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New insights into the hygiene hypothesis in allergic diseases
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I here is convincing evidence from

both human and animal studies
suggesting that the infant intestinal
microbiota plays an important role in
regulating immune responses associated
with the development of allergic diseases.
To date there are, however, still no
definite bacterial taxa or particular
subsets of the microbiota that have been
consistently associated with allergic
diseases, which is mainly attributable
to the methodological dissimilarities
between studies. As such there is a
need to apply different methodological
concepts to enhance a deeper and more
refined understanding of the relationship
between the gut microbiota and allergies.
Within our recent studies we reported
that colonization by clostridia in early
infancy increased the risk of atopic
dermatitis. Using subsequent mediation
analysis, we demonstrated that birth
mode and having older siblings strongly
impacted the infant microbiota which in
turn affected the risk of atopic dermatitis.
The results of these mediation analyses
contributed stronger evidence for a
causal link of birth mode and birth order
on allergy risk through modulation of
the microbiota composition.

The Microbiota Hypothesis in
Allergic Diseases

Allergic (or atopic) diseases, such as
atopic dermatitis (eczema), food allergies,
hay fever, and asthma, are chronic
inflammatory disorders caused by aberrant
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immune responses against common

“innocuous”  environmental  antigens
(allergens) in susceptible individuals.!
An enhanced T helper (Th)2 immune
response and the elaboration of cytokines
such as interleukin (IL)-4, IL-13, and
IL-5 contribute to the induction and
maintenance of these diseases.? Often,
atopic dermatitis is the first manifestation
of atopy in infants who will develop hay
fever or asthma in later childhood.

The prevalence of allergic diseases
has been on the rise for several decades,
predominantly in industrialized nations
and particularly among children.>* The
pace of this increase has been much
than
of any population can possibly shift;’

faster the genetic constitution
environmental changes associated with
“Western” lifestyles are therefore generally
believed to be responsible for the allergic
epidemic.

In 1989, David Strachan introduced
the “hygiene hypothesis,” postulating that
reduced exposure to infections during
childhood results in aberrant immune
responses to innocuous antigens later in
life.>” This hypothesis was based upon
Strachan’s that
with higher numbers of siblings were at

observations infants
decreased risk for developing allergies.
Sibship size”® and other indirect markers
of microbial exposure, such as farm
living with especially close contact with
livestock,” were consistently shown to
be associated with a decreased risk of
developing allergic diseases; studies on
the association between bacterial and
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viral infections and allergies were less
consistent.'*!!

An alternative interpretation of this
hypothesis suggests that an altered normal
intestinal colonization pattern in infancy,
which fails to induce immunological
responsible for the

increase in allergies rather than a decrease

tolerance, could be

in viral or bacterial infections."?

The gut microbiota is indeed a key
of microbial-driven immune
and

in early life. Animals bred in a germ-

source
regulation tolerance  induction
free environment show low densities of
lymphoid cells in the gut mucosa, the
specialized follicle structures are small,
and circulating immunoglobulin levels
are low. Immediately after exposure
to microbes, the number of mucosal
lymphocytes expands, germinal centers
and
producing cells appear rapidly in follicles

are  formed, immunoglobulin
and in the lamina propria, accompanied
by a significant increase in serum
immunoglobulin levels.">" Furthermore,
animal studies have shown that it is
difficult to achieve oral tolerance in germ-
free animals® and that administration
of lipopolysaccharides—constituents of
the outer membrane of gram-negative
bacteria—together with food antigens
increases the tolerizing effect of feeding.'®
Additionally,
bacterial lysates (BL, Enterococcus faecalis,

oral administration of
and E. col7) to neonatal rats has been shown
to attenuate experimental food allergies.
BL-treated reduced
allergen-specific IgE and IgG serum levels

animals showed
upon sensitization as compared with sham
treated rats. Concomitantly, allergen-
stimulated lymphocytes from spleen and
mesenteric lymph nodes of BL-treated
animals showed a significantly elevated
IL-10 production in vitro."”

Moreover, recent studies have reported
marked geographic differences in the
composition of the gut microbiota in both
children and adults, especially between

Westernized and non-Westernized
countries.'®"

It seems therefore plausible that
perturbations in the gut microbiota
composition (due to, e.g., increased

hygiene, antibiotic use, and changes in
diet, lifestyle, and family size) are involved
in the pathogenesis of allergic diseases.
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Establishment of the Gut
Microbiota in Newborns

The fetal bathed in

swallowed amniotic fluid and thought to

intestine is

be sterile. However, this dogma of a sterile
womb has been challenged by several
recent studies reporting on the presence of
bacteria in umbilical cord blood, amniotic
fluid, fetal membranes, and meconium of
healthy, term infants.? This suggests that
colonization of the fetal intestine might
already occur before delivery by bacterial
transmission through the placental barrier.

During delivery, the intestines become
colonized by a variety of microorganisms.?!
Intestinal
succession

involves a
populations
waxing and waning as the diet changes
and the host develops.? According to
studies of cultured microbes, facultative

colonization
of bacterial

anaerobes initially colonize the neonatal
intestinal canal, reducing the oxygen
content and thereby paving the way for
strict anaerobes to follow.?! The latter
organisms soon outnumber the facultative
anaerobes as the microbiota starts to
diversify. Diversification continues until
around the age of one up to three years
when the microbiota turns into an adult-
type microbiota containing hundreds to
thousands of different species.””*
Factors influencing the intestinal
microbiota composition can be divided
into host factors (such as pH, bile acids,
pancreatic enzymes, mucus composition,
and transit time), non-host factors (such
as diet, medication, and environmental
factors), and bacterial factors (such as
adhesion capacity, enzymes, and metabolic
capacities).

Of particular interest to explain the
rise of allergic diseases are the changes in
non-host factors due to modern life style.
Antibiotic use, diet, smaller family sizes,
increased hygiene, and high cesarean
section rates may all result in perturbations
in the gastrointestinal (GI) microbiota
composition thereby interfering with the
mechanisms involved in the development
of immunological tolerance.”

One of the most extensively studied
determinants of the gut microbiota during
infancy is mode of delivery. The first
inoculum in vaginally born infants is
composed of maternal fecal and vaginal
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microbes, whereas infants born by cesarean
section are initially exposed to bacteria
originating from healthcare workers and
the hospital’s environment.?®%

In our recent study, we examined the
influence of non-host factors, including
birth mode, on the establishment of the
gut microbiota throughout the first seven
months of life for 571 newborns.?® In

agreement with previous studies,?#%

we
demonstrated that delivery by cesarean
strongly infant
microbiota, especially by decreasing
of bacteroides and
increasing the prevalence of clostridia,
an effect that was still notable at the age

of seven months postpartum. Another

section impacts  the

colonization rates

recent prospective study on the influence
of birth mode on microbiota development
in early life not only confirmed a delayed
Bacteroidetes  colonization but also
showed reduced microbial diversity and
reduced Thl responses in children born
by cesarean section.”!

Other that can

the neonatal intestinal

factors influence
microbiota
are: prematurity, medication, hygiene
measures, the type of infant feeding

(breastmilk or formula), and as recently

shown, family size and household
composition,?#2%:32:343
We found that the colonization

pattern of firstborns, like the colonization
pattern of infants born by cesarean
section, was characterized by a higher
colonization rate of C. difficile and other
clostridia and lower rates of lactobacilli,
bifidobacteria, bacteroides, and E. coli.?®
Moreover, the effects of birth mode and
birth order (having older siblings) appear
to be independent. Figure 1 shows a low
relative abundance (partly explained by
low colonization rates) of bacteroides in
infants born by cesarean section, which
largely disappears by the age of seven
months in children with siblings; however,
this is only partly true for children
without siblings. Additionally, the relative
abundance of clostridia (cluster I) and
E. coli are highest in firstborn children
delivered by cesarean section and lowest
in vaginally delivered children with older
siblings.

Two consecutive papers studying
the intestinal microbiota in a subset of
infants from the Canadian Healthy Infant
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Figure 1. Relative proportion of bacterial taxa in the fecal microbiota at the ages of 5, 13, and 31 wk postpartum in vaginally delivered and C(esarean)-
section delivered infants with or without older siblings.?®

Longitudinal Development (CHILD)
birth cohort recently confirmed the
impact of both mode of delivery®”> and
older siblings® and additionally identified
pet exposure as a determinant of the infant
gut microbiota composition.

Gut Microbiota and Allergic
Diseases

During the past 15 y, numerous
human epidemiological studies have been
conducted on the association between
the gut microbiota composition and
allergy risk. The vast majority of these
studies suggest that altered microbial
exposure during childhood is associated
with and/or
allergic manifestations, especially atopic
dermatitis.

However, to date there are still no
definite bacterial taxa or particular
subsets of the microbiota that have been
consistently

allergic  sensitization

associated  with  allergic

diseases. Several studies have given rise to

www.landesbioscience.com

the hypothesis that a reduced intestinal
diversity, rather than the
presence or abundance of particular taxa,

microbial

increases the risk of allergic manifestations
in childhood. At least four studies have
linked a lower bacterial diversity to an
increased risk of atopic dermatitis,***’
whereas a recent birth cohort study found
a lower bacterial diversity to be associated
with allergic rhinitis and sensitization but
not with atopic dermatitis. In contrast,
Nylund and colleagues reported a higher
bacterial diversity in the fecal microbiota
of infants having eczema as compared
with healthy controls.*

Publication bias and false positive
findings due to multiple comparisons
likely contribute to, but cannot completely
explain, the high percentages of studies
that report an actual association between
the gut microbiota and allergic diseases.
But why are results far from being
consistent? In large part, it is due to
methodological dissimilarities; differences
in study populations (high risk vs. general
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populations), in study designs (prospective
vs. cross-sectional), in the bacteria under
study and the techniques used to identify
them, and probably most importantly in
the individuals’ age at which the intestinal
microbiota is being studied; these are
sufficient explanations of results being
inconsistent in present studies. There is
substantial evidence in both human and
animal studies indicating that the most
important  “window of opportunity”
for immune education is early infancy,
when the maturation of the immune
system is not yet completed and is still
building up immune tolerance against
food and microbial antigens.”*" Thus,
it seems unlikely that perturbations in
the intestinal microbiota beyond infancy
may still have an effect on the etiology of
allergic diseases. It is more plausible that
these differences reflect disturbances in
the gut microbiota already present in early
life or reflect perturbations caused by the
allergic disease that had manifested already
(reverse causation). Birth cohort studies
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Figure 2. Indirect effects of birth mode and older siblings on the risk of developing allergic diseases
through their influence on the establishment of the gut microbiota composition in early life.

quantifying the intestinal microbiota
in early life and relating this to allergic
manifestations later on in childhood are
therefore the most powerful studies to
establish (the direction of) causality.

The

between studies to date still hampers

methodological  heterogeneity
conclusive evidence for the role of the
microbiotainallergicdiseases. Assuch there
is a need to apply different methodological
concepts to enhance a deeper and more
refined understanding of the relationship
between the gut microbiota and allergies.
One such concept is to move beyond the
simple  cause-and-effect  relationships
and attempt to understand what bridges
the causal relationships and what alters
the magnitude or direction of the causal

relationship.*?

More specifically, using
integrated research designs, it is possible
to test whether the reported associations
between birth mode and birth order
and the risk of allergic diseases is
indeed mediated by their impact on the

indigenous microbiota (Fig. 2).

The Gut Microbiota
as a Mediator

Biostatisticians and epidemiologists
use the method of “causal models” to
explain a possible causal relationship
between a risk factor (the independent
variable) and an outcome (the dependent
variable). In
mediator is an intermediary process
that leads from the risk factor to the

such causal models, a
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outcome, and therefore explains, “why”
or “how” a risk factor results in an effect.
In other words, the independent variable
is presumed to cause the mediator, and in
turn, the mediator causes the dependent
variable.*> Demonstrating such mediation
strengthens the evidence for causality of
reported associations.

During the past decades birth by
cesarean section has increased rapidly in
many Western countries,** whereas family
sizes have been decreasing.” Moreover,
both birth order (number of older siblings)
and birth mode have been identified as

84 and, as

risk factors for allergic diseases
discussed above, strongly influence the
establishment of the neonatal microbiota.
As such, it has often been postulated that
the gut microbiota composition acts as
a mediator in the association between
birth mode and order and the risk of
allergic diseases. Within the Dutch
KOALA Birth Cohort Study, mediation-
analysis was applied for the first time to
test potential mediation by gut microbes
in the association between place and
mode of delivery and the risk of allergic
manifestations. Within this population-
based study we demonstrated that
Clostridium difficile mediated the relation
between birth mode and birthplace (home
vs. hospital delivery), as well as both
eczema and asthma.*® As home birth is
still very common in the Netherlands, in
strong contrast to most other developed
countries, we were able to demonstrate
that the environment during delivery
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also strongly influences the intestinal
colonization process of newborns.

In our recent study among German
high-risk neonates (with a positive family
history of atopy), mediation analyses
confirmed a statistically significant
indirect effect of cesarean section delivery,
via microbiota pertubations (increase in
Clostridium ClusterI), on atopic dermatitis
risk. Moreover, this study demonstrated a
“beneficial” influence of older siblings on
the microbiota composition subsequently
linked to a lower risk of atopic dermatitis.
This suggests that the microbiota may
be one of the biological mechanisms
underlying the sibling effect.

Alrogether, the results of the mediation
analyses in populations
contributed stronger evidence for a causal
link of birth mode and birth order on

allergy risk through modulation of the

these two

microbiota composition.

It has to be noted that both studies
used a targeted approach to quantify
several of the most abundant bacterial
taxa in neonates instead of applying
methods
sequencing. As a

more comprehensive such
as next-generation
consequence, it cannot be ruled out that
reported associations merely reflect other
unmeasured shifts in the microbiota
composition.

Therefore, a next logical step would
therefore be to integrate the power of
extensive microbial profiling methods
and (molecular) epidemiological concepts
within the context of well-defined
prospective  (birth)  cohort
Further, there is a clear need for studies
day-to-day
succession of microbial species during

studies.
carefully monitoring the

early life in order to guide large-scale
cohorts in choosing the appropriate
time-points for fecal sampling. Together,
such studies may elucidate additional
mediating or moderation mechanisms by
other microorganisms and may provide
new leads for the primary prevention of
allergies.
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