Vitamin D, the Gut Microbiome, and the Hygiene Hypothesis

How Does Asthma Begin?

In 1989, David Strachan showed that hay fever risk varied by the
number of siblings in the family, noting that the risk for hay fever
decreased as the number of children in the family increased (1). This
epidemiologic finding was interpreted to mean that the risk for
asthma and allergies varied as a function of the number of infections:
the greater the number of infections, the lower the risk for asthma
and allergies. Left unstated was the assumption that infections in
early life were necessary for the proper development of the immune
system and the exact immunologic mechanism by which this
occurred. As epidemiologists investigated the home environment,
and discovered that levels of biomarkers of microbes (e.g.,
endotoxin) were inversely associated with atopy, some suggested
that excess cleanliness was the cause of “decreased stimulation
of the immune system,” and hence the cause of asthma and
allergies (2).

This cursory review of the hygiene hypothesis in some of its
many incarnations sets the stage for an evaluation of an article
published in this issue of the Journal, by Weber and colleagues
(pp. 522-529) (3), that investigates the relationships among
cleanliness assessed via questionnaire, microbial markers in home
house and mattress dust, and the occurrence of asthma and allergies.
Using participants in the PAULA (Perinatale Asthma Umwelt
Langzeit Allergie Studie) birth cohort, personal and home indices of
cleanliness were related to both muramic acid and endotoxin levels
in house dust and mattress, and both cleanliness and dust measures
were assessed relative to asthma. Cleanliness was weakly related to
muramic acid and endotoxin levels but was not related to asthma or
atopic sensitization. Only higher levels of muramic acid in house
dust and endotoxin in mattress dust were protective for asthma and
atopic sensitization. The authors conclude that personal and home
cleanliness were not risk factors for allergies or asthma.

The authors readily acknowledge some methodologic
deficiencies of their study, including lack of a true longitudinal
design, missing dust samples on 25% of their children, and an
urban population that might limit generalizability, but in our
view, none of these methodologic concerns invalidate their
results. A more serious concern is the relevance of the “hygiene
hypothesis,” in its current variations, to the development of
asthma.

The fundamental question here is not the results of Weber and
colleagues, but whether the hygiene hypothesis is a useful paradigm
to explain the origins of asthma as a disease, and its increase in
prevalence that began in the 1970s. We believe not, as it explains
neither the rise in prevalence of other autoimmune diseases with
asthma nor the susceptibility to the disease.

Susceptibility, not only exposure, is key to understanding
asthma’s origins. There are two essential features of asthma
as a disease: first, it is a developmental disease, with 50% of
cases diagnosed by age 3 years and 90% by age 6 years (4).
Second, it has two developmental phenotypes: structural
abnormalities of the lung that are expressed as increased airway
responsiveness and increased response to bronchodilator, and
an abnormal immune/inflammatory response that is related
to a Th2 immune phenotype of CD4 cells. Both of these
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intermediate phenotypes are present at birth, before any overt
clinical infection.

Although it is clear that viral respiratory illness (predominantly
respiratory syncytial virus and rhinovirus) in the first 2 years of
life trigger the onset of overt clinical disease, especially in the
presence of home allergens, predominantly house dust mite,
the attack rates for these viruses are 100%, so all children, not
just the susceptible, are infected, but it is only the susceptible that
go on to manifest the asthma phenotype. Viewed in this way,
finding out what leads to susceptibility is as critical as looking at
exposure.

In 2004, Graham Rook put forth the “old friends and neighbors
hypothesis” to counter the hygiene hypothesis, suggesting it was
contact with ancient bacteria in the human gut that was critical
to preventing autoimmune disease generally, not just asthma (5).
Most immunologists believe humans tolerize to foreign antigens
primarily through the gut microbiome (6). Although all body sites
contribute to at least local tolerization, the gut microbiome is the
largest collection of bacteria that interacts with the human immune
system: 10'* bacteria, 1,000 species with more than 2,000-6,000
antigenic determinants/bacterium. Even small changes in this
ecosystem could have major effects on human tolerization and
immune system ontology.

There is emerging evidence that the fetus may be exposed
to microbial elements in utero, and that these microbial elements
may represent the maternal oral and gut microbiome (7). Thus,
microbial stimulation of the fetal immune system may begin in utero
and continue during the birth process (especially with a vaginal
delivery) and postnatally, and may determine responses to antigenic
stimulation in later life. Although some research is focused on how the
infant gut microbiome is established, there are preliminary data from
twin studies indicating that this may have, in part, a genetic basis (8) or
may be a result of the priming that occurs in utero. There are also
intriguing new data that the home microbiome, indirectly measured in
Weber and colleagues (via endotoxin and muramic acid), may be a
function of the family’s collective microbiome (9) and is transportable
wherever the family moves. Thus, what we measure in home dust
may be determined by the individuals living in the home. Prebirth
cohort studies of the maternal and infant gut microbiome are urgently
needed to confirm preliminary results, suggesting that ancient
anaerobes, such as Bacteroides fragilis, are critical to normal immune
tolerization.

Finally, we have written extensively about vitamin D, which we
believe is a critical link between the human gut microbiome and the
developing fetal lung and immune system (10). First, vitamin D
deficiency is recognized worldwide, and there are data indicating
that levels have decreased over time, coincident with the rise in
autoimmunity and asthma (11). Next, vitamin D has effects on the
developing lung (12), and we have shown that vitamin D-related
developmental genes are up-regulated in early lung development and
that these same genes are linked to asthma (13). Third, vitamin D has
effects on a variety of immune processes and cells that are critical to
normal immune functioning (14). Finally, vitamin D is critical to the
function of the gut microbiome (15). It controls the development of
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Figure 1. Interactions of vitamin D with the gut microbiome and the fetal immune system. Vitamin D up-regulates transforming growth factor g1

and IL-10, which will enhance Treg function and down-regulate CD4 T cells, reducing both Th1 and Th2 CD4™ cell inflammation. Vitamin D also enhances
antigenic traffic between dendritic cells and Tregs. The gut microbiome is the primary source of antigen for Treg cell processing and may also influence
the development of immunity in the fetus. Vitamin D controls the development of gut-associated lymphoid tissue and dendritic cell trafficking from the
gut dendritic cells in the gut epithelium to the Tregs. Vitamin D may also control antigenic traffic from the gut microbiome to the gut dendritic cell and the

protective organisms in the gut. Modified by permission from Reference 15.

gut-associated lymphoid tissue, trafficking between gut dendritic cells,
and gut Tregs and Treg function (Figure 1). Further study of how
vitamin D influences the developing immune system is urgently
needed.

Although it is comforting to know that cleanliness will not cause
asthma, a sharper focus on scientifically based immunologic theories
about how humans tolerize to antigen, the similarity of asthma to
other autoimmune diseases, the role of infections in the tolerization
process, and most important, a greater emphasis on fetal developmental
susceptibility to asthma will lead to greater advances in understanding,
and ultimately preventing, asthma specifically and autoimmunity
more broadly.
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