paid to mechanism(s) behind ac-
ceptance. In general terms, these two
features or functions, i.e. exclusion or
inclusion of newcomers in any ecosys-
tem, can be defined as follows:

* Colonization resistance (CR) is a
function to be found in all ecosys-
tems, representing the sum of fac-
tors exhibiting a newcomer to be es-
tablished.

* Colonization conductance (CC) is a
function to be found in all ecosys-
tems, representing the sum of fac-
tors allowing a newcomer to be es-
tablished.

In the following these two functions

will be focused upon from a medical

point of view, with emphasis on the
intestinal microbiota (IM) of mammals,
including man.

In 1916, the German physician G.
Nissle reported that a human bacterial
gut sample was able to reduce growth
of a pathogenic Salmonella strain in
vitro (Nissle, 1916). He also reported
that this antagonistic effect was chang-
ing according to the intestinal samples
that he tested. He created an “antago-
nistic index” to ranking these samples,
and selected one strain of Escherichia

coli for further testing. In some follow-
ing experiments he showed that this
strain, later named E. coli Nissle, was
able to cleanse otherwise healthy hu-
man typhoid carriers for their salmo-
nella (i.e. biotherapy) and also made it
difficult for new pathogens to be estab-
lished. However, he never worked out
or hypothesized about the mecha-
nism(s) behind these antagonistic ef-
fects. The Nissle strain is still on the
market in many countries, especially in
Europe.

A new situation was created in
1929, when Alexander Fleming re-
ported on production of an inhibitory
substance, penicillin, made by a mould
(Fleming, 1929). Since then, many bac-
teriocins and microbiocins, capable of
interfering with the growth of other mi-
crobial species have been isolated and
characterized. Some of them have been
introduced in medical therapy as antibi-
otics, and it is well known, indeed, that
many of these may cause serious altera-
tions in IM.

In the 1970ties, different groups of
researchers started to work more spe-
cifically to unravel the inhibitory ef-
fects of IM itself and several synonyms
entered the scientific arena. Greenberg
et al. (1970) reported on a “natural re-
sistance” of IM in flies, capable of pro-
tecting them against salmonella; Freter
and Abrams (1972) explored the
mechanism(s) of the “control function”
by which mouse IM antagonized the
establishment of some invading micro-
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organisms as Shigella. They empha-
sized that a co-operation between dif-
ferent microorganisms was necessary
in their mouse model. Dirk van der
Waaij and co-workers found that
mouse IM provided a “colonization re-
sistance” against several exogenous
microorganisms and observed a weak-
ening effect of some antibiotics on that
function (van der Waaij et al., 1971).

Since then, many attempts have
been made to find the strains or species
in charge of CR. The aerobic as well as
the anaerobic part of IM have been
investigated and, so far, with very lim-
ited success. However, a weakening
effect of many antibiotics upon CR is a
well-established fact (Barza et al.,
1987). In addition, a positive spin-off
effect of these attempts is that we now
have a better understanding of some of
the complex cross-talks that continu-
ously are going on between members in
the microbiota at various places on a
mammalian organism and host.

The term colonization conductance
is new in ecology. In fact, a young
scientist, Daniel Midtvedt, introduced
the term to me when we discussed
establishment of a microbial production
of nitric oxide in fish, especially cod.
The term reflects, in a positive way, the
continuous balanced unbalance that
always takes place in all ecosystems,
driven by “the flux of energy and mat-
ter”, thereby allowing a newcomer to
find its place and be established.

However, irrespectively of using the
CR or the CC concept for describing
the possible fate of a newcomer into an
existing ecosystem, a key problem has
been to find suitable biomarker(s) for
quantification. Some decades ago much
attention was paid to faecal presence of
a beta-aspartylglycine. Absence/pres-
ence of that dipeptide was assumed to
reflect an adequate/reduced CR, re-
spectively. However, further investiga-
tion showed that assumption to be too
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simplified. Realizing the complexity
and dynamic alterations in most eco-
systems, general biomarkers might be
difficult to find.

All ecosystems are characterized by
a continuing exchange of information
between members within the system. In
mammalian/microbial systems, infor-
mation — or interactions — might be
host/microbe-, microbe/microbe- or
host/host-related. These interplays are
governed by numerous factors as host
genome and microbiome, epigenetic
systems participating in gene expres-
sion and post-translated modifications
of gene products, cell-to-cell signalling,
either by direct contact (lectins, see
later) or by extracellular signalling sub-
stances. As recently summarized
(Shenderov, 2007) this equilibrium is
often disturbed by exogenous factors as
antibiotics, antiseptic agents, food addi-
tives, pesticides, industrial pollutants,
other chemicals and so on. These fac-
tors may have a variable degree of in-
fluence upon individual species present
in the ecosystem(s) under exposure.
Thus, human/microbe related ecosys-
tems are never in balance, but always
in some sort of a balanced unbalance.

Signalling substances

In attempts to unmask these complex
interactions, germ-free animals ex-
posed to single microbial species have
often been utilized, exemplified as fol-
lows (Bry et al., 1996). At an age of
about 3 weeks, enterocytes from both
new-born conventional and germ-free
mice were found to express fucocylated
glycoproteins on their luminal surfaces.
However, at 3 months of age, the germ-
free enterocytes had switched off this
production. When 3-month-old germ-
free mice were mono-associated with a
fucose-utilizing strain of Bacteroides
thetaiotamicron, their enterocytes rap-
idly switched on the production again
whereas mono-association with an iso-



genic strain carrying a transposon in-
sertion that disrupts its ability to use
fucose as a carbon source did not cause
any switch on. This rapid cross-talk
was carried out by signalling sub-
stances that are not yet fully character-
ized. It has also been shown that the
cross-talk is not dependent on living B.
thetaiotamicron and that this strain can
switch on production on several similar
substances (Freitas et al., 2005).

Lectins

All types of cells, irrespectively of
coming from the plant or animal king-
dom, have so-called lectins on their
surfaces. The word lectin comes from
the Latin word “legere” which means
“to select” and was introduced in biol-
ogy by the British pathologist William
Boyd in 1954. Basically, lectins are
proteins/glycoproteins with at least one
catalytic domain that exhibit — often
reversible — binding to specific mono-
saccharides or oligosaccharides. They
can be classified according to their
overall structures into groups as
chimerolectins, ficolectins, hololecti-

nes, merolectins, superlectins, etc., or
grouped into different families (legume
lectins, type II ribosome-inactivating
proteins, mannose-binding lectins etc.)
(Lam and Ng, 2011). Obviously, they
play major roles in creating ecosys-
tems, especially in what that has been
called “behavioural ecology” (Queller,
2008). Currently, there is a considera-
ble interest in rapid methods unmask-
ing the “lectin profile” in various bio-
logical systems (Chan and Ng, 2010;
Lakhtin, 2011; Vandenborre et al.,
2011). It seems reasonable to assume
that we are in the beginning of the
beginning of a new era in which “we
can successfully manipulate both the
host and his microbiota through inter-
fering in their cross talks, stability and
epigenomic regulations of expression
of genes” (Shenderov, 2011). It seems
reasonable to assume that in the future
this approach will give an increased
preciseness and individualization in
biomedical diagnosis and therapy
(Shenderov, 2011; Shukia and Tiwari,
2011).

GENERAL DESCRIPTION OF HOST-RELATED MICROBIAL
ECOSYSTEMS

A general feature in all multi-cellular
organisms is that the outer surface and
all openings going into the organism
(as surface glands, respiratory and gen-
ito-urinary tract, etc.) are harbouring a
microbiota. The inner parts of these
openings are usually sterile. The ali-
mentary tract is an exception since it is
open in both ends and a microbiota can
be present in all parts of the tract. In
order to be established at any of the
places mentioned, the environment
must be able to satisfy the newcomer’s
physiochemical and nutritional require-
ments and the newcomer must on its
side be able to withstand the various

mechanical and hydro-dynamical mi-
crobe-removing systems present at cer-
tain sites (host cell desquamation,
coughing, urinary flow, menstruation,
motility, peristalsis, migration motor
complexes, mucociliary movements,
etc.).

Accepting that mammalian ecosys-
tems most often are very complex,
thereby making a mathematical evalua-
tion presently close to impossible, it
might be prudent taking a short glance
at some simplified mathematical mod-
elling. In general ecology, the com-
bined Liebig-Shelford law has been
found to be suitable (Lystsov and Mur-
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zin, 2001). The Liebig paradigm of the
minimum states that the total yield or
biomass of any participant in an eco-
system is determined by the nutrient
present in the lowest concentration in
relation to the requirement of the par-
ticipant whereas the Shelford paradigm
of tolerance relates to the non-nutri-
tional factors influencing upon the eco-
system. In any ecosystem, a particular

participant will only survive if each of
the physiochemical conditions operat-
ing there is within the tolerance range
of that participant.

A hallmark for many human ecosys-
tems is a large diversity. The following
chapters will be focused upon some
general factors influencing — and shap-
ing — all human-related ecosystem in
varying degrees.

TROPISM

Some microorganisms are only found
in one or some few ecosystems, and
this tropism can be tissue or compart-
ment related. Basically, it represents
the net sum of all environmental and
host-related factors at the particular
site.

Tissue tropism

The predilection of many microorgan-
isms for a particular host site has been
known for more than a century. This
phenomenon is well established in clin-
ical medical microbiology. A gonococ-
cus is not to be expected as a cause of
diarrhoea and a Shigella is not to be
expected in a superficial wound on an
arm, etc. As underlined by Wilson
(2005), an understanding of such host-
microbe interaction can be gained only
by considering the anatomy and phys-
iology of the site that is largely respon-
sible for the unique environment exist-
ing there. Already Louis Pasteur stated:
“the germ is nothing, it is the terrain in

which it is found that is everything”.

Compartment tropism

A general feature in all blind-ending
surface openings in a multi-cellular or-
ganism is that the blind-end is usually
sterile whereas ecosystems are estab-
lished in the more surface-related parts
of the openings (sweet glands, respira-
tory tract, urogenital tract etc.). Most
often these ecosystems are very spe-
cific in their composition and therefore
the term compartment tropism can be
used.

A general feature is that the secre-
tions through these openings contain
the main elements needed for microbial
growth, as carbon, nitrogen, minerals,
etc. From a teleological point of view,
it is reasonable to assume that the host
invites microorganisms to be estab-
lished for a proper breakdown — and
sometimes also re-circulation — of the
substances that are excreted.

FACTORS INFLUENCING UPON ESTABLISHMENT AND
MAINTENANCE OF HUMAN ECOSYSTEMS

As mentioned above, all types of cells,
irrespectively of coming from the plant
or animal kingdom, have lectins on
their surfaces. In the animal kingdom,
cells are either of endodermic, meso-
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dermic or ectodermic origin and cells
belonging to the same line are often
expressing similar lectins.

At all surfaces, two main types of
epithelial surfaces can be distinguished



— dry epithelia (epidermis) covering the
outer surface of the body and the moist
epithelia which cover the eyes and all
internal body surfaces that are in com-
munication with the external environ-
ment (respiratory, gastrointestinal, uri-
nary an genital tracts). Moist epithelia
are often called mucosa as they are
coated with a layer of glycoproteins
known as mucins. The epithelial cells
might be squamous, cuboid or colum-
nar and they may form one or more
layers. On their surface, epithelial cells
as well as microorganisms have lectins,
thus opening up for a cell-microbe tro-
pism. In fact, in general as well as in
medical ecology, lectins have im-
portant roles in shaping ecosystems
(for references, see above).

A second factor of importance in tis-
sue and compartment tropism is the
rate of epithelial cell turnover. For
some unknown reasons, this parameter
is seldom brought up when human eco-
systems are discussed. At any place,
presence of a microbe might depend
partly of its own multiplying capacity,
partly on the longevity of the epithelial
cells. The keratinous upper layer in
skin might be there for weeks and even
months, allowing slow-growing micro-
organisms, as fungi, to be established.
In the small intestine, epithelial cell
division is very rapid (Banasaz et al.,
2000) and an enterocyte will live for
just some few days (Falk et al., 1998).
In all places of the small and large
intestine there is a constant movement
of cells from the mitotic compartment
in the crypts to the surface where they
are extruded, together with a flow of
fluid and mucins.

A third factor of importance in com-
partment tropism is presence of host-
produced defence peptides (HDPs),
now often commonly called defensins.
Such peptides are essential components
in an ancient, non-specific innate de-
fence system, representing a first line

of host defence in insects, birds, reptils,
mammals and plants. The first indica-
tions of their existence were brought
forward decades ago (Boman et al.,
1974). Since then more than a thousand
of such peptides have been identified in
plants, fungi, vertebrates and inverte-
brates (Wilmes et al., 2011). It has been
postulated that defensins, especially
those in plants and insects evolved
from a single precursor (Thevissen et
al.,, 2004). If so, they represent very
ancient and basic eco-regulators. Verte-
brate HDPs are often subdivided into 3
classes, mostly based on differences in
spacing and pairing of six conserved
cysteine residues (Wilmes et al., 2011).
At first, the mode of action of HDPs
was thought to result from electrostatic
interaction between the positively
charged HDPs and negatively charged
microbial membranes. However, re-
sults of recent research strongly indi-
cate that their activities can be much
more targeted and that microbe-specific
lipid receptors are involved in their
killing profile. As many of the defen-
sins, especially in mammalian gut, are
produced as pro-defensins and have to
be activated by proteases, I am allow-
ing myself the liberty bringing forward
a new theory that some of these prote-
ases might be of microbial origin giv-
ing the microbes an opportunity spe-
cifically to act upon host-derived weap-
ons. It has to be underlined this theory
has never been tested.

A fourth factor of importance is
host-related “local” motility. In all
glands and in all tracts there is an in-
side-out flow of fluid; in the GI tract it
goes oro-anally. The flow may partly
be due to hydrodynamic factors, partly
to host-related motility-enhancing prin-
ciples. Here some of these motility-
related factors will be viewed from an
ecological point of view.

In the respiratory tract there exists a
mucociliary escalator. In the posterior
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two third of the nasal cavity, the naso-
pharynx and all the way down to the
terminal bronchioles, ciliated cells are
the most numerous cells in the epithe-
lial lining. Each of them has approxi-
mately 200 cilia on their outer surface.
The cilia beat in a sequential wave-like
manner, and each cilium being in a
slightly different stage in the beat cycle
from its neighbour. The beat rate varies
with the anatomical locations, but can
be as high as 800 strokes/minute, and
thereby propelling the mucus as fast as
up to 20 mm/minute. Chemical altera-
tion in mucus, as is the case in cystic
fibrosis, may reduce transport of mucus
and thereby induce alterations in the
associated ecosystems.

In the digestive tract motility has
several functions, as contributing to a
physical breakdown of the food, mix-
ing it with digestive secretions, propel-
ling the mixture along the GI tract for
absorption and final anal excretion. It
has been known since long that intesti-
nal transit time is longer in germ-free
animals than in their conventional
counterparts (4Abrams, and Bishop,
1967). In a long series of comparative
studies, Huseby and co-workers
showed significant prolongation of mi-
grating myo-electric complexes
(MMCs) periods in germ-free com-
pared with conventional rats (Huseby et
al., 2001). Bacterial strains with an an-
aerobic fermentation profile, as Clos-
tridia, Lactobacilli and Bifidobacteria,
reduced the periods to nearly conven-
tional values, whereas strains having an
oxidative metabolic profile, as micro-
cocci and E. coli, prolonged the peri-
ods. The biochemical mechanisms be-
hind these effects were not investi-
gated. However, whatever the mecha-
nisms might be, it is reasonable to as-
sume that alterations in MMC profiles
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in the small intestine will influence
upon ecosystems within this part of the
GI tract.

In the large intestine, the motility
pattern is far more complex than in the
small intestine. In many animal spe-
cies, including man, there are segmen-
tation contractions moving the content
back and forth. Comparative studies in
germ-free and conventional animals
have shown that muscular sensitivity to
biogenic amines is strongly influenced
upon by presence of an intestinal
microbiota (Strandberg et al., 1966).

Acute and chronic patho-physiologi-
cal alterations in intestinal ecosystems,
giving the host a lot of symptoms, are
well known but a further evaluation is
beyond the scope of this survey.

A fifth factor in compartmentalized
tropism is the multiplication rate of the
microbial strains present in that par-
ticular compartment.  Surprisingly,
there is very little information available
about in vivo rate of division of most
microbial species. When investigated,
it seems to be slower than in vitro.
Taking data from one of the few stud-
ies published it can be mentioned that
in the GI tract of mice the generation
time of E. coli was around one and a
half hour and that multiplication took
place in the ileo-coecal region (Rang et
al., 1999). In another publication, the
authors summarized their experience
by stating that persistence of an E. coli
population in the GI tract is promoted
by species diversity and that “a mecha-
nism for the persistence might be the
presence of new E. coli niches created
by keystone species in the most diverse
flora” (Rang et al., 2001). It might be
reasonable to assume that an “adjust-
ment to alien genes” (Johnson and
Levin, 2010) also may take place.



ANALYTICAL METHODS USED IN CHARACTERIZING
MEDICAL MICROBIAL ECOLOGY

In evaluation of ecosystems involving
both microbial and mammalian life,
many in vitro as well as in vivo meth-
ods have been established. Micro-
organisms, occurring in pure culture or
in complex mixtures, can be studied by
various techniques as:

* Microscopy

* Culture dependent techniques

* Culture-interdependent techniques

* Functional studies

Microscopy

Light microscopy, either directly or as
stained specimens, is the simplest and
most direct approach for studying mi-
croorganism, either in pure culture or
as parts of a microbial community.
Over the years the analytic power has
been enhanced in a number of ways.
The use of vital stains can reveal the
relative proportion of live and dead
bacteria, fluorescent-labelled antibod-
ies and labelled oligo-nucleotide probes
can evaluate relationships between spe-
cies present in an ecosystem and confo-
cal laser scanning microscopy is a tech-
nique that enables us to study biofilms
in situ, etc., etc. In the future, it seems
reasonable to assume that capsule-
cameras will enable us to study the mi-
crobial communities in the GI tract,
especially in the small intestine, in situ.

Culture-dependent techniques

Most of our knowledge of the composi-
tion of the indigenous microbiota pre-
sent in the ecosystems at various places
on and in the human body came from
qualitative and quantitative culture
techniques. However, as already men-
tioned, for years the interest was fo-
cused upon isolation and identification
of species assumed to be involved in
diseases and far less attention was at-
tributed to the problems of isolation
and characterization of assumed normal

microbiota. Realizing the complexity in
most man-associated ecosystem, espe-
cially those in the alimentary tract, it
seems reasonable to anticipate that we
will never be able to cultivate all spe-
cies present, even by utilization of a
long variety of specific and selective
media and culture conditions. As will
be commented upon later, the oral cav-
ity may be populated with 900 different
species and our large colon with 1000-
2000 species. World-wide, medical mi-
crobiological laboratories might be able
to cultivate up to 20% of all species. It
is time to be more humble. Campylo-
bacter, one of the microbes often given
rise to gastrointestinal problems, was
recognized as a troublemaker less the
50 year ago, and Helicibacter pylori,
present in the stomach of nearly 70%
of all humans worldwide, was isolated
and described in 1984.

Culture-independent technology

The rapid and huge developments of
molecular technology that have taken
place in the last few decades have cir-
cumvented many of the problems
inherent in culture-based technology.
So far, a key problem has been to cre-
ate proper upsets of DNA or RNA
probes supposed to cover the species in
the ecosystems to be studied. New,
rapid and steadily cheaper probe-inde-
pendent technologies are now entering
the market. In the future it is to be ex-
pected that we will be able to describe
in great details all members in even
that complicated ecosystem as the one
in the large intestine. With similar im-
provements in bioinformatics as we
have seen in microbial molecular tech-
nology we will have possibilities to
solve many unsolved problems in hu-
man microbial ecology in health and
diseases; i.e. will have answer to ques-
tions we presently are not able to ask.
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So far, most of the culture-inde-
pendent studies have been concentrated
to describe the bacterial part of the mi-
crobiota within the alimentary tract. A
future task will be to analyse the inter-
actions of the other parts of the micro-
biota, i.e. bacteriophages, viruses,
yeast, fungi and parasites, in the GI
tract as well as in other human ecosys-
tems. As stated by several, this area of
research is likely to become increas-
ingly important as more of the inter-
kingdom signalling pathways are eluci-
dated, and the importance of viral,
parasite and fungal mutualism are
recognized.

Functional techniques

Around a decade after Pasteur had
made his famous state that “life is not
possible without bacteria” two German
scientists succeeded to keep a Caesar-
ean derived guinea pig germ-free for
some few weeks. Thus mammalian life
was possible without bacteria. How-
ever, it took half a century until the se-
cond generation of germ-free animals
was born at the University of Notre
Dame, USA, in 1945. Then the possi-
bility was created to clarify which
structures and functions that are purely
related to the host and which are influ-
ence upon by the microbiota, respec-
tively. With a slight modification of
terms first used by the French physiolo-
gist Claude Bernhard, the mammalian
organism itself or the host’s side of the
ecosystem can be defined as milieu
interieur, (MI) the microbial side as
milieu exterieur (ME), and MI and ME
together as  milieu total (MT)
(Midtvedt, 1999). Over the years, a
long series of comparative studies in
germ-free and conventional (i.e. organ-
isms supposed to harbour a normal mi-
crobiota) mammals, birds, fish, reptiles
and insects have established basal val-
ues for anatomical structure, and physi-
ological, biochemical and immunologi-
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cal variables in MI and MT. When such
structural and functional baselines are
established, the normal function of the
microbiota as well as alterations in the
structure and/or functions under physi-
ological and patho-physiological can be
worked out. In such studies, two terms
— Microbiota Associated Characteris-
tics (MACs) and Germ-free Animal
Characteristics (GACs) have been
shown to be of considerable value
(Falk et al., 1998, Midtvedt, 1999). A
MAC is defined as the recording of any
anatomical structure, physiological,
biochemical or 1mmun010glcal function
that has been influenced upon by the
microbiota. When microorganisms in-
fluencing the variable under study are
absent, as in a germ-free individual,
new-borns or sometimes in adults (in-
fluenced upon by antibiotics act), val-
ues recorded are defined as GACs.
Consequently, the sum of GACs found
in a germ-free individual describes MI,
and similarly, a sum of MACs de’
scribes MT. A simple equation MT mi-
nus MI gives ME: "what have the mi-
crobes done?".

To summarize, the MAC/GAC concept
opened up a functional way of meta-
bolic profiling, and can by definition be
extended to all human-related materials
for measurements of differences (se-
rum, plasma, urine etc.). It creates the
platform for metabolic profiling stud-
ies, most often carried out by mass
spectrometry and NMR spectroscopic
platforms. We are now under way in
characterizing functional alterations in
a wide variety of diseases as well as to
establish biomarker screening proce-
dures of aetiological, therapeutically
and prognostic value (Clayton et al.,
2006; Teague et al., 2007; Holmes et
al.,, 2008; Holmes et al., 2011;
O’Sullivan et al., 2011). Even more,
utilization of modern technology al-
lows us to follow subtle changes host-



microbe ecology thereby open up for a
personalized therapy (Nicholson et al.,
2011).

However, in spite of technological
improvements in host-microbe related
metagenomics and metabolomics we

must admit that we still have a long
way to go. Areas in which further re-
search is of major ecological interest
are being mentioned in the following
chapters.

RESEARCH ON LABORATORY ANIMALS

At present, laboratory animals, espe-
cially mice and rats, are more and more
used for unravelling the complicated
cross-talks that continuously go on be-
tween mammalian hosts and their mi-
crobiota. Taking a broad overview on
results, it is easy to find conflicting re-
sults, leading to uncertainties in inter-
pretations. One reason for discrepan-
cies might be variations in the ecosys-
tems of the host.

In the 1950ties and 1960ties, com-
parative studies in conventional and
germ-free animals clearly showed that
the host’s microbiota was responsible
for the difference between those two
groups. In a long series of experiments,
carried out many places, bacteria
strains or species capable of switching
a host-related parameter from GAC to
MAC status were described. As a con-
sequence, a “dream” of a “minimum
bacterial flora” was born. In the mid-
1960ties, R.W. Schaedler selected 8
bacterial strains from “standard” (pre-
SPF specific pathogen free) mice and
claimed that this bacterial cocktail
should protect laboratory animals, in-
cluding germ-free, against infectious
agents (Schaedler et al., 1965). Some
years later, this cocktail was re-
designed and given the name Altered
Schaedlers flora (ASF) (Orcutt et al.,
1985). It is worth mentioning that nei-
ther the original nor the ASF were de-
signed for establishing any functional
changes in ex-germ-free animals. The
selection principle was “free of patho-
genic microorganisms” and the major
effect was protection from pathogens.

Over the years breeders of laboratory
animals, especially in the Unites State,
used this ASF to inoculate Caesarean
derived offspring of rodents and there-
by fulfilling criteria of SPF status
(specific pathogen free) established by
the American Association of Labora-
tory Animal Science (AALAS)
(https://www.aalas.org/), the Federa-
tion of European Laboratory Animal
Science  Associations  (FELASA)
(http://www.felasa.eu/) and other au-
thorities. In the laboratories of the cus-
tomers, these SPF animals can be kept
for generations, most often under strict
barrier conditions. Routine cultivation
controls that may take place are always
aimed for documentation of “free of
pathogens”. Up to now, a “positive list”
a list covering which microbes that
should be there, has never been pub-
lished by any veterinary association or
any regulatory authority.

Now it has clearly been shown that
laboratory animals fulfilling the SPF
status differ considerable from each
other and from conventional individu-
als of the same species — in microbio-
logical (Wilson et al., 2006), immuno-
logical (Boysen et al., 2011), and func-
tional status (Norin and Midtvedt,
2010). Even when raised under barrier
conditions, within the same breading
facility the IM of the animals may vary
considerably (Hufeldt et al., 2010a).
Least variations were found in strictly
controlled, family related offspring
(Hufeldt et al., 2010b).

The bottom line of all these new re-
sults is that time has come to re-evalu-
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ate present production of laboratory
animals. SPF rodents reared under
strict barrier conditions may represent
“in-betweeners” when compared to
germ-free and conventional rodents.
The complexity in the composition of a
host’s indigenous microbiota and the
many cross-talks that continuously are
going on between the host and his mi-
crobiota demand a more precise defi-
nition of the latter. Otherwise, inter-

pretations of results are difficult and
may be misleading. A worst-case sce-
nario is that they are valid just for that
group of animals coming from that
breeder. As underlined “time might
have come for AALAS an FELASA to
take a closer look into their SPF and
ASF concepts” (Norin and Midtvedt,
2010). An adequate indigenous micro-
biota is far more than freedom from
some pathogens.

SPECIFIC COMMENTS TO RULES FOR ESTABLISHMENT AND
MAINTENANCE OF GASTROINTESTINAL ECOSYSTEMS

Intra-uterine epigenetic program-
ming and/or presence of a placental
microbiome

Very recently and based upon presence
of microbial genetic material, many
derived from bacterial species living in
the oral area, it has been claimed that —
during healthy pregnancies — there
might exists living microbes in the
uterine wall and/or placenta. However,
presence of a live utero/placental
microbiota is far from established. It
should be kept in mind that transloca-
tion of bacterial products and even liv-
ing bacteria from the oral cavity is a
physiological process, and the filtration
function of placenta is very well estab-
lished, indeed. Additionally, presence
of a placental microbiome would make
it almost impossible to establish germ-
free animals and this is certainly not
the case.

Present view on the human micro-
biome, too far too fast?

During the last few years numerous
reports, utilizing modern molecular
technology, have appeared describing
human microbiomes, most often related
to IM. Although a general consensus
“about the phylum level composition is
emerging (Eckburg et al., 2005; Lay et
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al., 2005, Zoetendal et al., 2008) the
variation in species composition (Eck-
burg et al., 2005) and gene pools (Qin
et al., 2010) within the human popula-
tion is less clear. This was the back-
ground for a recent study in with 52
scientists combined their data from 22
newly sequenced faecal metagenomes
of individuals from four European
countries with previous published data
sets from the Unites States and Japan
(Arumugam et al., 2011). Their results
indicate the presence of three distinct
clusters or enterotypes. It goes without
saying that the publication caused great
interest. However, it should be under-
lined what the authors stated: “as our
current data do not reveal which envi-
ronmental and even genetic factors that
are causing the clustering, and as faecal
samples are not representative for the
entire intestine, we anticipate that the
enterotypes introduced here will be re-
fined with deeper and broader analysis
of individual’s microbiomes”. It seems
appropriate to state that the present 3
enterotypes represent a way of thinking
more than a final conclusion. Hope-
fully, a similar approach will be of
value when investigating the ecosys-
tems present at other places of the
mammalian body.



SHORT SUMMARY OF DEVELOPMENT OF INTESTINAL
MICROBIOTA THROUGH INFANCY

"Man is born germ free". This axiom is
still generally valid. However, from the
first second of our life, irrespectively of
whether we are born naturally or by
Caesarean section, microbes will start
entering the GI tract and continue to do
so throughout infancy. It is generally
assumed, but never satisfactorily
shown, that during that period of time
more than 2000 microbial species have
been in the GI tract for a shorter or
longer period of time. In a broad con-
cept, three major factors will influence
upon their establishment and also upon
possible consequences for the host:
1. Windows for establishment.
2. Succession in establishment.
3. Long term effect(s) of
establishment.

Att. 1: It has been known for more than
a century that the microbiota in the GI
tract of vaginally delivered new-borns
is dominated by aerobic species, simply
because the oxygen tension and reduc-
tion/oxidation potential (Rh) is high. It
has also been shown decades ago that
some functionally active microbes have
to be established within weeks or

months; if this happens later their func-
tion(s) might never be expressed.

Att. 2: It is an experience in gnotobiotic
research that it is close to impossible to
establish some very strict anaerobes as
mono-contaminants. This has also ob-
served in new-born babies. The first
arriving aerobes will reduce oxygen
tension and Rh, thereby creating im-
proved conditions for more anaerobic
species, as bifidobacteria and others, to
be more permanently established.

Att. 3: When established, it is well
known that under physiological condi-
tions, all major groups (clostridia, bac-
teroides, para-bacteroides etc.) will be
present in all healthy humans and so
will also their major functions (hy-
drolysis of carbohydrates, production
of short chain fatty acids and peptides,
etc. However, it is also well known that
several types of influences, as starva-
tion, infections, antibiotics, etc., may
cause major alterations in presence as
well as in functions. Restoring a symbi-
otic IM in infants is, however, out of
the scope for this short overview.

CONCLUDING REMARKS

As mentioned above we have now
suitable methods for describing human
ecosystems in great details, both re-
garding presence of microbes as well as
presence of functions. Sometimes we
may have a feeling that we have too
many data to handle. It has been said
that we have answers to questions we
are not able to ask. The need of devel-

opment in biostatistics is obvious.
Additionally, utilization of well-estab-
lished ecological theories and “laws”,
as mentioned above, might also be a
suitable way to go in order to avoid
confounders and wrong conclusions.
However, in spite of all present limita-
tions, ecology is in the mid-stream of
modern medicine.
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GUT MICROBIOTA

Many diseases are increasing among
children and young adults in the west-
ern world and changes in definition and
increased detection rate cannot explain
the increases in full. Environmental
factors must be behind the increase as
changes in genes evolve very slowly.
Changes in human gut microbiota may
be one of several environmental factors
in part responsible.

A complex society of microbes ex-
ists in the human gut, and the collective
genome of this microbiota greatly ex-
ceeds the number of genes in the hu-
man genome (Backhed et al., 2005) and
we have come to understand its crucial
role in host biology and human health.
It may be considered as a separate or-
gan with complex interplays with the
immune system and the brain in par-
ticular.

The composition and functionality
of gut microbiota in early life is of spe-
cial interest due to several reasons.
Firstly as a determinant for the subse-
quent adult-like microbiota, since the
colonization of the gut is a dynamic
process in which the selection of mi-
crobes will in part depend on the pro-
cesses that have already taken place
(Midtvedt et al., 1988; Midtvedt and
Midtvedt, 1992; Hooper et al., 1999;
Thompson et al., 2008; Eggesbo et al.,
2011). In a study on 85 Norwegian
new-borns multiple associations were
observed between the presence of

certain microbes or microbial groups at
four days and the concentrations of mi-
crobes at four months, evaluated by the
signalling by specific probes developed
for that study (Eggesbo et al., 2011).
Interestingly, the 23 microbes and/or
microbial groups studied had very
varying effect on the future coloniza-
tion process, as evaluated by their asso-
ciations to gut microbiota at four
months (Eggesbo et al., 2011). Only
rarely were the associations between
the same microbes or microbial groups,
with one exception: infants with ini-
tially high concentrations of Bifidobac-
terium were still characterized by
higher concentrations of Bifidobacte-
rium at four months of age. Also inter-
esting was the finding that four days
after birth the probe labelled Lachno-
spiracea incertae sedis, which detected
species belonging to Ruminococcus,
showed the highest number of associa-
tions with later microbiota (at four
months).

Secondly, the composition of infant
microbiota is important in its own right
due to the presence of developmental
windows in young age. Experimental
animal studies in germ-free environ-
ments have demonstrated time-depend-
ent windows that rely on microbial
stimuli from the gut, with persistent
dysfunction when microbial exposure
is delayed beyond a certain age
(Desbonnet et al., 2008; Forsythe et al.,
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2010; Neufeld et al., 2011). Reducing
microbial load in early life with anti-
biotics also induces lasting phenotypic
differences in mice (Cox et al., 2014).
However, very few studies in new-

borns yet exist. One study from our
group aimed at identifying critical win-
dows for exposure, by developing a
novel method for longitudinal data
(White et al., 2013).

ALTERATIONS IN INTESTINAL MICROBIOTA IN MODERN TIMES

There is increasing evidence to support
that the composition of early microbial
colonization communities have indeed
changed during the last 50-100 years in
western societies. The flora reported in
western babies at the beginning of the
19™ century, had amongst others a high
count of Bifidobacteria and E. coli
(Escherich, 1885; Gareau et al., 1959;
Nelson and Mata, 1970; Simhon et al.,
1982). While E. coli previously was
found in all children by day 3 after
birth, and a high turnover is still ob-
served in infants from developing
countries (Gareau et al., 1959; Mata et
al., 1972; Adlerberth et al., 1998), it
can no longer be detected in an increas-
ing proportion of Swedish children
(Kiihn et al., 1986; Adlerberth et al.,
1991; Nowrouzian et al., 2003; Adler-
berth et al., 2006). In contrast, a variety
of hospital acquired organisms, in par-
ticular Staphylococcus sp. and Strepto-
coccus sp. seems to have partially re-
placed these organisms in western ba-
bies (Lindberg et al., 2000). Staphylo-
coccus sp. were seldom encountered in
Western infants up to the 1970s (McAl-
lister et al., 1974; Bullen et al., 1976;
Stark and Lee; 1982). In the 1980s, S.
epidermidis was isolated from 30 to
70% of one-week-old Swedish infants
(Lundequist et al., 1985; Bennet et al.,
1991).

Streptococcus sp. colonization has
been associated with lack of coloniza-
tion by Bifidobacteria genera (Eggesbo
et al., 2011). In contrast, the presence
of Enterobacteriacea 1, and Bac-
teroides fragilis after birth was signifi-
cantly associated with a reduction in
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opportunistic microbes at four months,
specifically Staphylococcus sp., indi-
cating that the early presence of spe-
cific microbes may be important for
development towards a more natural
gut microbiota. If they are lacking, an
initial colonization by opportunistic
bacteria will occur and may also be
maintained.

One of the limitations of old studies
is that they had to rely on culture de-
pendent methods, which limited the de-
tection of anaerobic species in particu-
lar, and our knowledge of the natural
composition of gut microbiota a cen-
tury ago. Recent studies, on the other
hand, do characterize gut microbiota by
means of culture independent methods,
however commonly fail to take into
account factors that may greatly alter
the composition of gut microbiota.
Therefore the data are not representa-
tive of a normal gut microbiota in in-
fants. One study from our group
(Eggesbo et al., 2011) restricted the
study populatlon to:

babies delivered vaginally by term;

* exclusively breastfed for at least one
month;

* partially breastfed up
months;

* no intensive care unit treatment;

* mothers who have not used antibiot-
ics the month preceding delivery nor
while breastfeeding (e.g. no antibi-
otic during the four months after
birth) to limit microbiota disrupting
factors to the highest degree possi-
ble.

This study, based on the NoMIC cohort

(Eggesbo et al., 2011), used 23 specific

to four



probes and confirmed that, even in in-
fants with minimal medical interven-
tions, the most common microbe colo-
nizing the new born gut is Staphylococ-
cus sp. This indicates that the changes
in gut microbiota in the last 40 years
may have occurred in the whole popu-
lation. Exposures which affect gut
microbiota, such as conservatives in
food, traces of antibiotics in food and
an ever-increasing sterile milieu, are
ubiquitously present and may be hard
to avoid in the western world.

In contrast, Bifidobacteria genera
were common as expected and domi-
nated in these breastfed infants at four
months of age (Eggesbo et al., 2011).
Moreover, the detection rate of E. coli
was higher in this study (70% at day
four) than among unselected popula-
tions of Scandinavian children, and in-

creasing towards four months.

Interestingly, lack of E. coli was
associated with rapid growth, a risk
factor for later obesity, using the same
23 probes (White et al., 2013). This
study reported on a novel method for
identifying exposure windows. The
continued presence or absence of E.
coli, at 3 age points during the first
month of life, was identified as being
associated with infant growth pattern.
In contrast presence or absence of E.
coli later on was not associated with
infant growth, indicating a critical
window for exposure. This finding is
supported by more recent studies
indicating that E. coli plays a key role
in regulating food intake (Brefon et al.,
2016) However, E. coli may serve as a
marker for a less disrupted early gut
microbiota.

CAESAREAN SECTION

Many factors tied to our modern life-
style, such as hygienic measures, hos-
pital delivery, use of antibiotics in the
perinatal period and use of neonatal
intensive care units, likely play a role
in the shift observed in infant gut
microbiota and neonatal intensive care.
However, the single most important
factor may be the increase in caesarean
section (C-section) deliveries.

A sharp increase in C-section has
occurred in most western countries. In
the US a ten-fold increase in C-section
rates was reported in the period from
1937 to 2005 and 30% are now deliv-
ered by a C-section (Ecker and Frigo-
letto, 2007). In Norway, there has been
a seven-fold increase in C-section rates
between the 1970s and 2001 (from 2 to
15%) (Hdger et al., 2006). The reasons
for this increase are complex and in-
volve changes in recommendations, for
instance for breech deliveries, as well
as increase in the prevalence of high-

risk pregnancies, such as obesity and
multiple gestations. However, also
changes in willingness to accept pain,
is changing and many C-section are
unnecessary from a strict medical point
of view (Ecker and Frigoletto, 2007).

The increase in C-section rates has
obvious medical consequences. Focus
so far has mainly been on the immedi-
ate operative risks of a C-section as
well as on the increased risk of adverse
outcomes in subsequent pregnancies
(Duncan and Doyle, 1937; Liu et al.,
2007). However, C-section may have
long-term consequences of a more sub-
tle nature, tied to differences in the
endocrine milieu during delivery, or to
lack of input of microbes of maternal
origin and these factors have so far
been less acknowledged (Steer and
Modi, 2009; Hyde et al., 2010).

There is increasing support for
multiple long-term effects in C-section
delivered children (Cardwell et al.,
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2008; Koplin et al., 2008; Thavag-
nanam et al., 2008; Amiri et al., 2012;
Keag et al., 2014). A recent systematic
review concluded that children deliv-
ered by C-section have an increased
risk of asthma, wheeze and obesity dur-
ing childhood (Keag et al., 2014).
Many papers, a meta-analysis and a
review, support an association between
C-section and food allergy (Bager et
al., 2008; Koplin et al., 2008) where the
finding of a stronger effect size among
the infants with family risk supports a
causal association (Eggesbo et al,
2003, 2005). Another meta-analysis
finds support for an association be-
tween C-section and diabetes Type 1
(Cardwell et al., 2008). Associations
have also been reported between C-sec-
tion and childhood leukaemia (Kaye et
al., 1991; Cnattingius et al., 1995),
ADHD (Amiri et al., 2012), while a
meta-analysis found no support for an
association between testicular cancer
and C-section (Cook et al., 2009). The
underlying reason for the observed
associations is not yet fully understood,
and because C-section deliveries are
associated with multiple pathological

conditions in mother and child, the
causes may be multifactorial. Studies
indicate that early gut microbiota plays
a key role in the regulation of the im-
mune system and that babies delivered
by C-section have less robust regula-
tory T-cell suppressive functions (Ly et
al., 2006). Regulatory T-cells play a
key function in the regulation of the
immune system, and less robust regu-
latory T-cell function could result in
immune-related diseases such as aller-
gies or autoimmune diseases. Also, ex-
posure to microbial components during
birth has been shown to play a role for
developing gut-epithelial tolerance to
microbes, thus facilitating the subse-
quent colonization process (Lotz et al.,
2006). Yet, there are other birth related
processes, such as the natural peak in
stress hormones and the compression
of the brain in the birth canal, which
are missed in a C-section, which also
may play a role for the differential fate
of C-section children. The hypothesis
currently probably gaining most sup-
port is that it may be due to long-term
effects of an altered early gut microbi-
ota (GM).

THE EFFECT OF CAESAREAN SECTION ON GUT MICROBIOTA

Mammals have co-evolved with the
microbial world throughout evolution.
The foetus is to some degree exposed
to maternal microbes already in the
womb (4agaard et al., 2014). Then a
natural birth ensures massive transfer
of commensals microbes from the
mother to the child.

In C-section, exposure to bacteria in
the maternal birth canal is bypassed,
resulting in a delayed and highly dis-
rupted infant GM, for instance resem-
bling human skin rather than the
mother’s vaginal microbiota (Domin-
guez-Bello et al., 2010). This has been
documented in a number of studies go-
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ing back a century, using culture de-
pendent methods as well as the more
recent culture independent methods
based on microbial DNA. They show
that babies delivered by a caesarean
section have a delayed and different
colonization, with lower colonization
rates of Bifidobacterium and Bac-
teroides, while rates of Clostridia and
Staphylococcus are higher among
caesarean delivered children (Bennet
and Nord, 1987; Neut et al., 1987,
Gronlund et al., 1999a, 1999b; Sal-
minen et al., 2004; Penders et al., 2006;
Biasucci et al., 2008, 2010; Domin-
guez-Bello et al., 2010).



Also a differential pattern of Entero-
bacteriacea is found: E. coli, the obli-
gate colonizer in historical data, is less
common in C-section infants, while
other Enterobacteriacea are more com-
monly found (Adlerberth et al., 2006).
A recent systematic review of seven
relevant papers concluded that C-sec-
tion babies had lower abundance and
diversity of the phyla Actinobacteria
and Bacteroidetes, and higher abun-
dance and diversity of the phylum Fir-
micutes from birth to 3 months.
Bifidobacterium, and Bacteroides gen-
era were significantly more frequent in
vaginally delivered infants compared
with C-section delivered (Rutayisire et
al., 2016). Also noteworthy, the gut
microbiota of infants delivered by C-
section showed significantly less
resemblance to their mothers (Bdckhed
et al., 2015). This mismatch may be of
importance with regard to the foeto-
maternal immune cross talk.

With time the C-section babies gut
microbiota normalizes and resembles
that of the natural delivered babies. The
systematic review concluded that by
the age of six months the C-section ba-

bies had a similar gut microbiota com-
position as the vaginal delivered babies
(Rutayisire et al., 2016). However, one
study reported that Bacteroides colo-
nization was delayed by up to 1 year in
caesarean section-delivered compared
with vaginally delivered infants (4dler-
berth et al., 2006), and another study
suggests that the differential composi-
tion in babies delivered by C-section
may be of long-lasting character and
still evident at 7 years of age (Salminen
et al., 2004). The discrepancy may be
due to other factors associated with C-
section but still varying across studies,
such as gestational age, concurrent use
of antibiotics and lack of breastfeeding.
Yet, it is important to have a better un-
derstanding of the duration of the dis-
ruptions caused by C-section itself.
Even if the gut microbiota is normal-
ized with time, early disruptions may
have long-term effects due to the pres-
ence of developmental windows that
rely on microbial stimulus from the
gut, which were mentioned above. If
the disruptions are of short durations
on the other hand, they may have no
long-term effects.

GUT MICROBIOTA IN TERM, BREASTFED, C-SECTION INFANTS,
NOT EXPOSED TO ANTIBIOTICS

It is thus unknown to what degree the
observed associations between C-sec-
tion and gut microbiota composition is
influenced by concurrent antibiotic use,
prematurity, and lack of breastfeeding,
since no studies to our knowledge have
categorized C-section deliveries ac-
cording to these factors and studied
them separately. For the purpose of the
present paper we used the NoMic co-
hort in Norway, which consists of 524
new-borns and their mothers. Details of
this study have previously been pub-
lished (Eggesbo et al., 2011; White et
al., 2013). We identified term babies,

with no concurrent infant use of anti-
biotics, exclusively breastfed first
month and still partially breastfed at 4
months of age, based on maternal re-
ports that were further validated with
information in the Norwegian Medical
Birth Registry. Altogether 147 infants
were identified who fulfilled these cri-
teria. They were further divided into
two groups; C-section or normally de-
livered composition examined. Micro-
bial species and groups have been iden-
tified at 4, 10, 30 and 120 days after
birth in this study by 23 probes target-
ing the gene encoding ribosomal RNA
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Figure 1: Differences in gut microbiota composition according to mode of delivery, as
characterized by means of 22 specific groups (see Table 1) whereby the ones that were significant
at day 4 are shown at all time points. *: p<0.05, **: p<0.01, and *#*#*: p<0.001.
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(16S rRNA) which were developed
based on faecal samples from ten chil-
dren randomly selected among those
who had been delivered by caesarean
section, and ten children among those
who had had a normal delivery in the
NoMIC cohort, as previously described
(Rudi et al., 2007) (Table 1). We ob-
served marked differences in 13 out of
the 23 probes signalling various
species, with regard to mode of
delivery, as shown in Figure 1. Note
that signalling cannot be compared
across microbial groups (e.g. cannot
infer that there is more of microbe A
than microbe B), but only across deliv-
ery mode and age (e.g. there is more of

Lachnospira_al20lnc were additionally
significantly different across groups.
The differences were most marked at
day 4, but still marked at one month. C-
section delivered infants had signifi-
cantly higher concentrations of Strepto-
coccus, Enterococcus, Veillonella,
Clostridium perfringens and Pseudo-
monas, while they had lower con-
centrations of Bifidobacterium longum,
Bifidobacterium bifidum and Bifido-
bacterium 2. Bacteroides fragilis was
barely detected in C-section infants and
also uncultured human faecal bacte-
rium, which represents bacteroides spe-
cies, was marked lower. At 4 months
the differences were less marked, but

microbe A in C-section infants com- C-section infants still had more
pared to vaginal delivery and this mi- Clostridium, and significantly less
crobe increases with age). At 4 months  Bifidobacteria.
the probes Lachno Inc bl120Inc and

CONCLUSION

In conclusion, epidemiological studies
support an association between C-sec-
tion and adverse health outcomes, and
the underlying mechanism may be due
to an altered gut microbiota in C-sec-
tion delivered babies. Studies indicate
that the altered gut microbiota goes be-
yond the first year of life, thus may be
of consequence for developmental win-
dows in early life depending on micro-
bial input.

One of the limitations in current
literature is that C-section children
have not been characterized with re-
gard to concomitant risk factors. Thus
comparing C-section infants across
studies is complicated by the fact that
the infants may be characterized by
highly varying associated risk factors;
concomitant disease in mother and/or
child, antibiotic use, and varying gesta-
tional ages, all factors known to affect

gut microbiota composition. We show
in this paper that gut microbiota com-
position is affected by caesarean deliv-
ery independent of these factors. We
did this by comparing children deliv-
ered naturally or by C-section, who
were otherwise equal in terms of being
breastfed, having received no antibiot-
ics and all being term babies. We see
marked differences up to one month of
age, and less marked but still signifi-
cant differences up to four months of
age.

Yet, we still do not know which spe-
cific properties of the gut microbiota
that may play a role in development of
disease, nor the timing of the critical
windows. Longitudinal cohort studies
describing the functions of gut microbi-
ota in children are needed to give fur-
ther insight into this field.
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IgA TARGETED GUT MICROBES IN UNDERNUTRITION
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SUMMARY

Undernutrition is a leading cause of childhood mortality worldwide. Envi-
ronmental enteric dysfunction, characterized by recurrent exposure to envi-
ronmental microbes and subsequent intestinal barrier dysfunction, is in-
creasingly recognized as a major contributor to undernutrition. Analyses of
faecal samples from children with undernutrition have documented compo-
sitional and functional alterations in their microbiota. IgA is the principal
immunoglobulin produced by the gut mucosa. Using fluorescence-activated
cell sorting to characterize bacterial taxa targeted by IgA in the gut commu-
nities of Malawian twins discordant for severe acute undernutrition (SAM)
and then transferring purified IgA+ fractions to germ-free mice, we find that
(1) the patterns of microbes targeted by the IgA response in undernourished
children differ from that seen in healthy children with increased targeting of
Enterobacteriaceae correlating with poorer growth outcomes; (ii) bacterial
taxa with bound IgA recovered from SAM donor microbiota can transmit a
diet-dependent enteropathy characterized by disruption of the small intesti-
nal and colonic barrier to recipient germ-free mice, and (iii) IgA-targeted
microbes present in healthy donor microbiota prevent development of this
enteropathy. Together, these results illustrate the diagnostic and therapeutic
opportunities provided by defining the gut mucosal IgA responses of chil-
dren with undernutrition.

INTRODUCTION

The origins of undernutrition encom-
pass both nutritional as well as biologi-
cal causes. In particular, while there is
clearly a role for food insecurity in the
genesis of undernutrition, additional
factors are likely contributory (Richard
et al., 2014). Along with poor perinatal
nutrition and recurrent acute infections,
impairment of gut barrier function has
been identified as a major factor con-
tributing to childhood undernutrition
(Trehan et al., 2016). Defective gut
barrier function leads to reduced
absorption of nutrients from foods,

leakage of host proteins into the intes-
tines and increased inflammation
within the gut, leading to additional
energy expenditure. The insults leading
to impaired intestinal barrier function
are not definitely known, however the
prominent association of poor sanita-
tion with undernutrition has led to the
hypothesis that colonization with cer-
tain microbes leads to chronic impair-
ment of the gut barrier (Humphrey,
2009; Keusch et al., 2014). This
syndrome, called environmental enteric
dysfunction (EED, formerly tropical
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sprue, tropical enteropathy or environ-
mental enteropathy) is thought to con-
tribute greatly to the overall cycle of
inflammation, gut functional loss, and
undernutrition. Although the associa-
tion of EED with poor hygienic condi-

tions is well established (7rehan et al.,
2016), considerably less is known
about how perturbations of the gut
microbiota may affect the gut barrier
function in undernutrition.

GUT MICROBIOTA AND UNDERNUTRITION

Establishing an association between
undernutrition and the gut microbiota
poses many technical and scientific
challenges since genetic, dietary and
environmental exposures can all impact
gut microbiota structure. In order to
circumvent these obstacles, we per-
formed a prospective clinical study on
Malawian twins recruited shortly after
birth. During study visits faecal micro-
biota specimens and anthropometric
measurements were collected and the
children were screened for severe
undernutrition. Over the course of the
study, 13 twin pairs were determined to
be discordant for a form of severe acute
undernutrition called kwashiorkor.
Analyses of these samples revealed
broad differences in the metabolic and
functional capacities of these discord-
ant microbiota. Transplantation of the
faecal microbiota from the malnour-
ished twin into gnotobiotic mice fed a
macro- and micronutrient deficient diet
resulted in significantly more weight
loss compared to mice colonized with
the microbiota originating from the
healthy co-twin fed the same diet
(Smith et al., 2013). These changes

were associated with altered metabolic
profiles in the recipients of the kwashi-
orkor microbiota, particularly a reduc-
tion in methionine and cysteine, indi-
cating abnormal sulphur metabolism in
these animals. Additional analysis of
metagenomic data derived from the of
the malnourished twins' faecal microbi-
ota demonstrated delayed functional
maturation compared to their healthy
counterparts (Smith et al., 2013).
Alterations in the maturation of the
gut microbiota were also observed in a
Bangladeshi birth cohort of healthy and
malnourished children (Subramanian et
al.,, 2014). In this study, a cohort of
healthy Bangladeshi children was used
to develop a model of microbiota matu-
ration over the first two years of life.
Comparison of this model to children
with SAM demonstrated a chronologi-
cal delay in their microbiota maturation
(Subramanian, et al., 2014). Alarm-
ingly, intervention with a therapeutic
diet did not entirely reverse the meas-
ured microbiota immaturity, emphasiz-
ing the need for new approaches to ef-
fect long-term changes in microbiota
immaturity (Subramanian, et al., 2014).

INTESTINAL BARRIER FUNCTION AND THE MICROBIOTA

Alterations in gut microbiota member-
ship during undernutrition have both
short and long term consequences on a
child's metabolic, immune and absorp-
tive capacities. It is reasonable to infer
that these changes are probably most
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dramatic at the gut barrier, the site of
closest contact between the host and
the gut microbiota. The gut intestinal
barrier is the series of host defences
that allow the peaceful coexistence of
our intestinal microbiota and immune



system. These defences are necessarily
both complex and overlapping because
they must simultaneously maintain a
selective partition between some com-
ponents of the intestinal lumen while
allowing the absorption of nutrients
and the surveillance of the microbiota
by the immune system. To achieve this,
an overlapping and multi-tiered "de-
fence in depth" has co-evolved with the
microbiota.

First, physical barriers prevent pene-
tration of bacteria through the intestinal
epithelium. For example, mucins se-
creted by goblet cells create a glyco-
protein mesh that prevents incursion of
bacteria (McGuckin et al., 2011). Dis-
ruption of the microbiota by antibiotic
treatment can trigger thinning of the
mucus layer, resulting in increased sus-
ceptibility = to  enteric  infection
(Wlodarska et al., 2011). Additionally,
the intestinal epithelium itself regulates
the penetration of the intestinal con-
tents into the lamina propria through
the modulation of tight junctions be-
tween cells (Groschwitz et al., 2009).
These tight junctions are necessarily
malleable because of their critical role
in allowing uptake of nutrients from
digested foods (Marchiando et al.,
2010). Second, chemical barriers help
to dissuade bacteria from venturing too

close to the intestinal epithelium. Anti-
microbial peptides released by intesti-
nal epithelial cells as well as Paneth
cells segregate the epithelium and gut
microbiota (Vaishnava et al., 2011).
Third, immunologic barriers function-
ing to prevent, repel and repair insults
to the epithelium constitute yet another
layer of the intestinal barrier.

Among these immunologic compo-
nents of the intestinal barrier, immuno-
globulin A (IgA) is uniquely suited for
studying the interplay between the gut
microbiota and intestinal barrier func-
tion. IgA is abundant on all mucosal
surfaces particularly the gut, where it
functions by binding bacteria, toxins
and other antigens to prevent them
from interacting with the host, a pro-
cess known as "immune exclusion"
(Stokes et al., 1975). The synthesis of
IgA occurs in response to both innate
and adaptive immune signals (Bunker
et al., 2015). Also, IgA production
changes rapidly in response to altera-
tions in the microbiota (Hapfelmeier et
al., 2010). Thus, identifying which
members of the microbiota are targeted
by the IgA response will help better
elucidate the dynamic changes that oc-
cur at the gut barrier in response to
diet, infection or breakdown of other
components of the gut barrier.

BARRIER INTEGRITY AND THE ROLE OF IgA

We and others have developed a flow
cytometry based method for identifying
IgA-coated bacteria from faecal sam-
ples (Kau et al., 2015; Palm et al.,
2014). Using this approach, which we
have termed "BugFACS", we charac-
terized the patterns of IgA targeting in
mice colonized with the faecal microbi-
ota of either a Malawian co-twin diag-
nosed with kwashiorkor, or the co-twin
that remained healthy.

Similar to our previous findings

(Smith et al., 2013), mice colonized
with the malnourished microbiota lost
more weight than mice colonized with
the healthy microbiota fed the same
macro- and micronutrient deficient
diet. In addition, BugFACS analysis
showed that in mice colonized with the
malnourished microbiota, there was
preferential targeting of members of
Enterobacteriaceae. In mice colonized
with the healthy co-twin's microbiota,
Akkermansia mucinaphila, a member
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of the phylum Verrucomicrobia, was
preferentially targeted. The capacity of
the IgA targeted microbes from the
malnourished microbiota to induce bar-
rier dysfunction was demonstrated by
their ability to induce severe weight
loss and mortality when transplanted to
another generation of gnotobiotic mice.
This barrier dysfunction was associated
with mislocalization of the cell adhe-
sion molecule, EpCAM, within the
small intestine and epithelial shedding
within the large intestine. Interestingly,
IgA targeted Enterobacteriaceae alone
were insufficient to produce this pa-
thology and required other IgA targeted
bacteria, including members of Bac-
teroidales, to produce overt disease
(Kau et al., 2015).

The importance of both Bacteroi-
dales and Enterobacteriaceae in under-
nutrition has also been described in a
model of Environmental Enteric Dys-
function (EED) (Brown et al., 2015). In
this study, oral exposure to the combi-
nation of Bacteroidales and E. coli re-
sulted in growth stunting accompanied
by histopathologic changes consistent

with EED including small intestinal
villous blunting and disruption in the
expression of tight junction genes
CLDN2 and CLDN4. Similar to our
findings, neither the Bacteroidales nor
E. coli were capable of inducing barrier
dysfunction when administered singly
(Brown et al., 2015).

Interaction between E. coli and Bac-
teroidales has been noted before in sev-
eral contexts. In a mixed infection
model of abdominal abscess, the pres-
ence of Bacteroides sp. potentiated ab-
scess formation (Rotstein et al., 1989a),
possibly mediated through inhibition of
neutrophil function by a soluble Bac-
teroides molecule (Rotstein et al.,
1989b). Additionally, transcriptional
analysis of E. coli and B. thetaiotaomi-
cron in mono- and bicolonization ex-
periments have shown that these spe-
cies may crossfeed, potentially enhanc-
ing their in vivo fitness (Li et al., 2015).
These data emphasize the need for con-
sideration of bacterial interactions in
future experiments directed at under-
standing the microbiota in modulation
of barrier function.

IGA TARGETED BACTERIA IN HUMANS

The ability to determine the targets of
the gut mucosal IgA response offers the
opportunity to address many important
questions regarding the developmental
maturation of the gut mucosal barrier in
early childhood. In order to tackle
some of these questions, we examined
a cohort of 40 healthy American twin
pairs with faecal samples collected
monthly from birth to 2 years of age
and performed BugFACS analysis as
well as whole community V4-16S
rRNA sequencing (Planer et al., 2016).
Analyses of these data show that IgA
responses to the gut microbiota
amongst twins were very similar in the
first two years of life compared unre-
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lated twins. However, by 2 years the
similarity in IgA targeting profiles be-
tween unrelated individuals began to
converge such that family membership
was no longer distinguishable based on
IgA profiles. Also, at two years, the
children’s' IgA profile largely resem-
bled the mothers' implying that IgA
mucosal responses have adapted an
adult-like configuration by this time.
Remarkably, there was a surprising con-
sistency in the most prominent mem-
bers of the microbiota targeted in both
the children and mothers, especially A.
muciniphila and Ruminococcus tor-
ques. Both of these taxa were nearly
always targeted by the host IgA re-



sponse when present in an individual’s
faecal sample (Planer et al., 2016).

In malnourished children, different
taxa predominate amongst the IgA tar-
geted taxa. Consistent with our findings
from humanized gnotobiotic mice,
members of Enterobacteriaceae were
significantly targeted by the IgA re-
sponse in two cohorts of Malawian
children with varying degrees of under-
nutrition (Kau et al., 2015). The degree
of IgA targeting appeared to be nega-
tively associated with anthropometric
measurements, with individuals having
the highest degree of IgA targeting of
Enterobacteriaceae also showing the
poorest (lowest) weight-for-age and
weight-for-height Z-scores. Addition-
ally, the IgA response to Enterobacteri-
aceae was significantly associated with
the presence of virulence factors for
enteropathogenic E. coli (EPEC) and
enteroaggragative E. coli (EAEC),
likely reflecting mucosal immune acti-
vation in response to colonization with
these pathogens (Kau et al., 2015).
Compared to healthy American cohorts
(Planer et al., 2016), which demon-
strated limited targeting of Entero-
bacteriaceae, the strong IgA responses
to Enterobacteriaceae may reflect a
compensatory response to the recurrent
exposure to these bacteria and could be
indicative of a degraded mucosal bar-
rier.

The potential disease-causing role of
IgA targeted bacteria is also supported
by data from the inflammatory bowel
disease literature. Inducing colitis using
dextran sulphate sodium, gnotobiotic
mice colonized with bacteria found to
be targets of the IgA response in pa-
tients with inflammatory bowel disease
results in severe colonic inflammation.
In contrast, colonization with bacteria
untargeted by the IgA response from
the same microbiota donor displayed
only minimal inflammation (Palm et
al., 2014). When weighed together with

our own observations in undernutrition,
these studies indicate that IgA targeted
intestinal microbes have at least some
potential to exacerbate, if not precipi-
tate, intestinal barrier dysfunction.

Perhaps equally interesting, IgA tar-
geted bacteria from healthy individuals
may have a role in protecting barrier
integrity. Both A. muciniphila and
Bifidobacterium bifidum, identified as
targets of the IgA response in children
(Planer et al., 2016), have both been
proposed as probiotics. B. bifidium has
long been associated with the healthy
infant gut microbiota and has more re-
cently been shown to prevent TNF-a
mediated gut epithelial barrier disrup-
tion in vitro (Hsieh et al., 2015). Like-
wise, A. muciniphila reduces diet in-
duced metabolic endotoxaemia and its
presence correlates improved metabolic
parameters of a variety of obesity in-
duced abnormalities including insulin
levels, glucose and triglycerides
(Everard et al., 2013; Schneeberger et
al., 2015). In our gnotobiotic model
undernutrition, we found that A.
muciniphila, administered with another
IgA targeted organism, Clostridium
scindens, was capable of preventing the
barrier dysfunction caused by the ad-
ministration of IgA targeted micro-
organisms from an undernourished in-
dividuals (Kau et al., 2015). These re-
sults hint that IgA targeted microbes
from healthy individuals may occupy a
privileged niche that simultaneously
allows prolonged immunological con-
tact with the host while avoiding overt
inflammation that would result in
degradation of the intestinal barrier. In
return, the presence of these "friendly"
IgA targets may prevent invasion of
harmful taxa, synthesize useful me-
tabolites or provide a basal amount of
signalling that promote a healthy gut
barrier such as epithelial turn over or
mucus secretion.

The factors that result in a bacterial
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taxa becoming a target of IgA in the
intestine are not known, but will un-
doubtedly encompass multiple varia-
bles. However, one unifying factor for
many of the bacteria that we have iden-
tified as being targeted by the IgA re-
sponse is that the lifestyle of these bac-
teria may bring them in close associa-
tion with the host epithelium. Both A.
muciniphila and R. torques are known
to degrade host mucins (Derrien et al.,
2004; Png et al., 2010) while both
EPEC and EAEC are known to adhere
to the intestinal epithelium as part of

their pathogenic lifecycles (Kaper et
al., 2004). Alternatively, IgA responses
may be driven primarily by bacterial
encoded factors, such as capsule
(Peterson et al., 2015), that modulate
antigenicity in response to the environ-
ment. Regardless, understanding the
features that promote IgA responses in
the mucosa is of great practical im-
portance as efforts to rationally select
next-generation probiotics for under-
nutrition will need to take into account
their effects on host barrier function.

CONCLUSIONS

Future therapies directed at improving
barrier function in undernutrition will
rely on a deeper understanding of the
microbial and host dynamics at the gas-
trointestinal barrier. In the absence of
biopsy specimens, proxy measurements
of barrier function such as identifying
IgA targeted bacteria, will greatly aid

in our understanding of EED and may
constitute a new diagnostic modality
for barrier function. Further, efforts to
recover IgA-targeted microbes from
healthy individuals may lead to next-
generation probiotics that favourably
modulate barrier function.
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GUT EPITHELIAL REGENERATION AND THE MICROBIOME:
DECRYPTING SIGNALS IN THE CRYPT

GIULIA NIGRO, THIERRY PEDRON, and PHILIPPE SANSONETTI

Unité de Pathogénie Microbienne Moléculaire, Institut Pasteur,
Unité INSERM 1202, Paris, France

SUMMARY

The intestinal crypt represents a strategic niche where signals are integrated
to regulate epithelial regeneration, due to the presence of stem cells and
their associated lineages such as Paneth cells and proliferative cells of the
transit-amplifying compartment.

We have selected the intestinal crypt as a model to study microbiota-host
cross-talks. Our starting hypothesis was that among the complex assemblage
of luminal and mucosal commensal species that compose the microbiota, a
limited set may enter into a mutualistic interaction with the cells in the intes-
tinal crypt reflecting a long co-evolution in which the epithelial regenerative
apparatus may benefits from microbiota-mediated protection.

We are currently developing a cellular microbiology of the intestinal
crypt, particularly in the caecum and the colon where we have identified a
"crypt specific core microbiota" (CSCM) that is composed of a restricted set
of strictly aerobic, non-fermentative microorganisms whose possible func-
tion of crypt "gatekeeper" is currently under study. In this context, we have
provided the first evidence that a bacterial product, the peptidoglycan frag-
ment muramyl-dipeptide (MDP), exerts a strong and direct NOD2-
dependant cytoprotective effect on intestinal stem cells upon induction of a
cytotoxic stress.

THE GUT MICROBIOTA: THE FORGOTTEN ORGAN

The microbiota is a complex ecosystem
populated by a diverse community of
microorganisms, mainly dominated by
bacteria, but also comprised of archaea,
fungi, protozoa, and viruses, that in-
habit a specific area of the. The most
studied is the intestinal microbiota, par-
ticularly abundant in the colon in
which Bacteroidetes and Firmicutes
represent the dominant phyla.

The microbiota has been defined as
a “forgotten organ” (O'Hara and
Shanahan, 2006), playing a central role
in health and disease. The microbiota
provides protective functions by form-

ing a natural defence barrier against
pathogens, by occupying niches and
receptors, and by producing colicins. It
has metabolic functions such as the fer-
mentation of non-digestible dietary
residues, the synthesis of vitamins, and
the detoxification of dietary carcino-
gens (Sansonetti, 2008). The microbi-
ota contributes to the regulation of the
intestinal barrier, modulating physical
properties, such as the composition and
the thickness of the mucus layer or the
tight junctions between the epithelial
cells (Jakobsson et al, 2015;
Ulluwishewa et al., 2011). Moreover,
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the gut microbiota interacts with the
immune system, stimulating its devel-
opment and maturation (Chow et al.,
2010).

The microbiota, as well as bacterial
products and bacterial metabolites, pro-
vide continuous stimuli to the entire
epithelial layer, possibly indirectly af-
fecting stem cells that could sense sig-
nals from neighbouring cells respond-
ing to bacterial agonists. These signals
could influence the survival of stem
cells and therefore control both prolif-
eration and regeneration of the whole
epithelium. The dialogue between the
microbiota and the intestinal cells (im-
mune and epithelial) is mainly due to
the expression of innate immune recep-
tors (pattern recognition receptors -
PRRs) that recognize conserved bacte-
rial motifs defined as "microbe-associ-
ated molecular patterns" (MAMPs)
(Kawai and Akira, 2011).

Principal members of the PRRs are
the Toll-like receptors (TLRs) and the
nucleotide oligomerization domain re-
ceptors (NODs). TLRs are transmem-
brane proteins located at the cellular
plasma membrane or at the endosomal
membranes. Instead, the NODs are
cytosolic proteins.

Upon MAMPs recognition, PRRs
initiate a signalling cascade that usually
trigger to an inflammatory response,
through the activation of the transcrip-
tional factor NF-Kf responsible of the
production of pro-inflammatory cyto-
kines such as IL-1B, IL-6, or IFN-y.
Indeed, in the gut, PRRs seem to be
crucial for bacterial-host communica-
tions and for maintaining intestinal ho-
meostasis (Abreu et al., 2005).

Several studies have shown that bac-
teria or bacterial motifs are necessary
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for proper host development not only
of the gut but also, for instance, of the
immune system. The recognition of
commensal microflora by TLRs ex-
pressed by epithelial cells is required
for intestinal homeostasis (Rakoff-
Nahoum et al., 2004), while the interac-
tion between fragments of peptidogly-
can and NODI receptors are necessary
and sufficient to induce the genesis of
isolated lymphoid follicles (Bouskra et
al., 2008). One can reasonably hy-
pothesize that stem cells, located in the
intestinal crypts, could also express
PRRs to recognize bacteria, therefore
directly responding themselves to the
microbiota. It represents a rare situation
in which a differentiating and prolifera-
tive epithelium is directly exposed to
bacteria, both permanent symbionts
and occasional pathogens. One can thus
hypothesize that co-evolution of mam-
mals with their gut microbiota has led
to a balance, protecting the crypt
against microbial insults while main-
taining a capacity to sense and integrate
microbial signals to convert them into
signals boosting epithelial regeneration.
We have selected the intestinal crypt as
a model to study microbiota-host cross-
talks. On one side exploring the possi-
bility that a particular microbiota (i.e.,
crypt  specific core  microbiota
[CSCM]) is selected to survive in the
crypt environment particularly because
of its adaptation to the niche environ-
ment. Such a CSCM may play a ho-
meostatic role by acting as a gate-
keeper, preventing the proliferation of
more aggressive symbiotic microorgan-
isms (i.e., pathobionts) (Chow and
Mazmanian, 2010) and pathogens, and
by providing optimal signalling to the
crypt and its environment.



Figure 1: Bacteria reside in the murine proximal colonic crypts (modified from Pédron et al.,

2012).

A: Warthin-Starry staining, and B: FISH with the universal 16S rRNA gene-targeted probe are
shown. Black and white arrows indicate the presence of bacteria. Using specific probes,
Acinetobacter (C) and the Firmicutes (D) are localized mainly in the crypts and lumen of the

colon, respectively.

A CRYPT-SPECIFIC CORE MICROBIOTA RESIDES
IN THE MOUSE COLON

Our starting hypothesis was that among
the complex assemblage of luminal and
mucosal commensal species that com-
pose the microbiota, a limited set may
enter into a mutualistic interaction that
may reflect a long co-evolution that
established a situation in which the epi-
thelial regenerative apparatus may
benefit from microbiota-mediated pro-
tection.

At stake is the homeostasis of a par-
ticularly sensitive zone where adult

stem cells are directly exposed to the
gut flora.

Preliminary evidence collected from
Whartin-Starry (silver/nitrate) staining
of various segments of the intestinal
tract of various mouse lines reproduci-
bly showed the presence of a small
cluster of bacteria located at the crypt
bottom in the caecum and proximal co-
lon. These bacteria were not seen in
general in the duodeno-jejunum and in
the distal colon.
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These data were confirmed by fluo-
rescent in situ hybridization (FISH) us-
ing universal 16S rRNA gene-targeted
probe, indicating that these bacteria
were alive and metabolically active
(Figures 1A and 1B).

We next developed a dedicated
pipeline to molecularly identify the
relevant bacteria. We combined laser
capture microdissection (LCM), DNA
amplification with primers flanking the
V5-V6 hypervariable regions of 16S
rRNA encoding sequences, and 454
sequencing. We clustered the se-
quences into species-level operational
taxonomic units (OTUs) of 97% se-
quence similarity by the furthest-neigh-
bour method, using the Mothur soft-
ware program. The analysis was car-
ried-on on mice with different back-
grounds and obtained from several pro-
viders. We compared samples obtained
from luminal and crypt regions and
fourteen bacterial phyla were detected,
but most sequences could be assigned
to five phyla: Firmicutes (73%), Beta-
and Gamma-proteobacteria (16%),
Actinobacteria (3.5%), and Bacteroide-
tes (1.7%).

We have compared samples ob-
tained from luminal versus crypt con-
tent and we have found that whereas
members of the Bacteroidetes were ra-
ther poorly represented within both
crypt and luminal samples, the Fir-
micutes represented the majority of lu-
minal sequences (95.5%). The Proteo-
bacteria represented the most abundant

sequences found in crypts (47.6%, ver-
sus 2.7% for the lumen). Interestingly,
the major bacterial family identified
was the Moraxellaceae (23.7%), with
23% of Acinetobacter spp. sequences
in crypts versus 1.6% in the lumen.
OTUs from Acinetobacter spp. were
shared among all crypts, representing a
possible common bacterial phylogroup
with possible quantitative variations
according to the mouse line studied.
However, in all cases, levels of
Acinetobacter spp. in crypts were sig-
nificantly higher than those observed in
luminal samples, in other words a
strictly aerobic, non-fermentative genus
belonging to the gamma-proteobacte-
rial family.

Thus, using FISH with probes spe-
cific for bacterial families and/or gen-
era, the presence of Acinetobacter spp.
was unequivocally confirmed in crypt
samples from different murine strains
(more than 10% of the crypts were
colonized by Acinetobacter, as visual-
ized by FISH) whereas members of the
Firmicutes were localized in the lumen
(Figures 1C and 1D).

In order to confirm the tropism of
Acinetobacter, germfree mice were col-
onized using a conventional microbiota
originating from littermates. After 26
days of colonization, bacteria were ob-
served by silver staining in colonic
crypts, and the presence of Acinetobac-
ter spp. was clearly demonstrated by
FISH.

PROTECTIVE EFFECT OF COMMENSALS ON
INTESTINAL STEM CELLS

In this context, it was clear that our hy-
pothesis also needed to be validated by
demonstrating the existence of a true
cross-talk between the microbiota, pos-
sibly more specifically the CSCM and
the crypt. For this we took advantage
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from the recently described culture sys-
tem for intestinal crypts developed by
Hans Clever’s group: the "miniguts" or
"organoids" (Sato et al., 2009).
Following purification of murine in-
testinal crypts and their embedding in
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Figure 2: Protective Effect of MDP on intestinal stem cells (modified from Nigro et al., 2014).

A: Crypts were stimulated with soluble sonicated peptidoglycan (PGN), muramyl-dipeptide
(MDP), muramyl-tetrapeptide (Tetra-dap), Escherichia coli lipopolysaccharide (LPS), flagellin
(Fla), synthetic lipoprotein (Pam3CSK), or unmethylated CpG dinucleotides (CpG). The fold
change in the number of organoids over non-stimulated organoids (Ctrl) was calculated after 4
days of culture.

B: Cell proliferation was analysed by cytometry, monitoring EdU incorporation after 2 h.
Representative profiles of MDP-treated (black) and non-treated organoids (grey) are shown.

C: Organoids stimulated (left) or not (right) with MDP were stained with anti-Ki67 (red). Nuclei
are in blue and phalloidin in green.

D: The capacity of stem cells to express Nod2 was tested on small intestine sections from Nod2
KO mice. Cells expressing Nod2 are in green, and Paneth cells stained with lysozyme are in red;
nuclei are in white.

Matrigel in the presence of essential
growth factors such as R-Spondin,
Noggin and Wnt ligands, organoids can
be grown and maintained in vitro
showing the progressive appearance of
crypt-like structures composed of stem
cells, as well as a transit-amplifying
compartment followed by cell cycle
arrest and differentiation into the vari-
ous epithelial lineages: Paneth cells in

close apposition to stem cells, bona
fide epithelial cells, goblet cells and
entero-endocrine cells (Sato et al.,
2009). The organoids will form a three-
dimensional structure, recapitulating
the crypt-villus architecture, with an
internal lumen.

When crypts were exposed, before
embedding, to bacterial MAMPs (mi-
crobe-associated molecular patterns),
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such as peptidoglycan (PGN) muramyl-
dipeptide (MDP), muramyl-tri and
tetrapeptide, lipopolysaccharide (LPS),
flagellin (Fla), unmethylated CpG
dinucleotides (CpG), and lipoproteins
(Pam3CSK), only crypts exposed to
PGN and MDP yielded 4-5 fold more
organoids compared to not stimulated
organoids (Figure 2A).

To show if the growth rate is af-
fected by the presence of the MDP, all
the organoids were imaged and their
area measured. No difference was ob-
served in the maximum size of organ-
oids compared to controls, suggesting
that stimulation with MAMPs did not
affect the growth rate. To confirm this
observation, treated and control organ-
oids were tested after 4 days of culture
for both EdU incorporation and Ki67
staining (Figures 2B and 2C). We did
not observe any variation in the cell
proliferation rates between organoids
stimulated with MDP and controls, ei-
ther globally or specifically in the
transit-amplifying compartment. There-
fore, epithelial proliferation was not
affected by MDP stimulation. Moreo-
ver, we repeated the in vitro experi-
ment of stimulation by using crypts
from NODIKO and NOD2KO mice
and we observed the same increase in
the yield only in the NOD1KO organ-
oids, indicating that the observed
phenotype is linked to NOD2 expres-
sion. Further experiments indicated that
Lgr5+/CD24middle+ crypt cells corre-
sponding to the stem cells expressed
high levels of NOD2 transcripts, the
intracellular cytosolic sensor involved
in MDP recognition (Figure 2D). Using

co-culture of single intestinal stem cells
and Paneth cells from wildtype (wt)
and/or NOD2KO mice, we
demonstrated that this effect was due to
the expression of NOD2 in stem cells
and not in Paneth cells. To better
evaluate the cytoprotective effect of
MDP on the stem cells, we first per-
formed in vivo experiments on mice in
which the microflora was depleted by
antibiotic treatment. We showed that
mice gavaged with MDP were pro-
tected from the effects of doxorubicin,
a DNA-intercalating agent that induces
high levels of oxidative stress. To test
the existence of a NOD2-dependent
pathway of stem cell cytoprotection in
the presence of microbiota-produced
MDP, we carried out similar experi-
ments in conventional wt and
NOD2KO mice. We observed that wt
mice, not NOD2KO mice, were able to
regenerate the gut upon treatment with
doxorubicin. Moreover, the wt mice
presented higher numbers of crypt sur-
vival compared to NOD2KO mice,
indicating a protective effect of NOD2.
We also showed that crypts extracted
from doxorubicin-treated mice were
much more responsive to MDP regard-
ing the yields of organoids, thereby
indicating that the MDP-NOD2 path-
way is rather protective than following
cytotoxic aggression in homeostatic
conditions. This altogether provides
strong support to the concept of a pro-
tective cross-talk between the micro-
biota and the regenerative apparatus of
the crypt with particular targeting to the
stem cells.

CONCLUSION

Our approach has attempted to set the
basis for a cellular microbiology of the
mutualistic symbiosis established be-
tween elements of the intestinal micro-
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biota and the gut mucosal tissues. We
have shown that the caecal and colonic
crypts harbour resident microbiota in
the mouse and this bacterial population



is unexpectedly dominated by aerobic
genera.

Interestingly, this microbiota resem-
bles the restricted microbiota found in
the midgut of invertebrates. Thus, the
presence of our so-called "crypt-
specific core microbiota" in the mouse
colon potentially reflects a co-evolu-
tionary process under selective condi-
tions that can now be addressed. We
suggest that CSCM could play both a
protective and a homeostatic role
within the colon.

Our central hypothesis is that the

CSCM may act as a crypt "gate-
keeper" with multiple complementary
functions selected by the co-evolution-
ary process:
(1) Protection against the intrusion of
pathogens or pathobionts that may dis-
turb the fragile homeostasis required to
preserve the balance of epithelial
regeneration in physiological condi-
tions or following a cytotoxic aggres-
sion, and "buffering" of inflammation
that may be transiently caused by the
accidental passage of a pro-inflamma-
tory pathobiont.

(i) Biodegradation of the xenobiotic
molecules that may gain access to the
crypt and induce strong genotoxic dam-
age, particularly on stem cells.
It must be noticed that the CSCM iso-
lates are typical environmental micro-
organisms with strong and diverse bio-
degradative activities, as assessed by
the annotation of their genomic se-
quences (Saffarian et al., 2015).
Therefore, in the presence of stress,
such as doxorubicin, the stem cells are
more prone to respond to the MDP re-
leased by the microflora that enhances
their protection from injury. This work
highlighted a new role for NOD2 in
intestinal homeostasis. In a steady-state
condition, the bacteria perhaps do not
give any specific advantage to stem
cells, as indicated by the fact that
NOD2KO mice are viable and do not
present any particular difference com-
pare to wt mice. However, upon injury,
the presence of the microbiota and
particularly the released MDP, has a
protective effect on stem cells, making
them more reactive to MDP itself and
more resistant to death.
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SUMMARY

The vertical transmission of the maternal microbiome to the new offspring
sparks the development of a new microbiome that together with its new host
forms a symbiotic entity. The microbial genome (biont) and the genome of
the host (biont) represent two “bionts” which together represent a holobiont.
The holobiont represent a functional unit with evolutionarily designed func-
tions to secure nutritional intake, DNA replication and reproduction. It fol-
lows that virtually all organs within the holobiont respond to changes within
the microbiome. The microbiome, in turn reciprocate, by influencing host
genome function to support host physiology. The aryl hydrocarbon receptor
(AhR) is an evolutionarily conserved receptor recognizing environmental
compounds, including natural ligands some of which are derived from the
microbiome. This small overview touches upon aspects of the microbiome-
AhR communication to display an example of holobiont communication.

INTRODUCTION

Until very recently, evolutionary genet-
ics focused almost exclusively on pat-
terns of variation found within our
mitochondrial and nuclear genomes.
Yet, bacteria and archaea, two of the
predominant kingdoms within the mi-
crobiome, were the dominant forms of
life on Earth for approximately 3 bil-
lion years prior to the evolution of the
animal kingdom (Maloof et al., 2010;
Bell et al., 2015). Further to this point,
it has become increasingly clear that
the study of evolution is not complete
without consideration of the microbi-
ome. In addition to the somatic cells of
the host, the entire body is a patchwork
landscape home to thousands of differ-
ent microbial species that number in
the tens of trillions of cells. Rather than
mere transient microbes, these co-resi-

dent organisms contain an immense
diversity of genes that interact directly
with our physiology to carry out vital
functions. The awareness of these roles
has resulted in a radical shift from
thinking of host-associated microbes
solely in terms of pathogens, to consid-
ering them essential members of host
biology important for life. As such, the
host-associated microbial communities
serve as accessory genetic reservoirs
that respond to changes in our environ-
ments and lifestyles to converge as a
shared target for natural selection.
These new findings represent a para-
digm shift in our current understanding
of host physiology and place the micro-
biome into homeostasis mechanisms
relevant to digestion and energy meta-
bolism, immune development, neuro-
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logical function, and infectious disease
susceptibility. The two entities, the mi-
crobial genome and the host genome,
form a holobiont with overlapping bio-
logical and biochemical needs which
influence all aspects host physiology.
Environmental changes affect both the
host and its microbiome. The last two
decades of genome-wide association
studies has ignored the microbiome
and, consequently, missed the response
elicited within it. Through the use of
germ-free (GF) mice, mice that are
raised without exposure to any mi-
crobes, the holobiont physiology has
begun to be addressed using a systems

biology approach (Nicholson et al.,
2012). This includes the ability of the
host and microbiome to communicate,
to maintain homeostasis and act corre-
spondingly when exposed to assaults.
Furthermore, the use of GF mice helps
us to answer fundamental questions
about the role of microbial evolution
and ecology in broader patterns of host
evolution. This mini review focuses on
host microbiome interactions by dis-
cussing the AhR receptor as an exam-
ple of an evolutionarily conserved sig-
nalling pathway that act as host re-
ceiver and transmitter to the microbi-
ome within the holobiont.

A MICROBIOME RESPONDING RECEPTOR WITHIN THE
HOLOBIONT; THE ARYL HYDROCARBON RECEPTOR

The aryl hydrocarbon receptor (AhR) is
a cytoplasmic ligand-induced receptor
originally discovered as a xenobiotic
sensor mediating the toxicity of 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD),
also known as dioxin (Denison and
Nagy, 2003; Hu et al., 2007; Linden et
al., 2010; Murray et al., 2014). The me-
tabolism of xenobiotic compounds is
initiated by activation of the AhR,
which then translocate to the nucleus,
where it acts as a transcription factor
for specific target genes, such as cyto-
chrome P450 1Al and cytochrome
P450 1B1 (Ma et al., 2001; Denison
and Nagy, 2003; Diani-Moore et al.,
2010; Linden et al., 2010; Opitz et al.,
2011; Nguyen et al., 2013; Stockinger
et al., 2014). However, invertebrates do
not have a toxic response to dioxin, and
none of the currently known inverte-
brate AhR orthologues, including in
spineless Drosophila, have dioxin bind-
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ing capacity, which suggests that the
ancestral role of the AhR is not specifi-
cally a toxin response (Hahn et al.,
1997; Hahn, 2002). Furthermore, phys-
iological roles of the AhR in responses
to endogenous ligands have been re-
ported in cell cycle regulation, cell
differentiation, and immune responses
(Fernandez-Salguero et al., 1995;
Benedict et al., 2000; Quintana et al.,
2008; Opitz et al., 2011; Hao and
Whitelaw, 2013). A number of endoge-
nous AhR ligands have been suggested
through in silico research and biologi-
cal testing, including tryptophan me-
tabolites (Denison and Nagry, 2003;
Nguyen and Bradfield, 2008; Opitz et
al., 2011). Recently, our group discov-
ered that AhR expression is attenuated
in GF mice (Korecka et al., 2016). This
finding suggests that the AhR acts as a
mediator in communication between
the host and the microbiome.
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te microbiome.

THE ARYL HYDROCARBON RECEPTOR RESPONDING OUTPUTS
IN THE HOLOBIONT

Dioxin-activated AhR attenuates lipid
metabolism via negative regulation of
peroxisome proliferator-activated re-
ceptor (PPAR) (Remillard and Bunce,
2002). Dysregulation of lipid metabo-
lism leading to hepatic steatosis and
insulin resistance suggests that the AhR
plays an important role in integrating
exogenous and endogenous influences
in lipid and energy metabolism (Lee et
al.,, 2010; Lu et al., 2015). Findings
from AhR-deficient mice show that,
like GF mice (Backhed et al., 2007,
Rabot et al., 2010), they are protected
from high fat diet-induced obesity, he-
patic steatosis, and insulin resistance
(Xu et al., 2015).

Recently, fibroblast growth factor
21 (FGF21) was reported to be a novel
target gene of the AhR. FGF21 in-
creases lipid oxidation and ketogenesis
but decreases gluconeogenesis at the
gene expression level (Badman et al.,
2007; Inagaki et al., 2007). As an insu-
lin sensitizer, FGF21 boosts the meta-

bolic benefits such as improved blood
glucose levels due to increased glucose
uptake in adipocytes, reduced body
weight due to increased energy ex-
penditure, and improved blood lipid
profiles due to hepatic sequestration of
lipid droplets (Kharitonenkov et al.,
2005; Coskun et al.,, 2008; Lu and
Klaassen, 2011). TCDD-induced AhR
activation has been shown to increase
FGF21 mRNA in both a dose- and
time-dependent manner in mouse liver
(Lee et al., 2010; Lu et al., 2015). In
addition, drug-induced over-expression
of human AhR in mice induces the ac-
tivation of FGF21, which may then re-
sult in decreased insulin resistance
(Cheng et al., 2014). The opposite ef-
fects were observed with the down-
regulation of FGF21 — insulin insensi-
tivity, deranged lipid profile, and liver
inflammation — and can be associated
with the attenuation of hepatic lipid
accumulation and increased transfer of
fats out of the liver in hepatocyte-tar-
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geted AhR knockout (KO) (Lu et al.,
2015).

Recent work from our lab linked the
mechanism of microbiota and host
communication through an AhR-de-
pendent mechanism. We demonstrated
that the AhR is differentially expressed
in GF mice and that the FGF21 expres-
sion in liver is subject to regulation by
the microbiome (Figure 1). This sug-
gests a microbiome mediated signalling
pathway in which microbes regulate
FGF21 expression and thus its effector
function as an inter-organ communica-
tor (Figure 1). Similarly, our AhR-KO
study showed that AhR regulates a set
of metabolic genes in the liver, includ-
ing CD36 (involved in fatty acid up-
take) and Hmgcs2 (an enzyme involved
in ketone body regulation) (Korecka et
al., 2016). Similar to fast-induced adi-
pose factor-KO mice (Backhed et al.,
2007), AhR-KO mice gain weight as
expected but do not develop insulin
resistance (Korecka et al., 2016), sug-
gesting that AhR could be the upstream
link between microbiota-mediated sig-
nals and the host (Korecka et al., 2016).

Several reports have associated AhR
function with the regulation of the im-
mune system. TCDD treatment has
shown that AhR has the capacity to
mediate the differentiation and/or func-
tion of T cells, macrophages, and den-
dritic cells (Veldhoen et al., 2008, 2009;
Kimura et al., 2009; Ghandi et al.,

2010; Quintana et al., 2010; Hao and
Whitelaw, 2013; Nguyen et al., 2013;
Stockinger et al., 2014). The activation
of AHR by TCDD (Warren et al., 2000;
Vorderstrasse et al., 2003; Jin et al.,
2014a) and the ablation of AhR in KO
animals (Yamada et al., 2016) have im-
plicated this receptor in viral immunity.
We also recently reEorted that ablating
the AhR in CDIllc  cells perturbs the
development of the intestinal epithe-
lium and intestinal immunity (Chng et
al., 2016). Depending on the presence
of specific ligands, AhR activation has
also been shown to suppress or exacer-
bate responses in experimental autoim-
mune disease models. For example,
TCDD and 2-(1'H-indole-3'-carbonyl)-
thiazole-4-carboxylic acid methyl ester
(ITE) can suppress experimental auto-
immune encephalomyelitis (EAE), a
model of multiple sclerosis (MS)
(Quintana et al., 2010), whereas the
activation of AhR by ligands such as 6-
formylindolo[3,2-b]carbazole  (FICZ)
exacerbates the development of EAE
(Quintana et al., 2008, 2010; Veldhoen
et al., 2008; Duarte et al., 2013). In
addition, the affinity of AhR for ligands
(TCDD, high affinity; FICZ, low affin-
ity) influenced the amount of IL-17 and
IL-22 protein secreted by Thl7 cells
(Mezrich et al., 2010). These findings
indicate that various ligands for AhR
may have different effects on host
development.

MICROBIOME DERIVED NATURAL LIGANDS FOR THE
ARYL HYDROCARBON RECEPTOR

Though most research on AhR has fo-
cused on man-made high affinity bind-
ing ligands and chemical pollutants,
recent research has implicated im-
portant roles for an array of low affinity
natural ligands produced, metabolized,
or influenced by the gut microbiota.
Natural ligands for AhR can be divided
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into three groups: host mediated,
microbiota mediated, and dietary com-
pounds.

The essential amino acid tryptophan
is the major source for both host-medi-
ated and microbiome-mediated AhR
ligands. Kynurenine (KYN) is con-
verted from tryptophan by tryptophan



2,3-dioxygenase (TDO) or indoleamine
2,3-dioxygenase (IDO) and is an im-
portant AhR ligand (Mezrich et al.,
2010). Kynurenic acid (KYNA) is con-
verted from KYN by kynurenine ami-
notransferase and also an important lig-
and (DiNatale et al., 2010). Our re-
search has shown that the microbiota
regulates the expression of IDO in the
liver, and although IDO may play a
more important role in KYN metabo-
lism in extra-hepatic tissue (Badawy,
2015), these results indicate a need to
analyse the role of the microbiota in
KYN metabolism (Korecka et al.,
2016).

Gut microbiota also convert trypto-
phan to indole, indole-3-acetate, and
tryptamine, which have been identified
in mouse and human intestine and work
as AhR agonists and antagonists (Jin et
al., 2014b; Hubbard et al., 2015).
Microbial pigment virulence factors,
namely the phenazines from microbes
such as Pseudomonas aeruginosa and

the naphthoquinone phthiocol from
Mycobacterium tuberculosis, act as
microbiota-mediated AhR  ligands.
Upon ligand binding, activation leads
to virulence factor degradation and
regulates cytokine and chemokine pro-
duction (Moura-Alves et al., 2014).
Short chain fatty acids, such as propi-
onic acid and butyrate, from the micro-
biome are not direct ligands for AhR,
but our recent data suggest that they
stabilize AhR, increasing its activity in
the presence of true ligands. The major-
ity of dietary AhR ligands are produced
by plants. Plant-derived compounds
that act as ligands for AhR include
flavonoids, stilbenes, carotenoids, and
some indoles. Indole-3-carbiol (I3C) is
an indole compound found in crucifer-
ous vegetables that is converted to
higher affinity AhR ligands, such as
indolo-[3,2-b]-carbazole and 3,3’-
diindolymethane in the acidic environ-
ment of the stomach (Shertzer and
Senft, 2000).

MICROBIOME COMMUNICATING WITH THE
HOST NERVOUS SYSTEM

Sudo et al. (2014) first demonstrated a
possible link between the hypotha-
lamic-pituitary-adrenal (HPA) axis and
the gut microbiome. Elevated adreno-
corticotropic  hormone and corti-
costerone levels were observed in GF
mice compared to specific pathogen-
free (SPF) mice in early life. They also
demonstrated that brain-derived neu-
rotrophic factor (BDNF) is signifi-
cantly reduced in the hippocampus and
cortex of GF mice (Sudo et al., 2014).
Later studies confirmed regulation of
steady state levels of BDNF by the mi-
crobiome (Bercik et al., 2011; Diaz
Heijtz et al., 2011), which plays an im-
portant role in neuroplasticity, neuron
differentiation, and the maintenance
and protection of neurons under stress.

Many of these groups have linked
changes in brain biochemistry to al-
tered behaviours in GF mice (Bercik et
al., 2011; Diaz Heijtz et al., 2011; Sudo
et al., 2014).

Recently there have been reports
that the microbiome plays an important
role in the growth and function of CNS
cell populations. Hippocampal neuro-
genesis was shown to be increased in
GF mice (Ogbonnaya et al., 2015),
which also correlated to increased vol-
ume and abnormal neuronal morphol-
ogy in the hippocampi of GF mice
(Luczynski et al., 2016). Similarly there
was increased amygdala volume in GF
mice with concomitant neuronal mor-
phology (Luczynski et al., 2016). In
contrast to this, hippocampal neuro-
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genesis was shown by Mohle and col-
leagues to be decreased in mice treated
with antibiotics (Mohle et al., 2016).
They demonstrated that their model of
antibiotic depletion lead to decreased
hippocampal neurogenesis through
modulation of the populations of spe-
cific immune cells (Mohle et al., 2016).
Our group have also reported that the
microbiome plays a key role in the
maintenance of other synaptic proteins,
including synaptophysin and PSD-95,
which are reduced in the striatum of
SPF mice, suggesting abnormally
hyperactive synaptogenesis in the stria-
tum of GF mice (Diaz Heijtz et al.,
2011). The microbiome has also been
implicated in the functionality of glial
cells. Our group has demonstrated that

the microbiota is instrumental in the
development of the blood-brain barrier
(BBB) (Braniste et al., 2014). Finally,
Hoban et al. (2016) demonstrated that
in the absence of microbiota, there is
increased myelination of neurons in the
pre-frontal cortex. Taken together,
these early correlative findings high-
light the ability of the microbiome to
communicate with the host on critical
aspects of host function and further un-
derscore the necessity of a bilateral
crosstalk between the microbiome and
the host to generate a functional holo-
biont. That said, the knowledge on un-
derlying molecular mechanisms linking
the microbiome to the nervous system
remains limited and is what the field
needs.

THE ARYL HYDROCARBON RECEPTOR AND THE
CENTRAL NERVOUS SYSTEM

Reports on the AhR in neurodevelop-
ment are very limited. However, the
AhR appears to be vital in the mainte-
nance of some key pathways in neuro-
development in worms. In Caenorhab-
ditis elegans, Huang et al. (2004)
demonstrated a role for AhR in neural
cell fate determination, particularly for
GABAergic neurons. AhR-1 is the AhR
orthologue in C. elegans. In worms
with AhR-1 mutations, two specific
neurons out of the 302 total neurons
have been reported to appear and act
like a second pair of neurons that could
be reprogrammed into the first pair of
neurons by ectopic administration of
AhR-1 (Huang et al., 2004). In addi-
tion, Qin et al. (2004) found that AhR-1
is responsible for the development,
orientation, and axonal migration of
AhR-1-expressing neurons in C. ele-
gans. Taken together, these results
demonstrate that AhR contributes to the
cell fate determination of specific neu-
ronal populations in worms, possibly
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through natural ligands and irrespective
of dioxin exposure.

Dioxin toxicity studies have demon-
strated that the AhR is likely to play a
role in CNS development. In zebrafish,
TCDD exposure was reported to reduce
the total number of neurons by 30 %
(Hill et al., 2003). In mice, dioxin tox-
icity studies have demonstrated a simi-
lar role for AhR in the embryonic dif-
ferentiation of GABAergic neurons in
the telencephalon (Gohlke et al., 2009)
and the neurogenesis of cerebellar
granule cells (Williamson et al., 2005).
Importantly, due to the extraordinarily
high binding affinity of dioxin for the
AhR, emphatic conclusions regarding
the physiological role of the AhR in
normal development cannot be drawn
from dioxin studies alone.

The AhR was also shown to play a
crucial role in CNS development in
studies more consistent with typical
biology. The expression of a constitu-
tively active AhR in mice retarded the



development of interneurons in the ol-
factory bulb (Kimura et al., 2016). Fur-
thermore, in mouse primary cortical
neurons, AhR activation by FICZ was
also shown to increase the expression
of synaptophysin and SAP102, but not
PSD95 (Hsu et al., 2014). In functional
experiments, the AhR was shown to
alter hippocampal neurogenesis and
contextual fear memory in mice
(Latchney et al., 2013), as well as ag-
gression behaviour in C. elegans (Qin

et al., 2006). Latchney et al. (2013)
demonstrated that adult AhR-KO mice
and TCDD-exposed mice hippocampal-
dependent memory impairment. AhR-
deficient mice and TCDD-exposed
mice also exhibited reduced cell prolif-
eration, survival, and differentiation in
the adult dentate gyrus. The conflicting
data demonstrating both the KO and
activation of AhR lead to similar out-
comes, suggesting that the AhR plays a
vital role in CNS homeostasis.

A DYSFUNCTIONAL HOLOBIONT IN EARLY LIFE

Autism spectrum disorder (ASD) is a
neurodevelopmental illness for which
evidence supports a possible link be-
tween the maternal/early postnatal
microbiome and dysfunctional neuro-
developmental programming. From a
human health perspective, the associa-
tion between the microbiome and
neurodevelopment was highlighted by
evidence that people suffering from
ASD also frequently present with prob-
lems related to a dysfunctional bowel
with aberrant intestinal barrier function
(Rosenfeld, 2015). Although the asso-
ciation remains controversial, a role for
dysfunctional gut microbiome-brain
axis has gained further support from
the recent demonstration of different
microbiome composition in children
with ASD compared to age-matched
controls (Krajmalnik-Brown et al.,
2015).

A recent study demonstrated that, in
an animal model of ASD, correction of
the microbiota with probiotic admin-
istration of Bacteroides fragilis cor-
rected biochemical and behavioural
abnormalities associated with ASD
(Hsiao et al., 2013). In this ASD mouse
model, the key effector in the micro-
biota-gut-brain axis was the metabo-
lome; a number of specific metabolites
altered in the ASD mouse model were

normalized by the treatment. Indole-
pyruvate, a microbially controlled
molecule that is metabolized into an
AhR agonist, was significantly regu-
lated in the ASD model and by B. fra-
gilis treatment (Hsiao et al., 2013).
This metabolite is an interesting cor-
ollary to indolyl-3-acryloylglycine,
which has been shown to be elevated in
the urine of humans with ASD (Bull et
al., 2003).

Epidemiological studies of Vietnam-
ese children exposed to TCDD in the
prenatal and perinatal period have
demonstrated increased neurodevelop-
mental defects and autistic traits in
children with greater exposure to
TCDD (Tran et al., 2016). Prenatal and
postnatal exposure to KYN in rats
causes cognitive defects in adulthood
(Pocivavsek et al., 2012). Although
Pocivavsek and colleagues did not
identify a specific mechanism underly-
ing the association between early life
KYN exposure and cognitive deficits,
they did note that the treatment led to
3.4- and 2.1-fold increases in KYNA
levels in the brain at postnatal days 2
and 21, respectively (Pocivavsek et al.,
2012). Although they noted the effects
of KYNA as an antagonist of the a7
nicotinic acetylcholine receptor and the
N-methyl-d-aspartate receptor (Poci-
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vavsek et al., 2012), KYNA is also an
AhR ligand with a stronger binding af-
finity for the AhR than KYN (DiNatale
et al., 2010), potentially implicating
AhR activity in the cognitive abnor-
malities observed in this model. While

still in its infancy, it is tempting to
speculate that the AhR signalling path-
way and its microbially derived natural
ligands are of great interest to better
understand the underlying mechanisms
of Autism Spectrum Disorders.

THE HOLOBIONT AND THE BLOOD-BRAIN BARRIER

The AhR is widely expressed in the
CNS (Filbrandt et al., 2004; Jacob et
al., 2011). However, our understanding
of the role of the AhR in neurons and
supporting cells is still very limited.
The BBB is vitally important in the
maintenance of CNS homeostasis and
its weakening has been suggested to
contribute to neurodegenerative pathol-
ogy. Breakdown of the BBB at the
hippocampus has been correlated with
cognitive impairment in humans
(Montagne et al., 2015). Previously,
our group reported that the BBB exhib-
its increased permeability in adult GF
mice (Braniste et al., 2014). Mono-
colonization with Clostridium tyrobu-
tyricum or Bacteroides thetaiotaomi-
cron and treatment with sodium butyr-
ate had rescuing effects on BBB per-
meability and tight junction protein ex-
pression (Braniste et al., 2014). One
mechanism of the microbiome-medi-
ated effects on BBB permeability ap-
peared to be related to changes in the
expression of tight junction proteins,
such as occludin and claudin-5
(Braniste et al., 2014). A recent report
demonstrated that induction of dysbio-
sis with a mixture of antibiotics caused
alterations in the mRNA expression of
tight junction proteins in the brain
(Frohlich et al., 2016), validating, at an
mRNA level, the results produced by
Braniste et al. (2014) in a separate
model of microbiome disruption.

The presence of the AhR and ex-
pression of its target genes has been
shown to be significantly elevated in
the micro-vessels of the brain (Fil-
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brandt et al., 2004; Dauchy et al.,
2008). Contradictory results have been
reported. Via activation by TCDD, the
AhR decreases the permeability of the
BBB in vivo (Wang et al., 2011a,b), but
increased BBB permeability was ob-
served following exposure to 3-methyl-
cholanthrene (Chang et al., 2012).
Interestingly, though the increased
BBB permeability reported by Braniste
et al. (2014) has not been assessed in
the context of the AhR, a recent study
in keratinocytes demonstrated that lig-
and activation of the AhR elevates oc-
cludin and claudin 1 and 4 (Takei et al.,
2015), indicating that a similar AhR-
mediated effect could occur in the
BBB. One of the most abundant gap
junction proteins in the BBB is con-
nexin 43. Connexin 43 expression and
gap junction integrity has been shown
to be down-regulated by AhR activa-
tion (Andrysik et al., 2013; Kabatkova
et al., 2014). The deletion of connexin
43 is known to weaken the BBB,
allowing it to open under increased
vascular hydrostatic pressure or shear
stress (Ezan et al., 2012). A recent re-
port suggested that connexin 43 is inte-
gral to brain immune quiescence (Bou-
lay et al., 2015) and, irrespective of
BBB integrity, the deletion of connexin
43 was associated with increased im-
mune cell recruitment across the BBB.
Moreover, deletion of connexin 43
leads to activation of the endothelium
and chemoattraction, thereby linking a
key molecule in the maintenance of
BBB integrity with the neuroinflamma-
tory response (Boulay et al., 2015).



THE HOLOBIONT AND FURTHER DIRECTIONS

As mounting evidence supports the
holobiont model of the host and its mi-
crobiome, one of the most important
questions facing researchers are the
mechanisms by which the microbiota
communicates with the host. In hu-
mans, we have about 26,600 protein-
encoding transcripts which are far
fewer in number than that of the rice
genome — approximately 46,000 func-
tional transcripts. It is estimated that
one thousand different strains of bacte-
ria are expected to contribute up to
4x10° potential mRNAs to the human
transcriptome, thus making the human
host-plus-microbiome genetic com-
plexity closer to 4,026,600 mRNA
transcripts. Thus, considering the holo-
biont concept, the complexity in hu-
mans outnumbers that of rice and other
species. If we also bring in all the

microRNAs etc., then the complexity
of the human physiological road map
becomes almost incomprehensible to
take in. In conclusion, we have used
the microbiome-AhR communication
axis to illustrate a small glimpse of the
considerable dynamics of microbiome
host interactions. The AhR is an evolu-
tionarily conserved ligand induced
receptor involved in host-environment
interactions. Despite its well-known
responsiveness to man-made com-
pounds, such as TCDD, the AhR does
not elicit a response to dioxin in inver-
tebrates. Therefore, AhR must execute
other evolutionarily important roles in
development and homeostasis and stud-
ies addressing this signalling pathway
holds great promise for future under-
standing of the holobiont.
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INTRODUCTION

The majority of probiotic products cur-
rently on the market for human use are
based on Lactic Acid bacteria (Lacto-
bacillales), and many contain species of
the genera Lactobacillus or Lactococ-
cus (members of the phylum of Fir-
micutes) or Bifidobacteria (which were
reclassified from ‘Lactobacillus bifi-
dum’ to a genus within the Actinobac-
teria phylum). What these bacteria have
in common is their production of lactic
acid as a result of carbohydrate fermen-
tation. They are also frequently used as
starter cultures for dairy products and

other fermented foods.

Other, less frequently encountered
probiotic bacterial species are apatho-
genic strains of Enterococcus faecalis
(another Lactobacillales) and Esche-
richia coli (a Gamma-proteobacterium).
On the market are products containing
live Enterococcus faecalis, live Esche-
richia coli, and a bacterial lysate of En-
terococcus faecalis and Escherichia
coli (see chapter: "Identification of bac-
terial products" described later in this
publication).

ENTEROCOCCUS FAECALIS PREPARATION

Animal studies with Enterococcus
faecalis SY

Originally, the product based on apath-
ogenic E. faecalis was described as
‘oral vaccine’ against enteropathogens
such as Salmonella. Results obtained
with mouse experiments were summa-
rized in a publication that demonstrated
some protection against S. typhimurium
challenge and protection against intra-
peritoneal challenge with Haemophilus
influenzae was also shown (Rusch et
al., 1983). The presumed protection by
probiotic bacteria against infections
had already been proposed by Alfred
Nissle, who explained the observed ef-
fect by in situ competition (Nissle,
1916). Instead, Rusch and co-workers

preferred the hypothesis that the effect
was the result of stimulation of ‘non-
specific immune activities’. This hy-
pothesis was investigated in a follow
up murine study that used E. faecalis
SY (Hyde et al., 1986). Mice received
the E. faecalis bacteria (still called
Streptococcus faecalis in those days)
via their drinking water for 3 weeks,
after which the animals were sacrificed
to isolate polymorphonuclear leuko-
cytes (PMNs), macrophages and Natu-
ral Killer (NK) cells. The PMNs of
treated animals were able to Kkill
Staphylococcus aureus bacteria more
efficiently than PMNs from untreated
mice. However, neither the intracellular
killing of S. #yphimurium in macro-
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Figure 1: Results from two clinical trials with Enterococcus faecalis SY.

Panels A and B summarize findings for a trial with 160 patients suffering from chronic tonsillitis,
Panels C and D results from the trial with 106 patients with frequent upper respiratory tract
infections. Shown are total clinical scores (Panels A and C), and the percentage of patients free of
symptoms at the end (Panels Band D). (Modified after Rusch et al., 1986; Kalinski, 1986, 1987).

phages, nor the activity of Natural
Killer (NK) cells was enhanced as a
result of the treatment (Hyde et al.,
1986).

An animal study using 8-12 months-
old pigs was used to investigate the im-
mune modulation of E. faecalis SY in
more detail. Animals were given vari-
ous doses of the product to determine
that twice a daily dose of 10’ bacteria
per animal was required to produce in-
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creased cytotoxicity of peripheral gran-
ulocytes (Ottendorfer et al., 1995). Gut-
associated lymphoid tissue (GALT)
was isolated post mortem to assess
local, short-term effects of presence of
these probiotic bacteria. The PHA
stimulation of lymphocytes isolated
from the mesenteric lymph nodes was
increased in exposed animals, while the
nodes also contained more IgA-
producing cells. Moreover, the s-IgA



levels in saliva were elevated (Otten-
dorfer et al., 1995). All these effects
were considered to be in line with a
mechanistic immune-modulation by F.
faecalis SY that could explain its
positive effects on human conditions
such as COPD and recurrent airway
infections.
Clinical trials with Enterococcus
faecalis
Two double blind placebo-controlled
clinical trials were summarized in an
early publication from 1986, one de-
scribing 160 patients with chronic ton-
sillitis and the other involving 106 pa-
tients suffering from various respira-
tory tract infections (Rusch et al.,
1986). In both trials, the patients were
treated with E. faecalis SY or placebo
(the tonsillitis trial treatment lasted 6
months, in the other trial patients were
treated for 3 months). In both trials, the
immunological outcome was deter-
mined by the Merieux Multitest, a
multi-antigen skin test that was fre-
quently used in those days, and by as-
sessment of the patient’s health status
by a physician. Further, immunoglobu-
lin titres were determined in saliva and
serum. At the end of the tonsillitis trial,
which is described in more detail else-
where (Kalinksi, 1986), both patient
groups had improved their total scores
for clinical parameters, but the group
receiving treatment had significantly
better scores (p = 0.0038) compared to
the placebo group. Moreover, 65% of
the patients receiving the probiotic
were free of symptoms at the end of
treatment, compared to 35% of the pla-
cebo group (p=0.0001). The key data
from this trial are summarized in
Figure 1 panels A and B.
The other trial targeted patients with
‘impaired immune conditions’ as
judged by the frequency of chronic up-
per  respiratory tract infections
(Kalinksi, 1987). Again the difference

in total clinical scores was highly sig-
nificant between treatment and placebo
group (p=0.0003), and in this trial the
Merieux Multitest resulted in signifi-
cantly higher reactivity in the treatment
group (p=0.0280), while serum levels
of IgA and IgM significantly increased
compared to placebo. In the verum
group 40 patients became free of symp-
toms (61%) compared to 20 patients in
the placebo group (38%, p=0.001).
This is summarized in Figure 1 panels
C and D. From these two trials it was
concluded that E. faecalis SY provided
an effective and safe treatment for
chronic upper respiratory tract infec-
tions due to immunodeficiencies
(Rusch et al., 1986).

The level of circulating antibodies
was subject of a study by Jansen and
co-workers, who determined humoral
IgG levels directed against E. faecalis
in 10 healthy volunteers who daily took
10" bacteria of E. faecalis SY for 3
weeks (Jansen et al., 1993). Their post-
intake serum IgG levels were reduced
compared to two samples taken (5
weeks apart) prior to intake, and the
reduction was even stronger 3 weeks
after the last intake, while IgG levels
returned back to their original values 6
months later. The decrease in circulat-
ing IgG levels was interpreted as the
result of an anti-inflammatory effect by
the product (Jansen et al., 1993).

Another double-blind, placebo-con-
trolled clinical trial was performed to
evaluate the effect of E. faecalis SY on
chronic recurrent bronchitis (Haber-
mann et al., 2001). A total of 136 pa-
tients were randomly divided over a
placebo group of 66 and a treatment
group of 70 individuals. The treatment
or placebo intake lasted for 6 months,
after which the groups were followed
for another 8§ months. The treatment
group suffered from 39 bronchitis inci-
dents, which was 60% less than the 66
cases occurring in the placebo group
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Figure 2: Results from two clinical trials with Enterococcus faecalis SY.
Panels A and B summarize findings for a trial with 136 patients suffering from chronic bronchitis.

Panels C and D reports results from the trial with

157 patients with frequent sinusitis. Shown are

the number of recurrences (Panels A and C), and the total number of recurrences during the 6
months of treatment and 8 months of follow-up (Panels B and D). The latter show P-values by
Kaplan-Meier analysis. (Modified after Habermann et al., 2001, 2002).

(Figure 2, panels A and B). Treatment
with the product further resulted in de-
layed relapse, fewer episodes, and less
severe symptoms, compared to the pla-
cebo group. Side effects were not ob-
served in either group (Habermann et
al., 2001). Another publication from
the same research group came out a
year later, describing 157 patients suf-
fering from chronic recurrent hyper-
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trophic sinusitis (Habermann et al.,
2002). The followed procedure was
similar to the previous study, and this
time 50 sinusitis incidents were ob-
served in the treatment group of 78 pa-
tients, compared to 90 cases occurring
in the placebo group of 79 patients, a
significant difference (Figure 2 panels
C and D). A difference in frequency of
sinusitis was observed during treatment
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Figure 3: Results of a clinical trial with Enterococcus faecalis SY involving 204 children

suffering from recurrent rhino-sinusitis.

Panel A reports the average number of episodes for all patients and for the two age groups that
were separately analysed. Panel B shows the average duration of the first episode, and Panel C the
average duration of other episodes, both for the two age groups. (Modified after Kitz et al., 2012).

as well as during the 8 months there-
after and, as with recurrent bronchitis,
the time it took for the first relapse to
occur was longer after treatment
(Habermann et al., 2002).

Kitz and colleagues determined the
efficacy of E. faecalis SY to treat re-
current sinusitis in children (Kizz et al.,
2012). The study was a prospective
trial, in which children suffering from
recurrent rhino-sinusitis were assigned
to standard treatment, with or without a
subsequent 60-days course of the pro-
biotic bacteria. Children in the treat-
ment group had fewer episodes than the
controls (p=0.01). The duration of the
first episode was significantly shorter
in the younger treatment group, and
duration of other episodes was shorter
for both age groups (Figure 3). A delay
in onset of the first relapse and reduced
severity of symptoms was marginally
different between the two groups (Kitz
etal., 2012).

A systematic review that addressed
the application of probiotics for pre-
vention of respiratory tract infections
was published in 2009 (Vouloumanou
et al., 2009). A total of 109 publica-
tions were identified in PubMed, of

which 14 described randomised clinical
trials (RCTs) that fulfilled all criteria
for inclusion; this included the Haber-
mann 2002 study. Most other included
RCTs had tested Lactobacillus species,
while two trials had used Bifidobacte-
rium species. In contrast to the results
reported by Habermann and colleagues,
10 of the 14 compared studies reported
no difference in incidence of respira-
tory tract infections between treatment
and placebo control group (Voulou-
manou et al., 2009).

Mechanistic model of action of E.
faecalis SY

The mechanism of action of E. faecalis
SY can be summarized as schemati-
cally presented in Figure 4. The bacte-
ria activate monocytes/macrophages,
which react by production of interleu-
kin-1B (IL-1B) and IL-6. This stimu-
lates the activation and subsequent
proliferation of dormant B cells, with
the production of IgA and s-IgA as a
consequence.

This model is based on several inde-
pendent observations. That E. faecalis
SY bacteria resulted in IL-1p and IL-6
release by human PMNs was demon-
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Figure 4: Model of immunoregulation by Enterococcus faecalis SY.
For explanation see text. (Taken from Rusch and Zimmermann, 1995).

strated in vitro; the cytokine production
was dose-dependent and could be in-
hibited by dexamethasone but not by
cyclosporine A (Rosenkranz and
Grundmann, 1994). Production of
interferon gamma (IFN-y) was weaker
but also dose-dependant, and could be
inhibited by both dexamethasone and
cyclosporine A. Proliferation of B cells
was demonstrated in the pig model de-
scribed above, while increased s-IgA
levels in saliva were also demonstrated
(Ottendorfer et al., 1995). The human
clinical trials had produced data on an
increase of serum IgA and IgM (Rusch
et al., 1986; Kalinksi, 1986, 1987).

A random selection of the tonsillitis
patients who had participated in the
clinical trial previously mentioned
(Rusch et al., 1986) had donated blood
before the beginning of treatment, at 4
timepoints during treatment and again
3 months after treatment was finished.
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Monocytes isolated from these blood
samples were tested for their produc-
tion of IFN-y, as well as IL-2, IL-1B
and IL-6 (R. Kunze and H. Skarabis,
unpublished data). As expected, the
levels of these immune responses var-
ied considerably between individuals,
and some levels were too high or too
low to be determined quantitatively by
means of a standard curve. For those
measures that were accurate, the trends
prior to treatment and during treatment
were compared for patients from the
verum and treatment groups. Some of
the obtained data are summarized in
Figure 5. Notably, the production of
IFN-y in response to PHA+ E. faecalis
SY stimulation was down-regulated in
monocytes obtained from treated pa-
tients, compared to controls. This is
shown in Panels 5A-C, illustrated by
the decreased slope of the red curve
(verum group) in panels B and C.



w
[+
o

>
2

T=0 T=30days
140 o=Verum 1401 o=Verum

s=Placebo a=Placebo
120 1204

g
o @ o
g P

a
?

404

N
¥

204

IFNy by PHA + Symbioflor 1 stimulation

IFNy by PHA + Symbioflor 1 stimulation

T=180 days
1401 o=Verum
2=Placebo

]
i o

8

IFNy by PHA + Symbioflor 1 stimulation

20 40 60 80 100 120 140 160

R R SRR R,
20 40 60 80 100 120 140 160

20 40 60 80 100 120 140 160

8 88
58288

8

nN
?

)
o
I
o
a
IL-2 by PHA + Symbioflor 1 stimulation

IL-2 by PHA + Symbioflor 1 stimulat

o

IFNy by PHA stimulation IFNy by PHA stimulation IFNy by PHA stimulation
D 160 E 160 F 10
S T=0 o T=30 days* T=30 days
1404 o=Verum 140 o=Verum 1401 o=Verum
1704 a=Placebo P 120 #=Placebo o / - a=Placebo

® 3
g 8

5 8

N
<@

IL-2 by PHA + Symbioflor 1 stimulation

T T T T T T
20 40 60 80 100 120 140 160
IL-2 by PHA stimulation

T T T T T T T
20 40 60 80 100 120 140 160
IL-2 by PHA stimulation

— T T T T T T
20 40 60 80 100 120 140 160
IL-2 by PHA stimulation

Figure 5: Production of immune regulators by monocytes isolated from patients who participated

in the tonsillitis trial.

Panels A-C show the IFN-y production after stimulation with PHA plotted against stimulation with
PHA combined with E. faecalis SY. Panels D-F show the results for IL-2 production. Blood
samples were taken prior to treatment (Panels A, D), after 30 days of treatment (Panels B, E, F)
and after 180 days (panel C). Note that Panel E shows the outcome read after 15 hrs. of stimulation
(marked by *), while D and F are read after 48 hrs. of stimulation. (Modified after R. Kunze and

H. Skarabis, unpublished data).

When the levels of produced IL-2 were
measured after 15 hrs. of incubation,
they remained more or less the same
over time, either in the verum or pla-
cebo group (data are shown for day 30
only, panel 5E, where the verum and
treatment curve overlap), whereas the
production levels of IL-2 differed sig-
nificantly between the two treatment
groups when read after 48 hr. This is
shown in Panel 5F. Levels for IL-1f
and IL-6 did not produce significant or
consistent results (data not shown).

Strain characterization and genome
sequence

The product E. faecalis SY is a combi-
nation of 10 subcultures of E. faecalis
strains, that are all highly similar

(sometimes denoted SO1 to S10). They
were originally isolated from the stool
of a healthy individual. Two of these
have such a high resemblance to starter
culture strains of E. faecalis, that it is
assumed the individual had been colo-
nised with a diary strain; the eight other
subcultures all resemble each other and
are only slightly different from the
other two. The strains are all free of
plasmids.

Two genome sequences have been
obtained, representative of the clones
that form the minority (Domann et al.,
2007, Fritzenwanker et al., 2013), and
a third sequencing project is underway
that covers two other clones, including
one of the majority type. Domann and
colleagues presented their genome

99



sequence in 702 contigs, but the se-
quence has not been submitted to pub-
lic databases. In their publication they
compared the strain to clinical isolate
E. faecalis V583 (a well-researched
VanA-resistant blood isolate), whose
genome was used as a template for as-
sembly (Domann et al., 2007). Notably,
two gaps were identified representing
sequences present in V583 but absent
in the E. faecalis SY genome. Since
these two regions had an aberrant GC
content, they were interpreted as ge-
nome islands obtained by V583 by
horizontal DNA uptake. A number of
virulence genes are found in these re-
gions in V583 that are absent in E. fae-
calis SY, such as cytolysin (a toxin that
disrupts membranes of other bacteria,
erythrocytes and other eukaryotic
cells), gelatinase (a secreted bacterial
metallo-proteinase  that  catabolises
gelatine, collagen, fibrinogen, casein
and insulin, helping the bacteria to
spread in the host), hyaluronidase (an
enzyme allowing the use of hyaluronic
acid as a carbon source), and entero-
coccal surface protein (assisting in ad-
herence). Since the sequence of E. fae-
calis SY was not fully covered, ab-
sence of cytolysin and gelatinase was
confirmed by PCR analysis (Domann
et al., 2007). The E. faecalis SY ge-
nome does, however, contain the genes
coding for aggregation substance (AS,
coded by agg) and collagen adhesion
factor (ace), both involved in binding
to abiotic surfaces and to eukaryotic
cells, and associated with virulence in
pathogenic E. faecalis strains. These
and other genes would support the abil-
ity to colonise the intestinal epithelium.
Although it was described in the publi-
cation that the bacteria were capsulated
(which had been postulated for some
strains of E. faecalis SY [Kropec et al.,
2005]), the genes responsible for cap-
sulation were not found in the obtained
genome sequence. Furthermore, it was
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determined that the sequenced strain
was unable to form biofilms in vitro
(Domann et al., 2007).

In 2013, the complete genome se-
quence of E. faecalis DSM 16431 was
released, and although it was not men-
tioned in the genome announcement,
this represents the same strain that Do-
mann and colleagues had sequenced
(Fritzenwanker et al., 2013). The com-
plete circular genome (GenBank acces-
sion nr. HF558530.1) measures
2,810,675 bp, bearing 2733 recognized
protein-coding sequences, 4 rRNA loci
and 63 tRNAs. The sequence con-
firmed absence of the vanB operon and
the pathogenicity island previously no-
ticed by Domann and co-workers. Ab-
sence of capsule genes was also con-
firmed, as well as absence of gene cas
(an essential gene for functional Cas-
CRISPR activity). A unique integrated
bacteriophage sequence of 45 kb was
recognized that is absent in reference
genome V583 (Fritzenwanker et al.,
2013). In silico MLST confirmed the
sequence type (ST) of the sequenced
strain as ST248. Recently, the draft ge-
nome sequences of two other subcul-
tures of E. faecalis SY were obtained;
DSM16434 resembles DSM16431,
while the DSM 16430 represents one of
the eight other subcultures that are all
highly similar to each other. The nota-
ble difference between DSM16430
compared to the other two is that it
lacks the gene for aggregation sub-
stance, and that the prophage is absent
(Fritzenwanker et al., 2016).

Safety and colonisation aspects of
Enterococcus faecalis SY

An in vitro opsonophagocytic test (the
capacity of PMNs to take up and kill
bacteria in presence of serum) was used
to compare the serum resistance of F.
faecalis SY bacteria with other Entero-
coccus strains, as a measure for safety
of the product. This demonstrated that



E. faecalis SY 1is serum sensitive
(Kropec et al., 2005).

Since virulent E. faecalis strains are
frequently causing urinary tract infec-
tions (UTIs), in particular in nosocom-
ial settings related to catheter use, the
ability of various strains, including E.
faecalis SY, to multiply in urine was
assessed (Vebo et al., 2010). Division
time did not vary much between E. fae-
calis SY and pathogenic strains, though
the latter reached higher cell densities
in urine (2x10® compared to 1.2x10°
CFU/ml for E. faecalis SY). Transcrip-
tional analysis of bacteria exposed to
urine for 30 minutes was performed by
microarray analysis (the array did not
contain E. faecalis SY-specific genes).
The results indicated the bacteria had
switched to alternative carbohydrate
metabolism since glucose levels in
urine are low, as well as other adapta-
tions. In most of the described observa-
tions, E. faecalis SY behaved similar to
the pathogenic strains MMH594 and
OGIREF. This study was not conducted
to specifically compare probiotic E.
faecalis with virulent strains, but one
observation was noticeable according
to the authors: gene EF3314 was only
upregulated in E. faecalis SY and not
in the other two strains as a result of
urine exposure. They described the
product of EF3314 as a potential sub-
strate for sortase A (coded by srtd,
EF3056, also upregulated), which is
important for adherence to abiotic sur-
faces and biofilm formation, and is
considered a virulence gene for E. fae-
calis (Vebo et al., 2010). Comparative
genome hybridization (CGH) was also
performed to compare the three strains.
As expected, variation was observed in
mobile elements mainly. Of interest is
also the observation that serotype 2
capsular polysaccharide genes (cps)
were absent in the E. faecalis SY strain
they used, which may explain why
these bacteria are sensitive to phago-

cyte killing. From this observation it is
likely they worked with SO1. The
MLST sequence type of E. faecalis SY
was reported to be CC25, ST248, in
accordance to the sequence type that
Fritzenwanker and colleagues had ob-
tained.

Hoffmann and colleagues investi-
gated the ability of E. faecalis to cause
colitis, using a knock-out mouse defi-
cient of IL-10, which renders the ani-
mals susceptible to chronic intestinal
inflammation in response to certain E.
faecalis strains (Hoffmann et al., 2011).
In a healthy host, the inflammatory re-
sponse to bacteria present in the gut is
tightly regulated so that non-pathogens
are safely ignored (though monitored),
but when this regulation is faulty,
chronic inflammation is the unwanted
outcome. A mouse model in which the
‘safety valve’ IL-10 is knocked out is
used as a model to elucidate the causes
of Crohn’s disease (CD) and inflam-
matory bowel disease (IBD) in humans.
When E. faecalis SY was compared in
vitro to the colitogenic control strain
OGIRF, both induced IL-6 and IFN-y
production in a non-differentiated mu-
rine cell line (Hoffmann et al., 2011).
These findings are in line with those
previously reported by Rosenkranz and
Grundmann (1994). Both strains trig-
gered pro-inflammatory responses via
the pattern recognition receptor TLR-2
(Hoffmann et al., 2011). The probiotic
bacteria also resulted in pro-inflam-
matory epithelial cell activation in vivo,
but only when tested in germfree IL-
10-deficient mice; wild-type animals
did not develop disease in response to
E. faecalis SY or the colitogenic strain
(Hoffmann et al., 2011). It should be
pointed out, that E. faecalis probiotics
can reduce colitis symptoms in IL-10-
deficient mice suffering from colitis
when they are not raised germ-free.
The authors admit that missing IL-10 is
an immense immunological deficiency,
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and that their mouse model is rather
simplistic compared to human IBD.

Using a number of in vitro tests,
Christoffersen and colleagues com-
pared E. faecalis SY with four other E.
faecalis strains: pathogenic V583 (the
well-researched VanA-resistant clinical
isolate), two commensal faecal isolates
from babies (strains 62 and 158B) and
a cheese strain called LMGT3208
(Christoffersen et al., 2012). After 30
min exposure to human gastrlc juice of
pH 1.5, viability of all strains was se-
verely impaired, and even when the pH
was artificially raised to 5, exposure to
the digestive enzymes present in gastric
juice damaged all 5 strains. However,
E. faecalis SY was least capable to
tolerate acid exposure, as it grew
poorly in BHI of pH 4.5 compared to
the other strains. Exposure to human
duodenal juice for 30 minutes also af-
fected viability, but in this test E. fae-
calis SY survived better (91% survival)
than the other four strains. Adherence
to Caco-2 cells or mucin was signifi-
cantly weaker for E. faecalis SY than
for the others. Binding to glycosamino-
glycans (host cell receptors) or induc-
ing dendritic cell (DC) maturation was
similar for all strains (Christoffersen et
al., 2012). These results would suggest
that E. faecalis SY is not well equipped
to survive in the human stomach.

The capability to survive passage
through the gastrointestinal tract was
further assessed using two in vitro

models to resemble passage through an
empty stomach as well as a full stom-
ach (Wassenaar et al., submitted for
publication). Again, E. faecalis SY was
rapidly inactivated by gastric pH,
though sufficient bacteria survived to
produce stable numbers in conditions
subsequently resembling the small in-
testine. Nevertheless, a single dose did
not result in intestinal colonisation,
when tested with a single volunteer:
live E. faecalis SY were only detected
in stool for a few days following a sin-
gle dose (Wassenaar et al., submitted
for publication). This could be demon-
strated with the use of strain-specific
primers that had been designed by use
of the genome sequence.

In view of the functionality of E.
faecalis SY to treat recurrent upper res-
piratory tract infections and sinusitis, it
was tested if the bacteria were able to
colonise the throat instead. Two volun-
teers gurgled with a single dose of the
product for 30 seconds, after which the
product was swallowed. Immediately
thereafter, live bacteria could be de-
tected from swabs of the mouth and
throat of both individuals, but not any
more two hours later, or at any other
time point tested up to 24 hrs. (C.
Beimfort and K. Zimmermann, un-
published observations). It has not yet
been established if prolonged exposure
with multiple doses results in intestinal
colonisation, or in elevated saliva IgA
levels in humans.

ESCHERICHIA COLI PREPARATIONS

Animal studies with E. coli SY

The 1983 publication already cited for
mouse experiments with E. faecalis SY
also described how 4 weeks of oral ad-
ministration of E. coli SY provided a
similar level of protection against intra-
peritoneal challenge with H. influenzae
(Rusch et al., 1983). Similar results
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were published a year later, when it
was described that the LDs increased
from an intraperitoneal dose requiring a
10 dilution of challenge H. influen-
zae éno probioticum) to a dilution of
107* when the challenge followed 3
weeks of E. coli administration (Rusch
et al., 1984).



A gof patients

25% 1BD (adults)
(linical trial with 238 patients 4

20% - Percentage of responders

15% - I £ coltreatment (n=146)
10% [ Placebo (n=150) 2
5% 4 1

27148 71150 28/148 10/150
Free of sympoms  Abdominal pain score
— L

% P=00004 **P=0.0016

Stool frequency/day

IBS type: Pain + diarrhea  constipation  other

1BD (Children)
Treatment of 203 patients

Age 4-11 Age 12-18

il

Pre Post

Pre Post Pre Post Pre Post Pre Post Pre Post

diarrhea  constipation  other

N=25 N=27 N=55 N=25 N=29 N=42

Figure 6: Treatment of IBD with E. coli SY.

Panel A shows the key outcome of a clinical trial involving 238 adult IBD patients. (After Enck et
al., 2009). Panel B shows improved stool frequency in two age groups of paediatric IBD patients.

(Modified after Martens et al., 2010).

As with E. faecalis, the mode of ac-
tion of probiotic E. coli is most likely
via immune-modulation. A key publi-
cation in this respect is from 2008,
which describes the function of mast
cells as the policemen of the immune
system (Magerl et al., 2008). When
these cells encounter pathogenic bac-
teria, they release pre-synthesized sub-
stances to recruit lymphocytes and den-
dritic cells, whereby they respond dif-
ferently to non-pathogenic bacteria. In
response to the latter, mast cells pro-
duce IL-15, which tunes down the re-
cruitment of immune cells, together
with a collection of other genes that are
up- or down regulated during the pro-
cess. An in vitro model using murine
mast cells was applied to investigate
how these cells respond to E. coli SY
(Magerl et al., 2008). When pre-incu-
bated with the bacteria, the mast cells
were no longer triggered by a calcium
ionosphere or an IgG/allergen combi-
nation. The observed inhibition of
degranulation = was  concentration-
dependent in a binary manner, with lit-
tle effect observed below 15,000 bacte-
ria per mast cell, but no further increase
at higher inoculates. Sterile culture
supernatant or paraformaldehyde-killed
bacteria did not inhibit degranulation.
When mice were injected intraperitone-

ally with a suspension of the probiotic
bacteria, mast cells harvested a day
later from the peritoneum were again
less responsive to the tested triggers.
By varying the time between i.p. dos-
age and mast cell harvest, it was estab-
lished that the effect faded over the
course of a few days (Magerl et al.,
2008). As a side note, it should be men-
tioned that the mice did not suffer from
the bacterial load and survived the
treatment till the end of the experi-
ments.

Clinical trials with E. coli SY

A randomized double-blind clinical
trial was published in which E. coli SY
was tested for treatment of IBD, in-
volving 238 patients. Treatment lasted
for 8 weeks, The key finding was that
there were significantly more respond-
ers that became free of symptoms (27
out of 148) than in the placebo group
(7/150) (Enck et al., 2009). The per-
centages for patients with lower ab-
dominal pain scores were also signifi-
cantly different. The results are
summarized in Figure 6, Panel A. The
trial was included in a systematic re-
view that was performed to assess pro-
biotic therapies in adult IBS patients,
which covered 37 publications in total
(Hungin et al., 2013). The majority of
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the compared studies focused on IBS
with diarrhoeal symptoms. The results
obtained with E. coli SY were cited in
5 of 16 statements by Hungin and col-
leagues: nr. 1, [the product] help(s) re-
lieve overall symptom burden; nr. 4,
helps reduce abdominal pain; nr. 5,
helps reduce bloating/distension; nr. 8§,
helps improve frequency and/or con-
sistency of bowel movements; and nr.
12, improvement of symptoms leads to
improvement in some aspects of
health-related quality of life (Hungin et
al., 2013).

Treatment with E. coli SY was also
tested in 203 paediatric IBD patients
(age range 4-11 and 12-18 years),
although this was not a blinded or pla-
cebo-controlled study (Martens et al.,
2010). The children were treated for 43
days on average and this treatment was
well tolerated. The stool frequency im-
proved, both for IBD in combination
with diarrhoea as for constipated pa-
tients (Figure 6B). Pain also decreased
significantly in both age groups that
were analysed.

Mechanistic explanations

Early work by Jansen and co-workers
had shown how intake of E. coli SY
changed levels of immunoglobulins
(Jansen et al., 1998). Ten healthy
volunteers donated two serum samples
(3 weeks apart) prior to a 2-weeks daily
intake of the product, after which an-
other serum sample was taken, with a
follow-up 4 weeks later. Faecal sam-
ples were collected on a weekly basis
during the complete investigation. Se-
rum IgG, IgM and IgA levels were
tested for binding capacity to E. coli
SY, whereby the individual’s levels
prior to intake of the product served as
an internal control. This work demon-
strated an increase in IgG serum levels
only, for all 10 individuals, that lasted
throughout the follow-up period
(Jansen et al., 1998).
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That E. coli induces production of
epithelial B-defensins in the human
host provides a mechanistic explana-
tion of beneficial effects of E. coli SY.
After 23 healthy volunteers had taken
the product for 3 weeks, their stool
samples contained elevated levels of
human B-defensin-2 (hBD-2), as deter-
mined by ELISA, in contrast to 5
volunteers taking placebo (Mdndel et
al., 2009).

The ability to inhibit the growth of
pathogenic species, as in the originally
proposed mechanism of probiotic E.
coli by Alfred Nissle, was investigated
by comparing E. coli Nissle 1917 and a
number of commensal isolates for their
ability to inhibit growth of Shiga-toxin
producing E. coli (STEC) (Reissbrodt
et al., 2009). In comparison to E. coli
Nissle and a serendipitously found
commensal strain, which both reduced
Shiga toxin levels with over 90% dur-
ing co-cultivation, E. coli SY could
only reduce these levels with 10%,
whereas other strains and E. faecalis
SY bacteria had no effect at all (Reiss-
brodt et al., 2009).

Novel insights on the mechanism of
probiotic action were obtained with the
discovery of Microcin S (Zschiittig et
al., 2012). This novel type of bacteri-
ocin is only produced by E. coli SY
genotype G3/10, transcribed from an
operon of 4 genes present on the mega-
plasmid of this isolate. /n vitro activity
of the microsin against an enteropatho-
genic E. coli strain (EPEC) was
demonstrated, and the authors specu-
lated on the use of this novel bacteri-
ocin as a potential antitumor agent
(Zschiittig et al., 2012). According to
the scheme of Cotter and colleagues,
Microcin S belongs to class IId (un-
modified anacyclamides) (Cotter et al.,
2013).

Zschiittig and colleagues speculated
on the use of this novel bacteriocin as a
potential antitumor agent. The idea was



further investigated in a recent publica-
tion (Kocijancic et al., 2016). In mouse
experiments it was demonstrated that
the Lux-marked G1/2 strain of E. coli
SY specifically target tumours after
intravenous administration. Whereas
bacteria rapidly reached liver and
spleen, from which they were cleared,
tumours were colonised more slowly
but persistently (Kocijancic et al.,
2016). This line of work could open
future perspectives of the product as a
delivery vehicle for anti-tumour thera-
peutics.

Strain characterization and genome
sequences of E. coli SY

The 10 subcultures that make up E. coli
SY can be divided into 4 or 6 geno-
types, depending on the sensitivity of
the typing method applied. These are
called G1/2 (20% in the final product),
G3/10  (20%), G4/9 (20%), G6,7
(20%), G5 (10%), and G8 (10%). The
strains G1/2, G6/7 and G8 contain the
same two plasmids and share a number
of other characteristics (see below), so
that they are sometimes regarded as
representatives of one and the same
genotype. All originate from the stool
of a healthy volunteer.

The first genetic characterisation
was performed by microarray analysis,
using a microarray based on 24 E. coli
and 8 Shigella genome sequences that
were available at that time (Willen-
brock et al., 2007). The analysis was
performed with G1/2, G3/10, G4/9 and
G5 (G6/7 and G8 were omitted), result-
ing in the first detailed insights about
the genetic make-up of these types. The
number of predicted genes varied from
3568 (G4/9) to 3978 (G1/2), and the
four genotypes shared marginally more
genes with commensal strain E. coli K-
12 MG 1655 than with enteropatho-
genic strain EDL933. A hierarchical
cluster analysis of the hybridization
signals revealed that the genomes of

the E. coli SY components more
closely resembled K12 than EDL933 or
other pathogenic strains. A core ge-
nome of 3083 genes was identified that
all four genotypes shared (Willenbrock
et al., 2007). The authors further
reported presence of a haemolysin
operon (hlyABCD) in genotype G1/2,
in accordance to the weakly haemolytic
phenotype of this isolate. Genotypes
G6/7 and G8 also contain this operon.

The genome sequences of the 6
genotypes were released in 2015, ac-
companied by a genome announcement
publication (Zschiittig et al., 2015). The
chromosome of G3/10 was assembled
to completion, while the other geno-
types were published as multiple con-
tigs. The plasmids of the strains, vary-
ing in number from 1 (G4/9) to 6
(G3/10) were also sequenced.

Safety and colonisation aspects of E.
coli SY

The haemolysin gene was not the only
virulence gene detected in these strains;
other genes that are typically associated
with pathogenic E. coli were found pre-
sent as well. These were described and
discussed in a publication that concen-
trated on the safety of the product
(Wassenaar et al., 2015). It was con-
cluded that presence of individual viru-
lence genes cannot be taken as evi-
dence for pathogenicity per se. Com-
bined with the ten-years long collation
of all side effects collected from com-
mercial use, which was a surprisingly
short list, it was concluded that the
product was safe for human use
(Wassenaar et al., 2015). This conclu-
sion was further substantiated in a
discussion paper where evidence from
other E. coli strains was also included,
to support the view that presence of
virulence genes is not always a sign of
a pathogenic lifestyle: the genomic
background determines to a large ex-
tent the phenotype of a strain of E. coli
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(Wassenaar and Gunzer, 2015).

The genome sequences were used to
develop strain-specific probes, which
enabled the specific detection of E. coli
SY components. These were used to
determine the colonisation potential of
the product in humans after a single
dose. (Wassenaar et al., 2014). It
turned out that the strains colonised
well: all volunteers were colonised by
E. coli SY for at least 12 weeks and for
two individuals the product could be
detected for 27 weeks. This was
demonstrated by colony-lift hybridiza-
tion from stool cultures. During the
first week following the single dose
intake, the detected genotypes fluctu-
ated, but after a few weeks all but one
of the genotypes had disappeared. In all
volunteers only genotype G1/2, which
could not be distinguished from G6/7
and GS8, survived (Wassenaar et al.,

2014). Not all volunteers took the same
dose, and by comparison of the highest
and lowest dose, which were a factor of
10 apart, it was deduced that the persis-
tence of these three genotypes (which
together comprise 50% of the product)
was not the result of a numerical ad-
vantage in the dose.

By use of dynamic in vitro models it
was established that E. coli SY were
decimated during gastric passage, but
enough bacteria survived to multiply as
soon as conditions mimicking the jeju-
num were applied (Wassenaar et al.,
submitted for publication). It has not
yet been established if dominant
colonisation of the genotype G1/2
would also result if this strain was ad-
ministered by itself, or whether an
interplay with the other genotypes cre-
ates a local niche, which subsequently
enhances growth of G1/2.

BACTERIAL LYSATE PSY

Animal studies with the bacterial
Lysate PSY

The effectivity of Lysate PSY to allevi-
ate immunological overreaction was
first modelled for food allergy by use
of a rat model (4hrens et al., 2011).
Rats were sensitized with intraperito-
neal ovalbumin (OVA) to trigger an
allergic reaction, after which the ani-
mals were orally challenged with OVA,
and humoral antibody levels were de-
termined. One group of animals re-
ceived Lysate PSY prior to and during
sensitization, while the control group
did not receive the lysate. Sensitization
resulted in a 75% increase of total IgE
levels in both groups, but while OVA-
specific IgE was absent in non-sensi-
tized animals, these levels were much
lower in the treated animals than in the
control group; similar results were rec-
orded for IgG (4hrens et al., 2011).
Mononuclear cells (MNCs) in the
spleen were isolated post-mortem and
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these were stimulated with OVA in
vitro. The cells from sensitized animals
responded stronger than cells from
non-sensitized animals, but not when
the animals had been treated with the
bacterial lysate. When the cytokines
produced by spleen MNCs were com-
pared, the cells isolated from the
treated rats produced significantly more
IL-10 than the cells isolated from con-
trol animals. An even stronger differ-
ence was seen with MNCs isolated
from the mesenteric lymph nodes. All
these results suggested that the treat-
ment with Lysate PSY had dampened
the immune response to the ovalbumin
allergen ovalbumin (A4hrens et al.,
2011).

Clinical studies with Lysate PSY

A clinical trial that was performed with
Lysate PSY in 1988-1989 was origi-
nally published in German (Panijel and
Burkhard, 1993) and later re-analysed
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Figure 7: Results from two clinical trials with bacterial Lysate PSY.

Panel A shows the percentage of responders in a clinical trial involving 312 adult IBS patients who
were treated for 8 weeks, based on two scores. (Modified after Enck et al., 2008). Panel B shows a
trial with 606 babies with atopic dermatitis (AD) as the measured outcome, determined after 31
weeks of treatment and at a follow-up time-point of 36 months. There was a significant difference
only for a subgroup of patients whose father had a history of atopic disease. (After Lau et al.,

2012).

and presented in English (Enck et
al.,2008). The reason for the re-analysis
was that when the trial was originally
described, neither the Rome criteria for
the diagnosis of IBS, nor the FDA and
EMA guidelines for analysis of clinical
trials had been available, which were
subsequently applied. The double-
blinded trial involved 312 adult IBS
patients who suffered from abdominal
pain. Of these, 297 were randomly di-
vided into a placebo and treatment
group. Treatment lasted for 8 weeks.
During the trial 18 patients dropped
out, 5 (3 in the treatment and 2 in the
placebo group) because of adverse ef-
fects. The outcome of treatment was
recorded using a global symptom score
(GGS) and an abdominal pain score.
Based on the GGS, 102 of the 149
patients (68.5%) receiving Lysate PSY
were considered as drug responders,
meaning the symptom score had
significantly decreased. This was a
highly significant difference compared
to the 37.8% responders receiving pla-
cebo, visualized in Figure 7, Panel A.
A similar positive result was obtained

for abdominal pain scores, with 72.5%
responders in the treatment and only
44.6% in the placebo group. The au-
thors concluded that although there is
no mechanistic explanation how bacte-
rial lysates can relieve symptoms in
IBS patients, such products may have
lower adverse events and a higher ac-
ceptance in patients compared to classi-
cal probiotic products based on live
bacteria (Enck et al., 2008).

A meta-analysis published a year
later included the results of the Enck
study, though it cited a meeting ab-
stract as the source, because the com-
plete publication had not yet been
available when the meta-analysis was
performed (McFarland and Dublin,
2008). In the resulting forest plot, the
Enck study showed a favourable effect
with an relative risk of 0.51 (95%
confidence interval 0.39-0.66) of rela-
tive risk for IBS symptoms after probi-
otic treatment compared to placebo.
Note that in this way of expressing the
data, an relative risk <1 is indicative of
a therapeutic effect. With this score,
Lysate PSY was amongst the better-
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producing microbiologics, while the
findings had a small 95% confidence
interval.

Another clinical trial was directed
towards prevention of atopic dermatitis
in children (Lau et al., 2012). The dou-
ble-blind, randomized placebo-con-
trolled trial involved infants with one
or two atopic parents as well as chil-
dren without such a genetic history. A
total of 606 babies were enrolled, half
of who received Lysate PSY from
week 5 till 7 months of age. The chil-
dren were followed until they reached
the age of 3 (Lau et al., 2012). The
number of children not completing the
treatment, as well as number and sever-
ity of adverse effects, were not signifi-
cantly different between treatment and
control group. Disappointingly, when
the complete study group was analysed,
treatment and control group apparently
were apart, but they did not signifi-
cantly differ in frequency of atopic der-
matitis (Figure 7B). This was also true
for the three subgroups of children who
had two atopic parents, children with
parents who were both not atopic, and
children with an atopic mother (Lau et
al., 2012). However, the prevalence of
atopic dermatitis was significantly
lower (p<0.004) in the treatment group
compared with controls for children
whose father but not the mother was
atopic. This difference was obvious at
the end of the intervention phase (week
31) but tailed off to a borderline sig-
nificance (p<0.047) at 36 months. The
authors stated they were aware that
subgroup analysis in a clinical trial
must be interpreted with caution. One
should not analyse towards a desired
effect, but in this case it was known
that prevalence of atopic dermatitis is
in part related to the atopic state of the
parent(s). Although the activity of LPS
in the gut can serve as a mechanistic
explanation, the difference in protec-
tion for atopic fathers versus no protec-
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tion for atopic mothers cannot be ex-
plained. Before speculating on underly-
ing mechanisms at play here, more data
would be needed; not only on the
mechanism of action of Lysate PSY but
also a confirmation of the trial findings
with an independent study.

A year later, the topic was revisited
by a new analysis of the same infants
cohort. During the trial, stool samples
of the children had been collected at
week 5 (when the Lysate PSY inter-
vention started), at week 13 and at
week 31, when intake of the lysate was
terminated. The microbiome of these
stool samples were investigated by cul-
ture-dependent methods and by DNA-
dependent methods. (Penders et al.,
2013). The results provided some
valuable insights in the composition of
the microbiota of an infant. First of all,
whether the babies had received Lysate
PSY or placebo made no difference,
which was to be expected, since the
lysate does not contain viable bacteria.
This observation rules out the possibil-
ity that any clinical effect of Lysate
PSY is the indirect result in shifts of
intestinal microbiota (in theory, the mi-
crobiota could shift as a result of the
bacterial lysate, or by induced local im-
mune-modulation, but neither seemed
to be the case). However, as had been
observed before, birth mode (vaginal
versus caesarean birth) had a profound
effect on microbiota composition
(Penders et al., 2013). Surprisingly,
another independent and strong influ-
ence was found for birth order: with
increasing number of older siblings, the
number of Lactobacillus and Bac-
teroides species increased, while fre-
quency of Clostridiales decreased
(Penders et al., 2013). Especially this
later finding is relevant, as the risk of
developing atopic dermatosis increases
with Clostridium colonisation, and this
was found in the cohort under study as
well, in particular for members of Clos-



tridium cluster 1. No effect on composi-
tion of the intestinal composition was
reported for day care attendance or ma-
ternal and paternal atopy.

This is not to say that early admin-
istration of Lysate PSY can prevent
other atopic symptoms. The same study
groups were analysed at age 6-11 years
for prevalence of asthma or rhino-
conjunctivitis, for which no significant
difference between treatment and pla-
cebo group could be established
(Rossberg and colleagues, unpublished
data).

The economic burden of atopic der-
matitis and the cost-effectiveness of
possible prevention by Lysate PSY
were calculated by Kiencke et al.
(2013). It was calculated that preven-
tive treatment with Lysate PSY was
cost effective at 3 years and at 6 years
for children with one atopic parent
(‘single heredity for atopy’). The effec-
tiveness of costs would probably be
even higher for children with an atopic
father.

Product characterization and quality
control of Lysate PSY
Lysate PSY is produced by separate
culture of the bacterial components E.
faecalis SY and E. coli SY to approxi-
mately 3x10’ CFU/ml, after which the
bacterial cultures are cooled to 6°C.
The cultures are then combined and
sterilized at 121°C for 20 minutes un-
der constant pressure. The result is a
clear solution, which is bottled in a
sterile environment.

Concerns about variable content and
lack of quality control of a bacterial
lysate were minimised by a study by

Klein and co-workers, who used a
proteomics approach to determine the
quality of Lysate PSY (Klein et al.,
2013). By analysis of the total protein
content, the complexity of the compo-
nents present in a bacterial lysate can
be assessed qualitatively as well as
quantitatively. The authors used a high-
throughput, high-resolution technique
in which capillary electrophoresis was
coupled to mass  spectrometry
(CE/MS). The output is presented in
the form of three-dimensional contour
plots. These capture the migration time
of electrophoresis, the mass (on a loga-
rithmic scale) of detected peptides in
kDa and the signal intensity as a quan-
titative measure (Klein et al., 2013).
The results showed that various lots of
Lysate PSY were of relatively constant
qualitative constitution, although the
data would have been more convincing
if a deliberate aberrant sample (e.g. the
separate lysates of E. faecalis and E.
coli) were also included for compari-
son. The major differences reported
between lots were quantitative, as some
individual peak heights varied between
batches (Klein et al., 2013). It must be
noted, that peptides were also detected
in sterile culture media, though there
were 3 times more different peptides
found in the bacterial lysate. The major
peptides were recovered and se-
quenced, which identified that 517
peaks were derived form E. faecalis
proteins and 406 were from E. coli
(Klein et al., 2013). Interestingly,
whereas the majority of peptides from
E. coli proteins originated from cell
membrane and fimbriae, those of E.
faecalis were mostly cytosolic.

CONCLUSIONS

The data presented in this paper allow
the conclusion that symbiotic bacteria
offer a great therapeutic potential. Fur-

thermore the results of multidiscipli-
nary investigations around bacterial
products based upon Symbio E. fae-
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calis SY and E. coli SY open possibili-
ties to hitherto unexpected medical tar-
gets. This will require many more re-
search efforts. There is no doubt, how-
ever, that the use of microbiologic or
probiotic drugs containing live Entero-
coccus faecalis or live Escherichia coli
or a bacterial lysate thereof is safe. In

numerous experimental in vitro and
animal studies, as well as by human
clinical studies, efficacy of such
microbiologics or probiotics was estab-
lished. The mode of action is apparent
in modulation of many physiologic pa-
rameters and most prominently in
modulation of immune activities.

IDENTIFICATION OF BACTERIAL PRODUCTS
DESCRIBED IN THIS PUBLICATION

The bacterial preparations described in
this paper are produced by Symbio-
Pharm GmbH, Herborn, Germany. We
use the following abbreviations for the
products of SymbioPharm: E. faecalis
SY describes Symbioflor 1 containing
live Enterococcus faecalis (DSM

16440), E. coli SY is used for Symbio-
flor 2 containing live Escherichia coli
(DSM 17252), and Lysate PSY de-
scribes Pro-Symbioflor, a bacterial ly-
sate manufactured from Enterococcus
faecalis (DSM 16440) and Escherichia
coli (DSM 17252).
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INTRODUCTION

Almost fifty percent of the mortality of
children under age five can be at-
tributed to infectious diseases, with the
majority of this global burden in Africa
and South Asia (Liu et al., 2015). Addi-
tionally, childhood under-nutrition con-
tributes to 30-40% of early childhood
deaths and 70% of deaths due to diar-
rhoea (UNICEF-WHO-World Bank
Group, 2015). Mortality rates have
been declining over the past two dec-
ades due in part to the availability of
vaccines against some respiratory and
diarrhoeal pathogens, improved water
quality and sanitation, the development
and use of oral and intravenous rehy-
dration solutions for dehydrating diar-
rhoea and an improvement in overall
world economies. However, there are
some areas of the world where these
improvements have not been fully real-
ised, and child mortality remains unac-
ceptably high at rates three to four
times those of developed countries (Liu
et al., 2015).

Decline in the rates of morbidities
associated with diarrhoeal disease have
not been reduced to the same extent as
those of mortality (Kosek et al., 2003).
It has been recognized that children
suffering from frequent episodes of
diarrhoea may become malnourished as

measured by stunted (length-for-age
[LAZ] of < -2), underweight (weight-
for-age [WAZ] <-2) or wasted (weight-
for-length) [WLZ] < -2) growth. Other
longer-term morbidities such as re-
duced immune response to orally ad-
ministered vaccines and impaired cog-
nitive development and school perfor-
mance have also been associated with
the occurrence of diarrhoea in the first
two years of life. The Etiology, Risk
Factors and Interactions of Enteric
Infections and Malnutrition and the
Consequences for Child Health and
Development Project (MAL-ED) was
initiated in 2008 to define the strength
of association of enteric infection,
undernutrition and other environmental
exposures with the development of
these longer-term morbidities. Such
data are useful to better define the con-
tribution of these exposures to the
calculation of Disability Adjusted Life
Years (DALY’s) and in the hope that
current and potential new interventions
could be identified and prioritized.
MAL-ED is a prospective, longitu-
dinal, observational birth cohort study.
More than 200 new-borns were re-
cruited from each of eight international
sites with historically high rates of both
diarrhoeal disease and stunted growth:

NOTE: This paper was originally presented at the 30™ Old Herborn University Seminar in June
2016. Because some of the data presented at that meeting was unpublished, the print version of the
presentation was embargoed until those data were published or accepted for publication in peer-
reviewed journals. As of June of 2018, that has been accomplished. As a result, this manuscript
has been updated so as to include that data and current literature citations.
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Figure 1: The MAL-ED hypotheses. Enteric infections were detected by examination of non-
diarrhoeal surveillance and diarrhoeal stool throughout the study and were hypothesized to
contribute to the development of Environmental Enteropathy (EE), characterized by measuring gut
inflammation and increased permeability. A damaged gut was postulated to contribute to deficits
in the major outcome measures of growth, cognitive development and immune response to routine
scheduled childhood vaccines. Other variables including overall health status, social and
environmental factors and nutrient intake were also considered as described previously (MAL-ED
Network Investigators, 2014). This recognised the potential role for the gut microbiota and human
genetic and epigenetic factors (which were not measured) that may also contribute to study

outcomes.

four Asian sites located in Dhaka,
Bangladesh (BGD); Vellore, India
(INV); Bhaktapur, Nepal (NEB) and
Nashero-Ferroze, Pakistan (PKN), two
Southern African sites located in
Venda, South Africa (SAV) and Hay-
dom, Tanzania (TZH), and two South
American sites located in Fortaleza,
Brazil (BRF) and Loreto, Peru (PEL).
MAL-ED collected information on the
illness history of the cohort to include
the incidence of diarrhoeal and respira-
tory disease identified through twice
weekly home visits and caregiver re-
ports. In contrast to other studies, we
primarily identified cases of mild to
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moderate diarrhoeal disease that often
go unrecorded due to lack of presenta-
tion to a health care facility. This study
was also unique in that we collected
monthly non-diarrhoeal stools in order
to identify the enteric pathogens pre-
sent in these samples as a way of as-
sessing the overall rate of exposure of
children.

The MAL-ED study hypothesised
that frequent enteric infections (with or
without diarrhoea) lead to the develop-
ment of environmental enteropathy
(EE), a condition characterized by
intestinal inflammation, damaged gut
architecture and decreased absorptive
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Figure 2: A depiction of the “vicious cycle of poverty” (Guerrant et al., 2008) of enteric infec-
tions leading to enteropathy and malabsorption of nutrients which, together with an inadequate
diet, contributes to the development of malnutrition (growth deficits), cognitive impairment and
decreased immune responses which, in turn, increase the child’s susceptibility to more infections.
The light blue boxes indicate some of the MAL-ED measures used to assess each step in this

cycle.

capacity that was initially described
histologically using gut biopsies. This
condition, originally called tropical
enteropathy, was first identified as al-
tered intestinal architecture visualized
in gut biopsies in individuals who trav-
elled to or resided in areas that have
high environmental burdens of entero-
pathogens and who lacked access to
clean water and adequate sanitation
(Lindenbaum et al., 1966; Colwell et
al., 1968; Fagundes-Neto et al., 1984).
MAL-ED further hypothesised that de-
velopment of EE, in combination with
an inadequate diet, leads to malnutri-

tion manifested as growth deficits and
the other morbidities as depicted in
Figure 1. In children living in poverty,
the progression of events from initial
enteric infection to the development of
enteropathy, undernutrition, impaired
growth and cognitive development and
suppressed immune response to certain
vaccines has been proposed as a
“vicious cycle of poverty” (Guerrant et
al., 2008). Figure 2 depicts this cycle
and indicates the data types that were
collected throughout MAL-ED to eval-
uate the strength of evidence support-
ing this model.
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Figure 3: Data collection schedule. Colours refer to the different data types that were collected at
the indicated months of age of the MAL-ED cohort children. For example, household assessments
were done when the child was 6, 12, 18 and 24 months old and anthropometry measurements were
schedule monthly for the duration of the study. The hashed months indicated as part of the
monthly stool collections reflect samples that were collected but not analysed for presence of
pathogens. These samples are maintained as study sample archives at the field sites where they

were collected.

METHODS

Descriptions of the MAL-ED field
sites, study design and methods have
been previously described (Lang, 2010;
MAL-ED Network Investigators, 2014)
and are only briefly summarized here.
Children were followed from enrol-
ment near birth through the first 24
months of life. Variables of interest in-
cluded enteropathogen exposure, ill-
ness history, dietary intakes and the
home environment.

The protocol was approved by each
local Institutional/Ethical  Review
Board (I’ERB) and by the IRBs at col-
laborating institutions in the United
States, Norway and Thailand. Enrol-
ment followed signed informed con-
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sent. In order to capture seasonal ef-
fects of exposures, monthly enrolment
of between 15-18 new-borns was at-
tempted at each site. The data collec-
tion schedule used in the study is
shown in Figure 3. A data-coordinating
centre (DCC) was established at the
Fogarty International Center (NIH,
Bethesda, MD, USA).

Biologic specimens are maintained
at the site where they were collected
and frozen at -80° C. All analyses were
performed using de-identified data.
Figure 4 illustrates the magnitude and
breadth of some of the data types that
were collected in the study.
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Figure 4: The magnitude and breadth of data types and samples collected within MAL-ED. This
figure indicates the number and variety of a partial list of the data types that were collected during
the study. Abbreviations used: ALRI = Acute Lower Respiratory Infection, L:M = Lactulose :

Mannitol ratio.

Data were collected during twice
weekly home visits by trained field
workers who executed a common pro-
tocol that included physical measure-
ment of children’s length, weight and
head circumference, and collection of
stool samples, illness and dietary histo-
ries. A number of questionnaires were
used to measure home environment,
family socio-economic status (SES), a
child’s health, vaccination history, use
of antibiotics and oral rehydration solu-
tion, extent of breastfeeding, weaning
food composition, child temperament
and the care-givers' education, parity,
use of alcohol and tobacco products
during pregnancy. Mother’s reasoning
ability was assessed by the Raven’s
Progressive Matrices (Raven, 2000).

Enteric pathogens were detected by
standard microbiologic assays, micros-
copy, ELISA and molecular methods.
EE biomarkers were determined by
ELISA. As the study did not collect
gut biopsies (the gold standard for as-
sessing EE) from these very young
children, we chose a panel of non-inva-
sive biomarkers of inflammation
(myeloperoxidase [MPO] and ne-
opterin [NEO]) and gut permeability
(alpha-1-antitrypsin [AAT]) assayed in
stool. Urine samples were used to
measure gut permeability by the lactu-
lose : mannitol test and for some micro-
nutrients. Plasma was used to measure
vaccine immune response and systemic
inflammation.
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Figure 5: Pathogens detected in diarrhoeal (red bars) and non-diarrhoeal stools (blue bars), 0-11
months (A) and 12-24 months (B). EAEC=enteropathogenic E. coli; EIEC=enteroinvassive E.
coli; aEPEC=atypical enteropathogenic E. coli; tEPEC=typical enteropathogenic E. coli; LT-
ETEC=LT-producing enterotoxigenic E. coli; ST-ETEC=ST-producing enterotoxigenic E. coli;
STEC=Shiga toxin-producing E. coli. Pathogens present in less than 0.1% of stool samples are not
shown. Figure from Platts-Mills et al. (2015).

RESULTS

Enteric pathogen burden
We examined diarrhoeal stools (n =
7,318) and non-diarrhoeal surveillance

higher, and for others nearly equiva-
lent, to what was found in diarrhoeal
stools during the first 24 months of life

stools collected monthly (n = 24,310)
from cohort children for enteric patho-
gens (bacteria, viruses and parasites) as
previously described (Houpt et al.,
2014). The frequency of detection of
the majority of these pathogens was
higher in diarrhoeal than in non-
diarrhoeal specimens (Platts-Mills et
al., 2015). However, detection of some
pathogens in non-diarrhoeal stools was
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(Figure 5). The most frequently identi-
fied organisms in both diarrhoeal and
non-diarrhoeal surveillance stools were
Campylobacter, entero-aggregative E.
coli (EAEC), Giardia, Norovirus and
Cryptosporidium (Platts-Mills et al.,
2015; Figure 5) although there was
site-to-site heterogeneity in the rank
order.



Proportion with 1+ pathogens

PEL
+ SAV
TZH

0.0 ‘[a.‘l

Age (months)

Proportion with diarrhea

1.0 - B
e ———
T e = A
/’r } a" .
0.8 /r'"." prmerrme et
[ -
".
r'd
0.6 at
4 '. o o -~
b e .a._'_ ______ F QL___:__ —_——-
: e’ o
0.4 « f,
o
i
0.2 ("
= BGD == BRF
PKN PEL
INV -« SAV
= NEB - = TZH
T T T T 1
0 6 12 18 24
Age (months)

Figure 6: Proportion of children (vertical-axis) who have been infected with an enteric pathogen
(A) and the proportion that have experienced their first episode of diarrhoea (B) during the first
two years of life. The horizontal dotted line on both graphs indicates 50 % of children. Range of
ages by which 50% of children have their first diarrhoea episode: 1 month in PKN, about 5-7
months in BGD, INV, PEL, NEB, and TZH, about 15 months in SAV and about 23 months in

BRF.

Children experienced their first en-
teric infection early in life (Figure 6),
with 50% of children at all sites in-
fected by the time they were three
months old and over 85% of these chil-
dren had been infected at least once by
the time they were six months of age,
depending on the site. Despite this
early high rate of infection, many chil-
dren had not experienced diarrhoea un-
til later in life, with the time to first
diarrhoeal episode ranging from 1
month (PKN) to 22 months (BRF).

Several children at the BRF and
SAV sites did not develop diarrhoea at
all during their first two years of life,
despite frequent enteric infections dur-
ing that time. The extent of this enteric
infectious burden is shown in Figure 7.
Of note, is the percentage of diarrhoeal
and non-diarrhoeal surveillance stools
containing at least one pathogen that
continued to increase throughout the
study until between 80 and 100% of
diarrhoeal stools and 70 to 90% of non-

diarrhoeal surveillance stools contained
at least one pathogen. Approximately
30-40% of all stool samples contain
two or more pathogens (Platts-Mills et
al, 2015) with as many as eight patho-
gens having been identified as co-
infections in the same sample.

Growth of children

Between 10-20% of children at all sites
were born stunted (<-2 LAZ), as illus-
trated in Figure 8. Only the BRF site
observed a decline in the rate of stunt-
ing over the first two years where only
3.6% were stunted at 24 months of age.
This is in contrast to the findings at
other sites that exhibited an increased
proportion of children stunted at two
years of age, from between 23% in
NEB to 70.6% in TZH. Slower linear
growth was associated with the pres-
ence of enteric pathogens (cumulative
burden of all measured pathogens) in
non-diarrheal stool. Individual patho-
gens that had a negative association
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Figure 7: Percent of collected non-diarrhoeal surveillance (A) and diarrhoeal (B) stools containing
at least one pathogen during the first two years of life, by site. Approximately 70-90% of all non-
diarrhoeal surveillance stool samples collected from 8-24 month old children contain at least one
enteric pathogen (bacteria, virus or parasite). Likewise, but perhaps more predictable, 80-100% of
diarrhoeal specimens from 8-24 month old children also contained at least one enteric pathogen.
Brazil and South Africa sites are not included in (b) due to their low frequency of diarrhoea.

were Campylobacter and enteroaggre-
gative E. coli. Additionally, Cryptos-
poridium, LT-ETEC and atypical
EPEC tended toward an association
with slower growth rate. Diet also af-
fected growth. Lower quality (lower
energy and protein density) comple-
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mentary diets from 9-24 months were
associated with a slower growth rate
and lower attained length at 24 months
of age (MAL-ED Investigators, 2017a).

In a separate analysis of growth
(MAL-ED  Network  Investigators,
2017b) we determined that maternal
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Figure 8. Categories of length-for-age stratified by exact month of age and site. In this figure, not
stunted (length-for-age Z-score [LAZ] > —1) is represented in green, at risk of being stunted ( —2 <
LAZ < -1) is represented in yellow, and stunted (LAZ < —2) is represented in orange. Sites include
BGD, Dhaka, Bangladesh; BRF, Fortaleza, Brazil; INV, Vellore, India; NEB, Bhaktapur, Nepal,
PEL, Loreto, Peru; SAV, Venda, South Africa; TZH, Haydom, Tanzania. The vertical broken line
represents 6 months of age. (Figure from MAL-ED Network Investigators, 2017b).

and prenatal factors were also im-
portant in early child growth. Maternal
short stature and lower enrolment
weight of the child were negatively
associated with growth attained at 24
months of age. This analysis also
identified enteropathogen burden in
non-diarrheal stool, lower percent of
energy from protein in the diet and
lower household SES to be negatively
associated with LAZ at 24 months. We
have previously reported an association
of elevated levels of the stool bio-
markers of intestinal and systemic in-

flammation (MPO, MEO and AGP)
and gut permeability with reduced
growth (LAZ) over the six months fol-
lowing the biomarker measurements
(Kosek et al., 2013, 2016).

As has been noted, reaching the
stunting threshold is not the only meas-
ure that should be used to define sub-
optimal child growth (Richard, 2018).
Even though there are many children in
LMICs whose growth attainment does
not reach that definition (< -2 LAZ),
they are still likely to be growing at
less than their full potential.
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Cognitive development

Diarrhoea, enteric pathogens and sub-
sequent malnutrition have been linked
to impaired cognitive development
(Berkman et al., 2002; Patrick et al.,
2005; Oria et al., 2016). We examined
the association of several environmen-
tal exposures with cognitive develop-
ment as measured by the Bayley Scales
of Infant and Toddler Development
(BSID-III) (Bayley, 2005) at 24 months
(MAL-ED  Network  Investigators,
2018a). Factors that associated with
lower BSID-III scores included ill-
nesses indicators (vomiting, fever, and
acute lower respiratory infection),
higher frequencies of enteric pathogen
detection both in diarrhoeal and non-
diarrhoeal stools, and lower scores on
the Raven’s test of mothers reasoning
ability. Illness and enteric pathogen
burden effects were at least partially
mediated through lower haemoglobin
concentration. Factors associated with
higher age-appropriate cognitive devel-
opment scores included both physio-
logic factors such as higher levels of B
vitamins (B6 and folate), haemoglobin,
and social factors including a more nur-
turing home environment as measured
by the Home Observation for the Meas-
urement of the Environment (HOME)
instrument (Bradley et al., 1996), and
the mother’s ability to form compari-
sons, reason by analogy, and organize
spat1al perceptions as assessed with the
RCM.

Immune response to vaccines
Previous research has shown that

enteric diseases and malnutrition also
lead to reduced immune responses to
certain childhood vaccines (Myaux et
al., 1996; Parker et al., 2014). We as-
sessed the immune responses to a num-
ber of childhood vaccines administered
as part of the routine immunisation
schedule in each country. These in-
cluded two oral vaccines (oral polio in
seven sites, oral rotavirus in three sites)
as well as parenteral vaccines (measles,
pertussis, and tetanus at all eight sites).
Our findings on factors effecting
performance of the oral polio vaccine
(OPV) have recently been published
(MAL-ED  Network  Investigators,
2018b). Plasma was obtained and titres
determined at 7 and 15 months of age.
Failure to seroconvert to OPV admin-
istration was associated with high
detection rates of enteric bacterial and
parasitic pathogens in non-diarrhoeal
surveillance stool samples during the
neonatal period. This was especially
true for poliovirus serotypes 2 and 3.
Interestingly, viral pathogen burden did
not exhibit similar negative effects.
Biomarkers of gut function (increased
L:M ratio and lower AAT) in stool
were also weakly associated with
poorer response to serotypes 2 and 3 of
OPV. Factors associated with higher
levels of seroconversion included re-
ceiving more and early vaccine doses
and a higher SES, particularly having
more household assets (an indicator of
longer-term wealth) including im-
proved water supply and improved
sanitation in the home (Table 1).

DISCUSSION

The MAL-ED study examined the
relative contributions of a number of
environmental exposures to major out-
comes of child development. It is un-
precedented in the breadth of data
types collected and the number of geo-
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graphically dispersed sites studied
using a common protocol. While many
studies have examined the effect of
diarrhoea on growth, cognitive devel-
opment or immune response, MAL-ED
was the first to intensively examine the



Table 1: Factors positively or negatively associated with the major study outcomes in MAL-ED
children. Growth outcome was assessed as LAZ at 24 months of age, cognitive development was
assessed with Bayley III at 24 months, and immune response to OPV (serotypes 1,2, and 3) were
assessed at 7 and 15 months of age.

Outcome Negative associations Positive associations References
Linear Sub-clinical enteric Energy and protein from | MAL-ED
growth infections animal milk and dairy Investigators
attainment . . (3-8 months) (2016a,b)
at 24 Infection with ' Kosek ot al
months Campylobacter and EAEC Protein from 20sle e2 1"

(Cryptosporidium, LT- complimentary food (2013, O. 6)

ETEC and aEPEC tended (9-24 months) Rlog%vll;l et

t t1 . al.,

oward negative) Higher SES Am(gw i )al

Elevated levels of gut . ’

inflammatory biomarkers Higher LAZ and WAZ (2016)

in stool at birth Korpe et al.,

(2018)

Cognitive Illness indicators (fever, B vitamins (B6 and MAL-ED
development vomiting, ALRI) folate), higher Investigators
;lr:oz:ths Enteropathogen detection haemoglobin (20182)

in both diarrhoea and sub- Home environment

clinical stool (HOME)

Lower haemoglobin levels Mother’s reasoning

Lower weight at enrolment ability (RCM)
Immune Sub-clinical bacterial and Receiving more and MAL-ED
response to parasitic infection during early OPV doses Investigators
oral polio the neonatal period was a improved response (2018b)
vaccine predictor of OPV failure, Four d imized
(OPV) especially for serotypes 2 our doses maximize

and 3. Viral infections did
not exhibit similar
relationships

Elevated L:M ratio and
lower AAT were weakly
associated with failure for
serotypes 2 and 3 only.

seroconversion of
serotype 1

Early dosing and
receiving five or more
doses maximized
response for serotype 3

Higher SES (household
assets and improved
water and sanitation)
were the strongest
predictors of
seroconversion
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Consequences of enteric pathogens

Visible.......

Not so
visible.......

Acute - gastroenteritis
= Diarrhea

= Mortality - decreasing

= Morbidity - similar to past

» Treatment (some with antibiotics, ORS)

Frevention (vaccines sxnimation, Lygiene) o

Chronic - enteropathy absent diarrhea
s Morbidity incudes
o Gutleakiness, malabsorption
o Mucosal and systemic inflammation
tive effects on
Nutrition
Growth
Immune response to oral vaccines
- Cognitive dev ent, school performance
- Societal prod Y
o Microbiota disruption

Treatment (to be defined)
. tion, hygiene, vaccines, pre-

and probiotics)

Figure 9: Depiction of both readily observed acute disease (diarrhoea and consequent mortality
and morbidity) and the cryptic subclinical chronic effects (enteropathy, malnutrition, stunted
growth, decreased cognitive development, impaired immune response, reduced school achieve-
ment and societal productivity) of enteric infections. The question mark highlights the currently
unrecognized factors that could also contribute additional burden (e.g. new pathogens, dietary
components, environmental xenobiotic chemicals, loss of beneficial commensal gut flora, and host

genetic and epigenetic factors).

cumulative extent of enteric infections,
both in diarrhoeal and non-diarrhoeal
stools, within the context of multiple
other environmental factors and their
association with these developmental
outcomes. We believe it was the first
study to comprehensively characterize
the longitudinal exposure of children,
within a community setting, to enteric
pathogens by recording their presence
in non-diarrhoeal surveillance stool
samples.

The observation that a high patho-
gen burden is negatively associated
with all of the major child developmen-
tal outcomes - growth, cognitive devel-
opment and immune response to vac-
cination - is, we believe, a critical out-
come of this study. We have docu-
mented the extent to which children in
these settings are infected with enteric
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pathogens; that these high infection
rates persist over at least the first two
years of life; and because most occur
subclinically, largely go unrecognized.
Therefore, they were not considered in
calculations of the global burden of
enteric diseases (Global Burden of
Disease  Pediatrics  Collaboration,
2015).

It should be noted that in this study,
we used classical microbiologic detec-
tion methods of culture, ELISA, mi-
croscopy. Our data implicate a number
of bacterial and parasitic pathogens,
though not viral pathogens, as having
the most significant negative associa-
tions with the major study outcomes.
When more sensitive and quantitative
methods, e.g. quantitative-PCR (Liu et
al., 2013) are used with MAL-ED sam-
ples (in progress) it is expected that



even more pathogens will be identified
in both diarrhoeal and non-diarrhoeal
samples as has been demonstrated in
another study (Liu et al., 2016). Be-
cause this method is semi-quantitative,
it may be possible to more accurately
ascribe aetiology of diarrhoea or devel-
opmental deficits to particular patho-
gens.

MAL-ED data have revealed that
the burden of subclinical (i.e. non-diar-
rhoeal) enteric infections on child mor-
bidity is actually greater than that due
to diarrhoea (Table 1 and Figure 9). A
child with diarrhoea is easily recog-
nized and treated. A child with few, if
any, outward signs of morbidity but
burdened none-the-less with enteric
pathogens, is much more difficult to
identify and to define pathologically.
Clearly, validated biomarkers capable
of detecting developing enteropathy are
needed; markers that can be easily and
inexpensively used to monitor very
young infants in field studies. More
work is needed to further evaluate the
biomarkers used in MAL-ED and
others (Naylor et al., 2015; Guerrant et
al., 2016; Kosek et al., 2016) for their
usefulness as indicators of clinically
relevant pathology and for their poten-
tial as indicators of successful thera-
peutic intervention. Another biomarker
of promise is a gut microbiota signa-
ture consisting of a limited number of
microbial taxa found in children grow-
ing relatively well but lacking in chil-
dren with severe malnutrition (Subra-
manian et al., 2014). If it were easy to
identify the strength of this “signature”
profile in stool samples collected longi-
tudinally, it might allow the identifica-
tion of at risk children and the ability to
monitor improvement following inter-
vention.

With any biomarker, it would be
helpful to have ranges of values ob-
tained from comparably aged children
in developed countries. Such data

would help in the interpretation of the
values observed in studies in LMICs.
However, the use of periodic child
length measurements may remain the
cheapest, quickest and most repro-
ducible method to detect at-risk chil-
dren and to monitor the success of any
intervention.

We have identified the early expo-
sure to and asymptomatic carriage of
enteropathogens and dietary deficien-
cies as important contributors to less
than optimal growth in this cohort of
children (MAL-ED Network Investiga-
tors, 2017a, 2017b). Reduction in the
exposure to enteric pathogens could
reduce the level of growth faltering in
young children. When combined with
efforts to improve the quality, quantity
and diversity of complementary food
may yield improvement in growth
velocity during the critical first two
years of life. Our observations that low
maternal height, low neonatal weight
and low SES also have deleterious ef-
fects on child growth attainment
throughout the first 24 months suggest
that earlier pre-natal interventions
could be helpful (MAL-ED Network
Investigators, 2017B). The observed
negative association of asymptomatic
infections extended to the other long-
term outcomes of cognitive develop-
ment (MAL-ED Network Investigators,
2018a) and OPV immune response
(MAL-ED  Network  Investigators,
2018b) (also see Table 1), emphasizes
the importance of reducing environ-
mental exposure to these pathogens,
improved nutrition and higher SES as
predictable effectors of improved child
development.

Despite our efforts to account for
many of the factors contributing to
child development shortfalls, substan-
tial inter-site variability remained unac-
counted for. As indicated by the ques-
tion mark in Figure 9, we acknowledge
that there are unknown factors that also
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may contribute to developmental short-
falls that are likely to occur in different
quantitative combinations in different
locations. Among these factors could
be new, as yet unidentified enteric
pathogens, environmental xenobiotic
chemical contaminants, dietary compo-
nents or toxins, genetic and epigenetic
factors and the absence or imbalance of
certain gut microbes.

The fact that impaired development
is negatively associated with multiple
factors, suggests that a combination of

interventions, applied in concert, may
be needed in order to see significant
improvement, improvements typically
found when public health improves and
poverty decreases. A first step is recog-
nizing that early exposure to enteric
pathogens is common in these settings,
and that the ensuing repeated sub-
clinical infections during the first few
months and years of life is an important
contributor to the subsequent delayed
development of children.
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