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INTRODUCTION

Infectious diarrhoea is a global public
health problem with high mortality and
morbidity, particularly among children
of the developing world. Each year,
approximately 750,000 children under
five years old die from severe, dehy-
drating diarrhoea and dysentery world-
wide, and millions more are hospital-
ized, mostly in low-resource countries
(Liu et al., 2012). In addition, many
more children suffer from diarrheal dis-
ease-associated malnutrition and its
adverse consequences on physical and
cognitive development, which perpetu-
ates the cycle of poverty.

While the brunt of the morbidity
and mortality burden due to these in-
fections are in the developing world,
acute infectious diarrhoea is also a fre-
quent cause for outpatient visits and
hospitalization throughout the devel-
oped world and is a significant health
problem. For example, Scallan and col-
leagues published recently updated es-
timates for foodborne illness in the
United States (Scallan et al., 2011a,
2011b). Based on empirical modelling
of active, passive and outbreak surveil-
lance data it was estimated that each
year 31 major pathogens acquired in
the United States caused 9.4 million
episodes of diarrhoeal illness, 55,961
hospitalizations, and 1,351 deaths. In
addition, it is estimated that unspecified
agents, resulting in 71,878 hospitaliza-
tions and 1,686 deaths, caused approxi-
mately 38.4 million episodes of domes-
tically acquired foodborne illnesses.

While the acute consequences
would appear to be of global signifi-
cance and drive science and public
health efforts to mitigate the problem,
there is growing evidence linking such
infections with a myriad of chronic
health consequences including neuro-
logical, haematological and rheumato-
logical systems (Lindsay, 1997). The
accounting of these chronic health con-
sequences beyond that of acute disease
needs to be understood and considered
in the global burden of disease assess-
ment to inform policy and decision
making around food safety and sanita-
tion policy globally, and emphasize the
reduction of enteric infection among
those at high risk (e.g. travellers’ and
deployed military and children living in
resource-poor environments) through
primary and possibly secondary pre-
vention strategies.

The difficulty of understanding
how such infections may cause chronic
health problems cannot be overstated,
given the range of pathogens (viruses,
bacteria, parasites), the genetic and ac-
quired host factors, the often repeated
infections in a person’s life, and the
interactions between complex neuro-
endocrine, immunological, and micro-
biological systems, many which are not
well understood. But what is clear is
that acute infections can colonize, in-
vade and exert their effects locally and
systemically at the individual level and
chronic pathological changes to these
organ systems have been noted. Thus,
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Figure 1: Persisting consequences of intestinal infection in developing (oval on right) and/or

developed world (oval on left).

GI — gastrointestinal; HUS — haemolytic uremic syndrome; GBS — Guillain Barré Syndrome.

the aim of this conference was to assess
our position in terms of epidemiologi-
cal and pathological-aetiological under-
standing of the phenomenon, identify

gaps in knowledge, and describe future
directions related to the challenge of
persisting consequences of intestinal
infection.

EPIDEMIOLOGY: DEFINING THE PROBLEM

Epidemiological research is fundamen-
tal and complementary to our under-
standing of disease and development of
primary, secondary and tertiary inter-
ventions. To put the current evidence in
context, epidemiological research can
identify knowledge gaps and define re-
search priorities for increasing under-
standing in the areas of disease attribu-
tion, burden of disease, clinical charac-
terization and management. A number
of frameworks designed to elucidate
the epidemiologic determination of
causation have been advanced over the
years (Parascandola, 2011). Koch’s
original postulates proved effective at
establishing disease-pathogen relation-
ships but fall short with more complex
associations (Evans, 1976; Marshall et
al., 1985). In recent years, Bradford
Hill’s criteria have been more com-
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monly used to describe complex rela-
tionships and their epidemiology (Bird,
2011). Hill’s criteria include strength of
association, consistency of effect, spec-
ificity of effect, temporality, biological
gradient or dose response, and biologi-
cal plausibility to form the basis of an
argument for causation and have been
used successfully to establish the
pathogenic role of H. pylori, HIV and
toxins (Szklo and Nieto, 2007).
Emerging from the literature is an
understanding that there are persistent
consequences which are both common
and unique to populations when strati-
fied by geo-economic strata. In Figure
1 the overlapping ovals shows those
issues that are primarily problems of
the developed world (oval on left),
while individuals in resource-poor set-
tings suffer more from the problems



shown on the right. In the overlapping
area is shown those problems currently
understood to be more common to both
populations. While such a divide is
convenient and may be due to differ-
ences such as genetics, diet, and other
unique environmental influences, it
may also artificially de-emphasize pos-
sible similar pathogenic mechanisms

and disease processes which may have
different manifestations in a different
human-environmental setting. Be that
as it may, there is an emergence of evi-
dence which describes disparate per-
sisting consequences of acute enteric
infections among those who have ac-
cess to clean food water and sanitation,
and those who do not.

POST-INFECTIOUS CONSEQUENCES:
A DEVELOPED WORLD PERSPECTIVE

Despite food safety regulations, public
education and advanced agricultural
systems, occurrence of foodborne ill-
ness and other enteric infections in the
developed world are not infrequent. In
this seminar, Porter and colleagues
(page 41) describe the utilization, chal-
lenges and opportunities of the US De-
partment of Defense (DoD) medical
encounter databases and serum reposi-
tory in understanding of the problem of
chronic consequences of enteric dis-
eases. Historically, well-designed epi-
demiologic studies have been at the
fore of linking exposures with out-
comes and have enabled estimates of
outcome risk, identification of host-
and pathogen-specific risk factors, and
understanding the timing from expo-
sure to outcome. Studies of the post-
infectious sequelae of enteric diseases
are no different as highlighted by sev-
eral systematic reviews on the epide-
miologic evidence where functional
gastrointestinal disorders appear to be
most substantiated in addition to reac-
tive arthritis (Halvorson et al., 2006;
Thabane et al., 2007; Deising et al.,
2013; Pike et al., 2013; Poropatich et
al., 2010; Porter et al., 2013).

While these studies have enhanced
our appreciation of the acute/chronic
disease link, they have certain limita-
tions. Epidemiological studies do
poorly in informing disease mecha-
nisms, are fraught with challenges in

controlling for unmeasured factors and
generally are only able to account for a
fraction of explainable risk (though
there are notable exceptions where the
attributable fraction is stronger such as
in the case of some strains of Campylo-
bacter associated with GBS), and mis-
classification of both exposures and
outcomes generally will bias associa-
tive estimates towards the null. Rela-
tively rare events are also harder to
study in rigorous cohort study designs
without large and expensive studies.
Despite these limitations, continued
epidemiological studies from a diver-
sity of populations and designs are
needed to validate initial findings as
well as explore new associations be-
tween acute enteric infections and the
growing spectrum of illnesses.

An example of one such chronic
health illness, coeliac disease, is an
illustrative example of the complexity
in which the immune system, the envi-
ronment, and infection may interact to
cause disease. In this seminar Murray
(page 71) describes some unique obser-
vations on the pathogenesis and trig-
gers of coeliac disease (CD), an in-
creasingly common chronic disease
affecting primarily the upper small in-
testine associated with significant mor-
bidity and mortality in much of the de-
veloped world. While there is certainly
a genetic predisposition to coeliac dis-
ease which is required, not everyone
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with this predisposition will develop
disease, and the onset of coeliac dis-
ease can occur at any time in some-
one’s life suggesting an environmental
triggering event. It appears that infec-
tion-colonization events in early life
may have an impact on risk given the
findings of higher risk of CD in indi-
viduals born via caesarean section
(Decker et al., 2010; Marild et al.,
2012), and weaning in the winter
months (Ivarsson et al., 2003). These
events can alter the nature of the micro-
biota. It has been clearly shown that
microbiota are important for immuno-
logical maturation of the host (Lanning
and Knight, 2005; Sjogren et al., 2009;
Chung et al., 2012), but how the early
constitution of an individual’s microbi-
ota can have affects such as susceptibil-
ity to the loss of tolerance a grain pro-
tein remains a mystery and opportunity
to study.

Emerging evidence is also suggest-
ing that CD may be triggered after an
acute enteric infection in some indi-
viduals. Anecdotal reports and case se-
ries suggesting an association have
been described (Landzberg  and
Connor, 2005; Ginsburg and Bayless,
2008; Chae et al., 2010). It has also
been described that exposure to three or
more infectious gastroenteritis events
in young children at or around the time
of introduction of follow-on formula
was associated with a substantial in-
creased risk of childhood diagnosis of
coeliac disease (Falth-Magnusson et
al., 1996). More recently, a case of a
healthy subject who developed sudden

irritable bowel syndrome (IBS)-like
symptoms after a confirmed episode of
Campylobacter jejuni enteritis was sub-
sequently diagnosed with new onset
CD (Verdu et al., 2007). Studies among
the previously described DoD medical
encounter system database have also
recently been reported which support
association between bacterial acute en-
teric infection (in particular Campylo-
bacter) and the onset of CD. (Riddle et
al., 2012). One explanatory hypothesis
which needs to be confirmed is that
Campylobacter jejuni, which has been
shown experimentally to permit the
translocation of normal non-invasive
microflora (Chen et al.,, 2006;
Kalischuk et al., 2009; Kalischuk and
Buret, 2010), could trigger aberrant im-
mune responses/loss of tolerance to co-
transported luminal antigens, including
gluten peptides, across the intestinal
barrier. In certain susceptible individu-
als primed towards a mucosal immune
response towards such antigens this
could result in loss of tolerance to these
antigens due to an inappropriate in-
flammatory response (Jabri et al,
2005; Jabri and Sollid, 2009). As
demonstrated in animal models of glu-
ten sensitivity (Verdu et al., 2008;
Natividad et al., 2009), gastrointestinal
infection may trigger or facilitate the
onset of clinical CD, either by increas-
ing intestinal permeability or enhancing
uptake and dysfunctional anti-gliadin
immune response in the genetically
susceptible host (DeMeo et al., 2002;
Fasano and Shea-Donohue, 2005).

POST-INFECTIOUS CONSEQUENCES:
A DEVELOPING WORLD PERSPECTIVE

Human enteric infection in the devel-
oping world is different from that of
the developed world on a number of
features including the age of onset of
infection (earlier), force of infection
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(multiple repeated exposures), variety
of pathogens (more diverse), nutritional
status of the host, as well as a number
of other factors including co-infection,
diet and genetics. As such, approaching
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Figure 2. Framework to understand the patho-actiology of persisting consequences of acute

enteric infections.

an understanding of the link between
infections and chronic illnesses in this
population is challenged as the “one-
infection” leads to “one outcome” ap-
proach is difficult to tease out. A
unique study entitled the “Malnutrition
and Enteric Infections network” (“Mal-
ED”) exploring the aetiology, risk fac-
tors and interactions of enteric infec-
tions on child health was presented
with a unique design constructed for
this environment  (Malnutrition &
Enteric Infections Network MAL-ED:
The Interactions of Malnutrition &
Enteric Infections: Consequences for
Child Health and Development. Project
website (accessed Dec 10, 2013)
http://mal-ed.fnih.org/). While results
presented were preliminary and did not
include cognitive and nutritional met-
rics, the results are shedding light on

new insights on the often described “vi-
cious cycle” of enteric infections lead-
ing to enteropathy leading to malnutri-
tion and effects on growth, cognition
and immunity, which themselves con-
tribute to increased susceptibility to
enteric infections (Guerrant et al.,
2008; Moore et al., 2010). The results
presented by McCormick and col-
leagues (page 23) expand on this con-
ceptual model but also challenge our
understanding of the significance of the
repeated asymptomatic episodes of in-
fections with disease-causing potential
on growth and nutrition outcomes. It
would appear that infection with patho-
gens which may or may not be associ-
ated with symptoms is the driving fac-
tor for the chronic consequences in
these populations.
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Expanding on the findings of
MAL-ED, Petri and colleagues (page
61) described how recurrent infections,
and in particular some combinations of
protozoal and bacterial infections, can
result in a subclinical condition of envi-
ronmental enteropathy (EE) character-
ized by disruption of intestinal archi-
tecture and chronic inflammation. Such
changes would appear to have direct
effects on nutrition, the individual’s

ability to respond to additional infec-
tions, and evidence also suggests that
such a condition may negate the valua-
ble contributions of some orally-admin-
istered vaccines through evidence of
hyporesponsiveness (see: Old Herborn
University Seminar Monograph 24;
Development of strategies to overcome
barriers to effective mucosal immun-
ization of infants in developing coun-
tries).

PATHOGENIC MECHANISMS:
A GROWING FRAMEWORK OF COMPLEXITY

While epidemiological studies are in-
creasing our confidence that there are
real associations between enteric infec-
tions and chronic health effects, these
data are limiting and only tell us that
there is a problem and, given the mag-
nitude, ought to do something about it.
It is critical is to understand what is oc-
curring in order to explain these ob-
served associations. Based on presenta-
tions and discussions at this Old Her-
born University Seminar, a framework
has emerged by which to understand
the problem (Figure 2). At the gut sur-
face there is an increasing density and
complexity gradient of microbial flora
(both bacteria and viruses) that are
found in the lumen of the GI tract in
the oral to aboral direction. Within the
lumen are also nutrients (taken in by
the individual and produced by the
flora), chemicals, antibiotics and non-
digestible matter which shape and con-
tribute in part to the diversity of this
microbial milieu. There is also a micro-
biome gradient which exists from the
lumen to the surface of the enterocyte
where there is a decreasing density as
you get closer to the cell surface. It is
within this interface, often referred to
as the extrinsic barrier which acts as a
two-way filter, where many important
processes take place including allowing
nutrients to be absorbed and keeping
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harmful bacteria at bay. Underlying
this extrinsic barrier is what is often
referred to as the intrinsic barrier which
is made up of a layer of host cells.
While the figure is a simplification, this
layer is not homogenous and includes a
number of cell types which are derived
from stem cells and include absorptive
enterocytes, mucus-secreting goblet
cells, entero-endocrine cells and Paneth
cells. This cell layer is highly dynamic
and includes complete turnover every
few days and relies on a delicate bal-
ance between cell proliferation and cell
death. This cell layer has a diverse set
of functions which include production
of antibacterial peptides, sampling of
luminal contents, and absorbing im-
portant nutrients and fluid into the host
circulatory system. This layer is at an
interface between the luminal extrinsic
barrier and the host innate and adaptive
immune system which largely takes in
the sub-epithelial level where neuro-
endocrine, circulatory and cellular and
humoral immune cells systems inter-
face. While the basic systems involved
are delineated in such simple terms,
each of these systems are complex, and
it is likely that it is the interaction of
each of these systems which needs to
be understood - like a puzzle which is
made up of hundreds of other puzzles.
Several presenters revealed insight



into pathogenic mechanisms which
have advanced our understanding of a
piece of the puzzle. Buret and col-
leagues (page 87) reported on recent
findings from an animal model sug-
gesting that enteropathogen-induced
disruptions of the commensal microbi-
ota have a part play in triggering the
sequence of events that result in vari-
ous intestinal and extra-intestinal
chronic health outcomes. Data from
animal models of campylobacteriosis
and giardiasis suggest that infection by
enteric pathogens may promote the
transcellular and paracellular transloca-
tion of non-invasive commensal bacte-
ria, as well as disruptions of the com-
position and structure of microbiota
biofilms. Such actions then lead to the
activation of the host autoimmune reac-
tions that are implicated in the produc-
tion of post-infectious complications.
Beyond the well-established need to
better understand host-pathogen cross-
talks, as well as interactions between
the host and its microbiota, these obser-
vations lay the foundations for future
research into enteropathogen-microbi-
ota interactions and highlight that the
mechanism of intestinal dysbiosis (a
process whereby an enteric pathogen
disrupts the normal commensal flora
such that an imbalance among micro-
bial populations occur on a body sur-
face, often with deleterious effects on
health) is a central piece of the puzzle
to solve. The availability of animal
models like these is quite useful to help
better understand gut homeostasis.
Building on this theme (and adding
an additional layer of complexity), Col-
lins (page 107) describes the phenom-
enon of acute enteric infections and
functional gastrointestinal disorders as
an important model to understand the
relationship between the gut-brain axis,
the microbiome and acute infection. In
simple terms, infection, stress and anti-
biotics (alone or in combination) can

have a disrupting effect on the balance
within the gut epithelial barrier and mi-
crobiome. This disturbance in suscepti-
ble individuals can result in abnormal
immune activation which may further
alter the balance of the microbiome in
the gut (dysbiosis). This dysbiosis may
have direct effects on the neuroendo-
crine system with central effects on the
brain (perception/pain), as well as local
effects on the enteric system (e.g. mo-
tility). While studies have shown that
risk for functional disorders are asso-
ciated with psychiatric co-morbidities,
the opposite has been described in ani-
mal models where microbiome changes
can change behaviour and brain neuro-
chemistry (Bercik et al., 2011). Finally,
it must not be forgotten that stress itself
can have an impact on the gut epithelial
barrier and increase risk of infections
including enteric infections, which in
combination with stress appear to in-
crease the risk of functional disorders
(Lyte et al., 2011; O'Malley et al.,
2011). Thus, in our framework of un-
derstanding, it is important to consider
the impact of the important two way
cross-talk between the brain and the gut
(see: Old Herborn University Seminar
Monograph 26; The gut microbiome
and the nervous system), and how these
interact with the microbiome to result
in dysbiosis and disease associated
with nervous system disturbances.

Finally, Chang and colleagues
(page 13) described evidence from a
Campylobacter model in rats whereby
infection, potentially through molecular
mimicry, can have an effect on gastric
motility, which in itself may lead to a
type of dysbiosis where the GI sys-
tem’s ability to maintain healthy levels
of bacteria in the small intestine can be
disrupted. The findings of this model
suggest that there may be multiple
mechanisms by where a single patho-
gen my cause a chronic health conse-
quence.
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THE FUTURE: UNDERSTANDING COMPLEXITY
AND EXPLORING NEW FRONTIERS

As described, each of the systems that
may influence the determination of per-
sistent infectious consequences is inde-
pendently complex, and together the
complexity is compounded. Clearly,
better tools and model systems are
needed to piece together the puzzles.
One such tool which may have poten-
tial is in the area of intestinal stem cell
research described by van der Flier and
colleagues (page 1). The stem cell
intestinal epithelium model represents a
unique opportunity to study adult stem
cell biology and lineage specification.
The combination of a rapid self-renew-
ing tissue, evident compartmentaliza-
tion of proliferating and differentiated
cell types and a relatively simple, re-
petitive tissue architecture, is ideal for
the visualization and identification of
stem cell types, cell fate specification
and cellular behaviour. In the past, ge-
netic studies in mice have created a
wealth of new insights on the biology
of the intestinal epithelium. The re-
cently established long term culture
conditions of intestinal epithelium, es-
pecially mini-organs from human
origin, may boost the research field for
the next generation by providing a vari-
ety of possibilities for research and
therapeutic applications of intestinal
biology. The system in its current con-
struct lacks the enteric neuroendocrine
and microbiome integration, but addi-
tions of such components may be feasi-
ble and add to the utility.

New data challenge the way we un-
derstand the relationship between in-
fection and illness. It is apparent that
even though one can recover a patho-
gen from an individual it is often noted
that that pathogen is not causing ill-
ness, which begs the question of is it a
pathogen? Clearly understanding how
asymptomatic infections with patho-
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genic organisms affect the holobiome
is an important gap. In addition, with
the increasing number of chronic health
problems in which epidemiological as-
sociations are being found, we are chal-
lenged by understanding how big the
problem is or may well be. Microbiome
changes are now being associated with
obesity and liver disease in developed
world populations (Henao-Mejia et al.,
2013; Karlsson et al., 2013; Zhao,
2013). Natural questions which follow
include what are the factors behind
these changes and could infection be
one of them? Epidemiological studies
and perhaps animal models could be
directed at looking for such associa-
tions. A study of certain value would
be to conduct a developed world post-
infectious microbiome cohort studies
among populations at high risk for
acute enteric infection (e.g. travellers).
Evaluating baseline microbiome as
well as changes that may occur with
travel, travel-related infections and an-
tibiotics, and the persistence of such
changes which may be linked to well
defined post-infectious functional gas-
trointestinal disorders may offer new
insights.

Finally, we need a framework
which approaches the problem not only
by considering the contributions of
pathogens, or the host or the commen-
sal flora, but rather as an integrated
system. The concept and importance of
the holobiont has emerged over the last
two decades. Bacterial cells outnumber
human cells by a factor of 10 to 1, and
the collective genes of these bacteria
outnumber our genes by 150 to 1 (Qin
et al., 2010). We know that these bacte-
ria are critical to our survival and in-
clude important functions such as food
break down, biotransformation of nutri-
ents, development and function of a



Box 1: Remaining gaps in our understanding and questions for future directions.

How does the viriome interact and what of the effects of viral enteric infection on the
viriome and bacteriome and vice versa?

How do antibiotic challenges to the system interact?

What is the relationship of enteropathy with nutrition? Can complex nutrient effects
be isolated and rebalanced through nutrition?

What is the impact of environmental chemicals on the microbiome and host factors
associated with disease?

How do neuro-immune interactions work?

What is the nature of inflammation in various disease models? Why is inflammation
sometimes healthful and sometimes deleterious?

How do we facilitate inflammation resolution (not stopping, but helping resolution)?

What could generational/adoptive studies teach us about the association between acute
enteric infection and chronic health consequences?

What are the short-term opportunities to treat these diseases? For example what role
might faecal microbiota transplant play? Could well-characterized synthetic faecal
microbiome products be useful? What might the value of microbiome feeding and

topical anti-inflammatories be?

effects on health)?

* Can continued epidemiological studies from a diversity of populations and designs
validate initial findings as well as explore new associations between acute enteric
infections and the growing spectrum of illnesses?

* How does Campylobacter jejuni trigger aberrant immune responses/loss of tolerance
to co-transported luminal antigens across the intestinal barrier?

* How does the early constitution of an individual’s microbiota have affects such as
susceptibility to the loss of tolerance a grain protein?

* How do enteropathogen-microbiota interactions trigger intestinal dysbiosis (a process
whereby an enteric pathogen disrupts the normal commensal flora such that an
imbalance among microbial populations occur on a body surface, often with deleterious

* Could microbial toxins from enteric pathogens like ETEC and Campylobacter contribute
to microbiome disruption and its consequent effects?

normal immune system, angiogenesis,
and regulation of fat accumulation
(Singh et al., 2013). In addition to these
functions, the microbiota compete for
space with pathogens and can exert
other local effects to protect the host
from infections. The microbiota is also
adaptable which provides an advantage
to the host which may need to rely on
the flexibility of the microbiota struc-
ture to adapt to changes of diet or cli-
mate or infection. Bosch and col-
leagues (page 113) describe an elegant

system in Hydra, where the microbiota
is a complex and multifunctional eco-
system that is essential to the develop-
ment, protection, and overall health of
its host. Furthermore the dynamic rela-
tionship between symbiotic microor-
ganisms and environmental conditions
results in the selection of the most ad-
vantageous holobiont. Systems like
these may provide tools to further study
and explore and potentially lead to in-
sights to prevent the unintended conse-
quences of holobiome disturbances.

133



CONCEPTS AND QUESTIONS FOR FURTHER CONSIDERATION

Continued  epidemiological  studies
from a diversity of populations and de-
signs are needed to validate initial find-
ings as well as explore new associa-
tions between acute enteric infections
and the growing spectrum of illnesses.
Studies are also needed to better under-
stand the mechanism by which an
enteropathogen such as Campylobacter
jejuni which induces disruptions of the
commensal microbiota can affect the
sequence of events that result in vari-
ous intestinal and extra-intestinal
chronic health outcomes. Future re-
search into enteropathogen-microbiota
interactions should highlight dysbiosis
as a central piece of the puzzle to solve.
There may be multiple mechanisms by
which a single pathogen my cause a
chronic health consequence. Under-

standing how asymptomatic infection
with pathogenic organisms affects the
holobiome is an important gap. How
does the viriome interact and what of
the effects of viral enteric infection on
the viriome and bacteriome and vice
versa? Non-infectious events can also
contribute to the problem of dysbiosis,
as stress and antibiotics (alone or in
combination) can have a disrupting ef-
fect on the balance within the gut epi-
thelial barrier and microbiome

Clearly better tools and model sys-
tems are needed to help piece together
the puzzles with which we are con-
fronted (Box 1). Although these ques-
tions are challenging, the benefits to
human life which can be achieved
make the undertaking well worth the
effort.

LITERATURE

Bercik, P., Denou, E., Collins, J., Jackson, W.,
Lu, J., Jury, J., Deng, Y., Blennerhassett,
P., Macri, J., McCoy, K.D., Verdu, E.F.,
and Collins, S.M.: The intestinal microbi-
ota affect central levels of brain-derived
neurotropic factor and behavior in mice.
Gastroenterology 141, 599-609 (2011).

Bird, A.: The epistemological function of Hill's
criteria. Prev. Med. 53, 242-245 (2011).

Chae, S.C., Yu, J.L.,, Oh, G.J., Choi, C.S,
Choi, S.C., Yang, Y.S., and Yun, K.J.
Identification of single nucleotide
polymorphisms in the TNFRSF17 gene
and their association with gastrointestinal
disorders. Mol. Cells 29, 21-28 (2010).

Chen, M.L., Ge, Z., Fox, J.G., and Schauer,
D.B.: Disruption of tight junctions and
induction of proinflammatory cytokine
responses in colonic epithelial cells by
Campylobacter jejuni. Infect. Immun. 74,
6581-6589 (2006).

Chung, H., Pamp, S.J., Hill, J.A., Surana, N.K.,
Edelman, S.M., Troy, E.B., Reading, N.C.,

134

Villablanca, E.J., Wang, S., Mora, J.R.,
Umesaki, Y., Mathis, D., Benoist, C., Rel-
man, D.A., and Kasper, D.L.: Gut immune
maturation depends on colonization with a
host-specific microbiota. Cell 149, 1578-
1593 (2012).

Decker, E., Engelmann, G., Findeisen, A.,
Gerner, P., Laass, M., Ney, D., Posovszky,
C., Hoy, L., and Hornef, M.W.: Cesarean
delivery is associated with celiac disease
but not inflammatory bowel disease in
children. Pediatrics 125, e1433-e1440
(2010).

Deising, A., Gutierrez, R.L., Porter, C.K., and

Riddle, M.S.: Postinfectious functional
gastrointestinal disorders: a focus on
epidemiology and research agendas.
Gastroenterol. Hepatol. (NY) 9, 145-157
(2013).

DeMeo, M.T., Mutlu, E.A., Keshavarzian, A.,
and Tobin, M.C.: Intestinal permeation and

gastrointestinal disease. J. Clin. Gastro-
enterol. 34, 385-396 (2002).



Evans, A.S.: Causation and disease: the Henle-
Koch postulates revisited. Yale J. Biol.
Med. 49, 175-195 (1976).

Falth-Magnusson, K., Franzen, L., Jansson, G.,
Laurin, P., and Stenhammar, L.: Infant
feeding history shows distinct differences
between Swedish celiac and reference
children. Pediatr. Allergy Immunol. 7, 1-5
(1996).

Fasano, A. and Shea-Donohue, T.: Mechanisms
of disease: the role of intestinal barrier
function in the pathogenesis of
gastrointestinal autoimmune diseases. Nat.
Clin. Pract. Gastroenterol. Hepatol. 2, 416-
422 (2005).

Ginsburg, P.M. and Bayless, T.M.: How can
IBD be distinguished from IBS? Inflamm.
Bowel Dis. 14, Suppl. 2, S152-S154
(2008).

Guerrant, R.L., Oria, R.B., Moore, S.R., Oria,
M.O., and Lima, A.A.: Malnutrition as an
enteric infectious disease with long-term
effects on child development. Nutr. Rev.
66, 487-505 (2008).

Halvorson, H.A., Schlett, C.D., and Riddle,
M.S.: Postinfectious irritable bowel
syndrome--a  meta-analysis. Am. J.
Gastroenterol. 101, 1894-1899 (2006).

Henao-Mejia, J., Elinav, E., Thaiss, C.A.,
Licona-Limon, P., and Flavell, R.A.: Role
of the intestinal microbiome in liver
disease. J. Autoimmun. 46, 66-73 (2013).

Ivarsson, A., Hernell, O., Nystrom, L., and
Persson, L.A.: Children born in the
summer have increased risk for coeliac
disease. J. Epidemiol. Community Health
57, 36-39 (2003).

Jabri, B., Kasarda, D.D., and Green, P.H.:
Innate and adaptive immunity: the yin and
yang of celiac disease. Immunol. Rev. 206,
219-231 (2005).

Jabri, B. and Sollid, L.M.: Tissue-mediated
control of immunopathology in coeliac
disease. Nat. Rev. Immunol. 9, 858-870
(2009).

Kalischuk, L.D., Inglis, G.D., and Buret, A.G.:
Campylobacter jejuni induces transcellular
translocation of commensal bacteria via
lipid rafts. Gut Pathog. 1, 2 (2009).

Kalischuk, L.D. and Buret, A.G.: A role for
Campylobacter jejuni-induced enteritis in
inflammatory bowel disease? Am. .
Physiol. Gastrointest. Liver Physiol. 298,
G1-G9 (2010).

Karlsson, F., Tremaroli, V., Nielsen, J., and
Backhed, F.: Assessing the human gut
microbiota in metabolic diseases. Diabetes
62,3341-3349 (2013).

Landzberg, B.R. and Connor, B.A.: Persistent
diarrhea in the returning traveler: think
beyond persistent infection. Scand. J.
Gastroenterol. 40, 112-114 (2005).

Lanning, D.K. and Knight, K.L.: Intestinal
bacteria and development of the antibody
repertoire. Discov. Med. 5, 393-398
(2005).

Lindsay, J.A.: Chronic sequelae of foodborne
disease. Emerg. Infect. Dis. 3, 443-452
(1997).

Liu, L., Johnson, H.L., Cousens, S., Perin, J.,
Scott, S., Lawn, J.E., Rudan, 1., Campbell,
H., Cibulskis, R., Li, M., Mathers, C.,
Black, R.E.; Child Health Epidemiology
Reference Group of WHO and UNICEF:
Global, regional, and national causes of
child mortality: an updated systematic
analysis for 2010 with time trends since
2000. Lancet 379, 2151-2161 (2012).

Lyte, M., Vulchanova, L., and Brown, D.R.:
Stress at the intestinal surface: catechol-
amines and mucosa-bacteria interactions.
Cell Tissue Res. 343, 23-32 (2011).

Marild, K., Stephansson, O., Montgomery, S.,
Murray, J.A., and Ludvigsson, J.F.:
Pregnancy outcome and risk of celiac
disease in offspring: a nationwide case-
control study. Gastroenterology 142, 39-45
e33 (2012).

Marshall, B.J., Armstrong, J.A., McGechie,
D.B., and Glancy, R.J.: Attempt to fulfil
Koch's postulates for pyloric Campylo-
bacter. Med. J. Aust. 142, 436-439 (1985).

Moore, S.R., Lima, N.L., Soares, A.M., Oria,
R.B., Pinkerton, R.C., Barrett, L.J,
Guerrant, R.L., and Lima, A.A.: Prolonged
episodes of acute diarrhea reduce growth
and increase risk of persistent diarrhea in
children. Gastroenterology 139, 1156-1164

135



(2010).

Natividad, J.M., Huang, X., Slack, E., Jury, J.,
Sanz, Y., David, C., Denou, E., Yang, P.,
Murray, J., McCoy, K.D., and Verdu, E.F.:
Host responses to intestinal microbial
antigens in gluten-sensitive mice. PLoS
One 4, e6472 (2009).

O'Malley, D., Quigley, E.M., Dinan, T.G., and
Cryan, J.F.: Do interactions between stress
and immune responses lead to symptom
exacerbations in irritable bowel syndrome?

Brain Behav. Immun. 25, 1333-1341
(2011).

Parascandola, M.: Causes, risks, and
probabilities: probabilistic concepts of

causation in chronic disease epidemiology.
Prev. Med. 53, 232-234 (2011).

Pike, B.L., Porter, C.K., Sorrell, T.J.,, and
Riddle, M.S.: Acute Gastroenteritis and the
Risk of Functional Dyspepsia: A
Systematic Review and Meta-Analysis.
Am. J. Gastroenterol. 108, 1558-1563
(2013).

Poropatich, K.O., Walker, C.L., and Black,
R.E.: Quantifying the association between
Campylobacter infection and Guillain-
Barré syndrome: a systematic review. J.
Health Popul. Nutr. 28, 545-552 (2010).

Porter, C.K., Thura, N., and Riddle, M.S.:
Quantifying the incidence and burden of
postinfectious enteric sequelac. Mil. Med.
178, 452-469 (2013).

Qin, J., Li, R, Raes, J.,, Arumugam, M.,
Burgdorf, K.S., Manichanh, C., Nielsen,
T., Pons, N., Levenez, F., Yamada, T.,
Mende, D.R., Li, J., Xu, J., Li, S., Li, D.,
Cao, J., Wang, B., Liang, H., Zheng, H.,
Xie, Y., Tap, J., Lepage, P., Bertalan, M.,
Batto, J.-M., Hansen, T., Le Paslier, D.,
Linneberg, A., Nielsen, H.B., Pelletier, E.,
Renault, P., Sicheritz-Ponten, T., Turner,
K., Zhu, H., Yu, C., Li, S., Jian, M., Zhou,
Y., Li, Y., Zhang, X., Li, S., Qin, N.,
Yang, H., Wang, J., Brunak, S., Doré, J.,
Guarner, F., Kristiansen, K., Pedersen, O.,
Parkhill, J., Weissenbach, J., MetaHIT
Consortium, Bork, P., Ehrlich, S.D., and
Wang, J.: A human gut microbial gene
catalog established by metagenomic

136

sequencing. Nature 464, 59-65 (2010).

Riddle, M.S., Murray, J.A., and Porter, C.K.:
The incidence and risk of celiac disease in
a healthy US adult population. Am. J.
Gastroenterol. 107, 1248-1255 (2012).

Scallan, E., Griffin, P.M., Angulo, F.J., Tauxe,
R.V., and Hoekstra, R.M.: Foodborne
illness acquired in the United States--
unspecified agents. Emerg. Infect. Dis. 17,
16-22 (2011a).

Scallan, E., Hoekstra, R.M., Angulo, F.J.,
Tauxe, R.V., Widdowson, M.A., Roy,
S.L., Jones, J.L., and Griffin, P.M.:
Foodborne illness acquired in the United
States--major pathogens. Emerg. Infect.
Dis. 17, 7-15 (2011b).

Singh, Y., Ahmad, J., Musarrat, J., Ehtesham,
N.Z., and Hasnain, S.E.: Emerging
importance of holobionts in evolution and
in probiotics. Gut Pathog. 5, 12 (2013).

Sjogren, Y.M., Tomicic, S., Lundberg, A.,
Fagerds-Bottcher, M., Bjorkstén, B.,
Sverremark-Ekstrom, E., and Jenmalm,
M.C.: Influence of early gut microbiota on
the maturation of childhood mucosal and
systemic immune responses. Clin. Exp.
Allergy 39, 1842-1851 (2009).

Szklo, M. and Nieto, F.J.: Epidemiology:
beyond the basics, 2nd edition. Jones and
Bartlett Publishers, Sudbury, MA, USA
(2007)..

Thabane, M., Kottachchi, D.T., and Marshall,
J.K.: Systematic review and meta-analysis:

the incidence and prognosis of post-
infectious irritable bowel syndrome.
Aliment. Pharmacol. Ther. 26, 535-544
(2007).

Verdu, E.F., Huang, X., Natividad, J., Lu, J.,
Blennerhassett, P.A., David, C.S., McKay,
DM., and Murray, J.A.: Gliadin-
dependent neuromuscular and epithelial
secretory responses in gluten-sensitive
HLA-DQS8 transgenic mice. Am. J.
Physiol. Gastrointest. Liver Physiol. 294,
G217-225 (2008).

Verdu, E.F., Mauro, M., Bourgeois, J., and
Armstrong, D.: Clinical onset of celiac
disease after an episode of Campylobacter
jejuni enteritis. Can. J. Gastroenterol. 21,



453-455 (2007). correlation to causality. Nat. Rev.
Zhao, L.: The gut microbiota and obesity: from Microbiol. 11, 639-647 (2013).

137





