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Abstract

The hygiene hypothesis postulates that higher levels of hygiene and improper exposure to
microorganisms early in childhood could disturb the intestinal microbiome functions resulting in
abnormal immune responses that can later lead to allergies and autoimmune diseases. Additionally,
vitamin D deficiency and vitamin D receptor (VDR) polymorphisms and function might also trigger
abnormal immune responses that can lead to an autoimmune disease. Therefore, this review explores the
role Western lifestyle factors that lead to intestinal dysbiosis and vitamin D deficiency, and the effect
intestinal microbiota, vitamin D and VDR plays in the pathogenesis of autoimmune diseases in the
context of the hygiene hypothesis.

The maintenance of a healthy core microbiome to prevent dysbiosis, infections or other disruptions that
are associated with many inflammatory and autoimmune diseases is necessary for immune homeostasis.
An excessively hygienic lifestyle such as antibiotic treatment, antibacterial soap and the Western diet,
can deplete indigenous microbes, which is a growing concern since unhealthy microbiomes can then be
inherited and vertically transferred to offspring. Literature shows that the one of main factors that lead
to autoimmune diseases is VDR dysfunction and vitamin D; deficiency, which is the main VDR ligand.
Vitamin Ds has anti-inflammatory and antimicrobial properties that stimulate more tolerogenic immune
responses and promotes immune homeostasis by maintaining intestinal barrier function, inducing the
production of antimicrobial peptides and autophagy which produce anti-inflammatory effects in
autoimmune patients. We found 13 studies that demonstrated that crosstalk occurs between vitamin D;
and the gut microbiota and short chain fatty acids (SCFA) that promote gut homeostasis. On the other
hand, VDR controls intestinal inflammation, susceptibility to pathogenic infection and
lipopolysaccharides-induced endotoxemia.

Despite these findings, many population studies are inconclusive likely due to host genetic background,
epigenetic marks and metagenomic differences, variations in lifestyle and heterogeneous study design.
Furthermore there lacks a global consensus as to what defines vitamin D deficiency and sufficiency.
Due to vitamin D's role in promoting immune homeostasis, maintaining adequate levels in at risk
populations, especially pregnant and breastfeeding women and young children should be given more
attention.

Key Words
Vitamin Ds, Vitamin D receptor, gut microbiota, hygiene hypothesis, autoimmune diseases, microbiota
heritability, Western lifestyle
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antimicrobial peptide angiogerin-4 (ANG4), autophagy related 5(ATGS), autophagy related 16 like 1
(ATG16L1), cathelicidin antimicrobial peptide (CAMP), C-C motif chemokine ligand 22 (CCL22), 25-
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1(Cyp27b1), dendritic cells (DC), dry matter (DM), dextran sulfate sodium (DSS), European Food
Safety Authority (EFSA), guanine nucleotide binding protein 12 (GNA12), gut associated lymphoid
tissue (GALT), genome-wide association study (GWAS), interleukin (IL), Institute of Medicine (IOM),
interleukin-1 receptor-associated kinase 4 (IRAK4), irritable bowel disease (IBD), knockout (KO),
lipopolysaccharide (LPS), mitogen-activated protein kinase (MAPK), multiple sclerosis (MS), myeloid
differentiation primary response protein 88 (MyD88), nucleotide-binding oligomerization domain 2
(NOD2), pathogen associated molecular pattern (PAMP), peroxisome proliferator activated receptor
(PPAR), pattern recognition receptors (PRR), short chain fatty acids (SCFA), single nucleotide
polymorphism (SNP), T helper 1 (Thl), T helper 2 (Th2), T helper 17 (Th17), toll-like receptor (TLR),
tumor necrosis factor alpha (TNFa), regulatory T cell (Treg), vitamin D receptor (VDR), vitamin D
responsive elements (VDRE), 1,25-dihydroxyvitamin D; (1,25(0OH),D3), zonulin occluden-1



(ZO-1), zonulin occluden-2 (ZO-2)

1. Introduction

According to the hygiene hypothesis, the increased cleanliness, reduced family size and subsequent lack
of proper microbial exposure in early childhood, a common occurrence in Western society, can disrupt
the human microbiome causing a lack of indigenous microbes leading to aberrant immune responses
such as allergies and autoimmune diseases (Cho and Blaser, 2012; Proal et al., 2013; Schnorr et al.,
2014). The mammalian intestine harbors a diverse array of commensal and pathogenic organisms that
are critical for shaping the development of the immune system (Owen and Mohamadzadeh, 2013; Proal
et al., 2013). Studies analyzing the gut microbiota composition of indigenous cultures have shown that
Westerners' gut microbiota lack diversity, which could affect host health and lead to a more
inflammatory state (Clemente et al., 2012; Martinez et al., 2015; Schnorr et al., 2014; Yatsunenko et al.,
2012). Additionally, Western lifestyle and its deleterious effects on microbial species could have
detrimental effects for offspring as certain bacteria have been reported to be heritable such as
Actinobacteria (Lim et al., 2016) perpetuating the prevalence of unbalanced gut microbiomes and an
impaired immune system in subsequent generations (Proal et al., 2013; Rook, 2012; Sonnenburg et al.,
2016).

Deehan and Walter (2016) declared that the Western diet is a key driver of diversity loss and the rises in
non-communicable diseases, like autoimmune diseases. Furthermore, maternal lifestyle factors (Neu,
2015; Zijlmans et al., 2015) such as diet (Hashemi et al., 2016; Soderborg et al., 2016) probiotic
consumption (Amarasekera et al., 2013; Hashemi et al., 2016) and antibiotic treatments during
pregnancy (Forsythe, 2011; Rautava et al., 2012; Soderborg et al., 2016), as well as delivery mode
(cesarean or vaginal) (Azad et al., 2011; Biasucci et al., 2008; Jasarevi¢ et al., 2015a; Neu, 2015) and
breastfeeding (Amarasekera et al., 2013; Azad et al., 2011; Cacho and Neu, 2014; Funkhouser and
Bordenstein, 2013) greatly impact the neonate's initial inoculation of beneficial bacteria and therefore
immune development.

Autoimmune diseases are on the rise in Western countries, and are the third highest cause of deaths
(Antico et al., 2012). Although autoimmune symptoms and severity differ greatly depending on the
disease (Cooper and Stroehla, 2003), they are characterized by a loss of self-antigen tolerance (Antico et
al., 2012) and increased auto-antibodies and/or auto-reactive lymphocytes (Ermann and Fathman,
2001). The key players in immune dysfunction and autoimmune disease development are believed to be
the hygienic practices that disrupt the gut microbiota composition (Fasano, 2011), genetic background,
loss of protective intestinal barrier functions and poor immunogenic lipopolysaccharide (LPS) levels
(Hofer, 2016; Vatanen et al., 2016), as well as vitamin D; deficiency and vitamin D receptor (VDR)
polymorphisms (Aranow, 2011; Cantorna and Mahon, 2005; Fujita et al., 2008; Jean-Claude
Souberbielle, 2010; Kamen and Tangpricha, 2010; Kau et al., 2011; Kong et al., 2008; Proal et al.,
2009).

Depending on the reference range and population, it is estimated that worldwide between 2-90% suffer
from vitamin D; deficiency (Hilger et al., 2014). Vitamin Ds status depends on synthesis from the skin's
exposure to UVB rays or consumption of food or supplements (Spiro and Buttriss, 2014) that contain
either vitamin D, (ergocalciferol from primarily mushrooms) or vitamin D; (cholecalciferol from oily
fish) (Jean-Claude Souberbielle, 2010; Figure 1). Up to 90% of vitamin D; comes from synthesis from
the sun's UVB rays (Lips, 2010; Spiro and Buttriss, 2014) and many autoimmune diseases such as
multiple sclerosis (MS), are more common in countries that receive less sunshine (Pantazou et al., 2015;
Jean-Claude Souberbielle, 2010). Vitamin Dj; activates the vitamin D receptor (VDR) (Adorini and
Penna, 2008), which is located on chromosome 12 and has four polymorphisms (referred as Bms/, Apal,



Taql and Fokl). The functional significance of these four VDR polymorphisms remains unknown
(Hossein-nezhad and Holick, 2013; Uitterlinden et al., 2004), but it is believed that strong linkage
disequilibrium and one or more functional polymorphisms elsewhere in the VDR gene explain the
observed associations between these SNPs and the prevalence of autoimmune diseases (Uitterlinden et
al., 2004). In fact, VDR knockout mice have shown to present low levels of VDR in the intestine,
together with abnormal Paneth cells, impaired autophagy function, dysbiosis, reduced expression of the
autophagy related 16 like 1 gene (ATG16L1) (Wu et al, 2015), which facilitates the removal of
intracellular microorganisms, and is associated with a higher risk of infections, cancer, and
inflammation (Jin et al, 2015). Similarly, VDR knockout and germ free mice have presented increased
bacterial burden and mortality upon enteric Salmonella typhimurium infection compared to the VDR™*
group (Wu et al, 2015) and greater susceptibility to LPS-induced endotoxemia and death (Froicu and
Cantorna, 2007). In humans, serum vitamin D; levels above 40 ng/mL in untreated MS patients were
associated with increased Ruminococcaceae, which might produce anti-inflammatory fermentation
byproducts in the gut (Tankou et al., 2015), whereas in a cohort of 3,188 IBD patients, the higher
plasma 1,25-dihydroxyvitamin D; (1,25(OH),D;) was associated with significantly reduced risk of
Clostridium difficile infection (Ananthakrishnan et al., 2014).

Given the ability of gut microbiota’s to communicate with the immune system and its relationship with
the vitamin D; deficiency and VDR function, the aim of this systematic review is to describe how the
interaction between individual composition and function of the intestinal microbiota, serum vitamin Ds
levels, VDR function and Western lifestyle affect immune responses and could lead to the development
of an autoimmune disease. More precisely, this review focuses on the rise in autoimmune diseases in
Western countries in the context of the hygiene hypothesis, describing how the overly hygienic lifestyle
and vitamin Ds deficiency diminish microbial diversity and function and might cause aberrant immune
responses in different ages.

2. Materials and Methods

We conducted a systematic review and synthesis of relevant qualitative research according to the
requirements established in the preferred reporting items for systematic review and meta-analysis
protocols (PRISMA) (Shamseer et al., 2015). The protocol was registered a priori with PROSPERO on
April 11,2016 (CRD42016037431).

Literature search strategy

A systematic and comprehensive search of electronic databases, including MEDLINE, Scopus,
ClinicalTrials.gov, the PROSPERO International Prospective Register of Systematic Reviews, Science
Direct, Springer Link, and EMBASE was done from March 2016 to June 2016.

b b EN19

The search process was completed using the keywords: “hygiene hypothesis”, “gut microbiota”,
“microbiota heritability”, “vitamin Ds”, “VDR polymorphisms”, “autoimmune disease”, and “vertical
transmission”. The search was not restricted to the type of study (i.e. species, meta-analysis, case-
control, prospective cohort studies, reviews), sample size, year of publication, publication status or
follow-up. However, we only consulted articles published in English. Bibliographies of the identified
reviews and original research publications were hand-selected for additional studies that may have been
missed by the database searches. All articles were exported to the reference database Zotero. Due to the

nature of this review, no request was performed for the ethics committee’s approval.

Data extraction and synthesis
Full copies of citations coded as potentially relevant were obtained, and those meeting the inclusion
criteria were read in detail and data extracted. One reviewer (AC) extracted information about the study



aim, population and sample size, experimental design and duration of follow-up, specie, individual
characteristics, changes in the gut microbiota composition and immune response, association or not with
an autoimmune disease. The primary outcome was the gut microbiota profile, aberrant changes in the
immune response, vitamin D status or other clinically relevant outcomes related to autoimmune and
immune related conditions. Details were then checked by a second reviewer (NM). If eligibility could
be determined, the full article was retrieved.

The articles and extracted data were read and the findings organized into the following categories: (i)
hygiene hypothesis, the gut microbiota and the immune system, including maternal lifestyle factors and
transmission of the gut microbiota; (i1) vitamin Ds;, VDR and the immune system; and (iii) experimental
articles about the possible relationship between disturbances of the gut microbiota and/or vitamin D;
deficiency, VDR dysfunction and autoimmune diseases.

3. Results

A search conducted in March 2016 resulted in the following list of key terms combinations (hygiene
hypothesis, the gut microbiota and autoimmune disease =36; vitamin D3 and autoimmune disease=54;
vitamin D;,VDR, intestinal microbiota and autoimmune diseases= 16). Finally, a total of 43
experimental studies and 71 reviews met the inclusion criteria and were included in the review. Most of
the articles were reviews or randomized controlled trials. Periods of data collection spanned 1989 to
2016, proving data from humans and animals models (i.e. mice and rats).

While focusing on the context of the hygiene hypothesis in our modern world, 36 have demonstrated the
crosstalk occurred between certain gut bacteria and the immune related pathways, which could play a
role in the pathogenesis of various diseases. In particular, 31 studies reported that maternal lifestyle
factors, maternal microbiota, vitamin Dj status, birth mode and breastfeeding prove to be key factors in
the microbiota and immune system development as the microbiome can be vertically transferred.
Additionally, 10 studies demonstrated the intestinal microbiota genetic determinism. For instance,
certain taxa among the Firmicutes and Proteobacteria phyla, including those related to immune health
and disease, such as IBD, are consistently heritable among families. Discussion of these results is fully
described in section 4.1. Moreover, 16 other studies showed crosstalk between the gut microbiota or
short chain fatty acids (SCFA), vitamin D, ingestion, VDR function, and immune homeostasis in in
vitro and animal model studies (Table 1).

Studies in Table 1 support the hypothesis that several factors cause autoimmune diseases, including
aberrant adaptive and innate immune system responses and the cause/consequent dysbiosis, loss of
protective intestinal barrier functions, vitamin D; deficiency and VDR genetic variants. Among them, 1
study in animals models described that vitamin D; can maintain intestinal barrier function, while 6
studies have demonstrated vitamin Ds's protective effects against pathogens through its antimicrobial
activity. Most of the studies used VDR knockout mice to validate the functionality of VDR on immune
homeostasis. Additionally, 9 demonstrated vitamin D's ability to induce autophagy and allow anti-
inflammatory bacteria to proliferate in the gut, which could prevent or ameliorate autoimmune
symptoms as seen in IBD and MS patients. One study demonstrated that vitamin D; supplementation
has a positive impact on the gut microbiota in autoimmune patients (multiple sclerosis) (Table 2).

While most studies have focused of vitamin D's antimicrobial and anti-inflammatory effects and Th2
immune-promoting immune responses that could prevent autoimmune diseases, new evidence is
emerging that it can modulate gut bacteria towards a more homeostatic composition by inducing
antimicrobial peptides, decreasing inflammation and dysbiosis (15 studies). A total of 5 VDR knockout
(KO) mice studies have demonstrated that VDR dysfunction increase the pro-inflammatory response,



the susceptible to LPS-induced endotoxemia, death and the prevalence of various autoimmune diseases
such as IBD, Chron's disease, type I and II diabetes, and multiple sclerosis. VDR polymorphisms may
be markers for functional variants that alter VDR expression rather than being the locus associated with
disease or lower concentrations of 1,25(OH),Ds.

Table 2 shows the relationship between vitamin D;deficiencies, VDR function, the gut microbiota and
autoimmune diseases in human studies. In particular, 3 studies in humans have reported the relationship
between hygienic lifestyle and an unhealthy gut microbiota composition which was found to be related
to aberrant immune responses and the possible rise in autoimmune diseases such as MS, diabetes, IBD
and autoimmune encephalomyelitis. Among them, 2 studies in humans showed that vitamin D;
supplementation improved gut microbiota composition (e.g. increased Faecalibacterium and
Coprococcus) and MS and IBD symptoms respectively, although there lacks well designed studies to
make definite conclusions as to whether vitamin D deficiency or VDR polymorphisms play a role in
autoimmune disease pathogenesis. The full description of the results is found in the section 4.2. There
also lacks a consensus of what defines vitamin Ds deficiency, sufficiency and optimal range and many
studies are heterogeneous in their design and methods of analyzing vitamin D status in humans making
it difficult to make definite conclusions.

4. Discussion

4.1. The context of the hygiene hypothesis in our modern world: Western lifestyle, microbiota’s
role and genetics

The hygiene hypothesis was officially created by Strachan in 1989 (Strachan, 1989) who believed that
smaller families and hygienic conditions led to less microbial exposure early in life increases the
possibility of suffering allergies and hay fever later in life (Versini et al., 2015). A recent study by
Vatanen et al (2016) followed the gut microbiome development of 222 infants from Finland, Estonia
and Russia from birth until age three. In line with the hygiene hypothesis, the authors discovered that
the Russian babies' microbiota communities were more stable than the Finnish, which is a marker of a
healthy microbiome, likely because they had a higher microbial exposure. The Finnish and Estonian
infants presented higher levels of Bacteroides and LPS from Bacteroides dorei, which has been
associated with type I diabetes and led to diminished endotoxin tolerance. Moreover, the Finnish babies
presented more type I diabetes antibodies whereas the Russian children showed less incidences of egg
and milk allergies and type I diabetes antibodies, illustrating that the gut microbiota composition and the
type of LPS present affect immune tolerance and therefore the development of autoimmune diseases.
Therefore, they concluded that early exposure to various microorganisms is critical for proper immune
system development and balance so our bodies “learn” what is foreign and what is self, and what
warrants an inflammatory immune response or not (Elston, 2006).

The human microbiome is the “forgotten organ” and is as unique as a fingerprint (Franzosa et al., 2015).
Humans are home to trillions of microbes such as archea, small eukaryotes, fungi, parasites, viruses and
yeast that outnumber our cells 10 to 1 (Lepage et al., 2013; Ursell et al., 2012), which are fundamental
to host metabolism and immune function (Clemente et al., 2012; Lozupone et al., 2012; Neu, 2015). Gut
microorganisms are essential for host nutrient digestion, SCFA production, synthesis of vitamins, gut
hormone production, fat storage, gut permeability, and determining the host's susceptibility to
gastrointestinal infections. The gut microbiota can also protect the host from pathogens (Brown et al.,
2015). Although studies are still in their infancy, experts agree that characteristics of a healthy and
diverse microbiome ecosystem include stability, resistance to change and the ability to return to
equilibrium after biotic (e.g. virus, bacteria, small eukaryote, prion or metazoan) or abiotic stress
(Morgan and Huttenhower, 2012). Along with overly hygienic lifestyle practices such as the overuse of
antibacterial soap (Blaser and Falkow, 2009) and drinking chlorinated water (Rook, 2012), the well-



know abiotic stressors are the Western diet (Brown et al., 2012; Falony et al., 2016; Kau et al., 2011),
toxins (Spanogiannopoulos et al., 2016), antiobiotics (Littman and Pamer, 2011), medication (Falony et
al., 2016; Spanogiannopoulos et al., 2016; Wilson and Nicholson, 2009) such as proton pump inhibitors,
metaformin, statins and laxatives, and smoking (Zhernakova et al., 2016) among others. Antibiotic
treatment in healthy adults can cause considerable shifts in enrichment of the gut microbiota, including
a reduction of SCFA production, for up to one year (Zaura et al., 2015). In infants, antibiotics can be
detrimental to their developing gut microbiota (Palmer et al., 2007; Tanaka et al., 2009), and antibiotic
resistant genes have been shown to peak after antibiotic treatment (Vatanen et al., 2016) making it a
great public health concern is the rise in antibiotic resistant bacteria (Gombart, 2005).

4.1.1. Western lifestyle: urbanization and the microbiome

Urbanization around the world is expected to continue growing with 1.35 billion people inhabiting cities
in the next 15 years, and the rate of noncommunicable diseases continue to rise in industrialized regions
(Logan et al., 2015). The shift from Paleolithic times to industrialization has greatly affected the human
microbiome (Cho and Blaser, 2012; Rook, 2012). With the modern conveniences of urban lifestyle has
led to less exposure to indigenous viruses such as Hepatitis A, pathogenic bacteria such as Heliobacter
pylori, Salmonella spp., Mycobacterium tuberculosis, parasites such as helminths and Toxoplasma
gondii and commensal bacteria resulting in a less diverse and more dysbiotic gut microbiota
compositions (Rook, 2012). Unlike most people who live in an industrialized society, indigenous
populations do not lack microbial diversity in their microbiome. A study by Clemente et a/ (2015) in the
Yanomamis of the Amazon and indigenous people of Papua New Guinea show that they have up to 50
times more microbial diversity than Americans probably because they do not take antibiotics, nor do
they have a hyper-hygienic Westernized lifestyle (Martinez et al., 2015). Other studies comparing the
fecal compositions of indigenous populations (Martinez et al., 2015; Yatsunenko et al., 2012) and mice
(Turnbaugh et al., 2009) have shown how the Western lifestyle can reduce gut microbial diversity and
SCFA production (Rios-Covian et al., 2016) which are anti-inflammatory metabolites produced by
commensal bacteria (Del Chierico et al., 2014; Figure 2).

4.1.2. Western lifestyle: diet and gut microbiota

New research has shown that diet can greatly influence the gut microbiota composition (Fasano, 2011)
which can play a big role in the host's health. Dietary changes can account for up to 57% of gut
microbiota changes, whereas genes account for no more than 12% (Brown et al., 2012). Short term
consumption of a mostly animal or mostly plant diet can dramatically alter the microbiota composition
and function (David et al., 2014) as fast as 24 hours (Aguirre et al., 2016).

Furthermore, the gut microbiota ferment and metabolize animal and vegetable proteins differently
(Hughes et al., 2000). Bacteria, such as those from the Bacteroides phylum, ferment certain amino acids
and proteins resulting in other potentially toxic byproducts such as ammonia, amines, volatile sulfur
compounds, phelonic compounds and sulphides (Hughes et al., 2000), which have been associated with
IBD, intestinal permeability and other inflammatory conditions (Marchesi et al., 2016). Moreover, diets
high in animal protein and fat, such as the Western diet, can lead to higher colonic pH that facilitates the
colonization of pathogenic bacteria such as Escherichia coli (Marchesi et al., 2016). However, eating
resistant starch can ameliorate the negative effects of high animal protein consumption (Taciak et al.,
2015; Toden et al., 2006). Artificial sweeteners such as aspartame can also negatively affect gut
composition and have been shown to cause dysbiosis in rat models, which increases the risk for
suffering an autoimmune disease (Suez et al., 2014). In summary, Deehan and Walter (2016) declared
that the Western diet is a key driver of microbiota diversity loss and the rises in non-communicable
diseases, like autoimmune diseases (Figure 2).



4.1.3. Maternal lifestyle in Western countries: vertical transmission of the microbiota

The composition of the gut microbiota is also influenced by the maternal microbiota via vertical
transmission, which can prepare offspring for host-microbial mutualism facilitating the neonate's innate
immune system development and the transmission of antibodies during pregnancy and those found in
breast milk (Agiiero et al., 2016; Figure 3). Evidence now shows that fetuses are not sterile and the
earliest microbial inoculation comes from maternal intestinal, urogenital and oral bacteria (Rautava et
al., 2012) that enter the uterus and amniotic fluid most likely via the bloodstream (Funkhouser and
Bordenstein, 2013). Agaard et al (2014) discovered that the placenta has its own microbial niche that
consists of commensal bacteria from the phyla Firmicutes, Tenericures, Proteobacteria, Bacteriodes and
Fusobacteria. Furthermore, fetuses swallow about 400- 500 mL of amniotic fluid per day at term and the
most common taxa found was Escherichia coli, which normally come from the mother's intestines
(Neu, 2015). Bacteria genera such as Lactobacillus and Enterococcus from the mother's intestinal tract
and urogenital region have been found in the umbilical cord, amniotic fluid, placenta membranes and
meconium (Thum et al., 2012).

What is most worrisome is that several maternal lifestyle factors such as diet, health status, metabolism,
type of birth, gestational weight gain, and antibiotic treatment affect the development of the offspring's
microbial composition (Soderborg et al., 2016). For example, the delivery mode (caesarean or vaginal)
affects the development of the human microbiome and immune system. Babies born caesarean are more
susceptible to developing an autoimmune disease, which is alarming when nearly 50% of all births in
the US and China are Caesarean and up to 80% in Brazil (Neu, 2015). Babies born cesarean are not
exposed to commensal fecal and vaginal bacteria such as Bifidobacterium, Protovella, Lactobacillus
and Bacteroides like babies born vaginally and have elevated levels of Clostridia (Salminen et al.,
2004), pathogenic Clostridium difficile (Azad et al., 2011). Moreover, they have a higher exposure to
microbes found on the mother's skin like Staphylococcus spp. making infants more susceptible to
infections (Dominguez-Bello et al., 2010), allergies, asthma (Forsythe, 2011) and IBD (Bager et al.,
2012). These differences in microbial composition can last between 6 months of age up to 7 years of
age (Azad et al., 2011). Regardless of birth mode, many hospitals wipe off all of the new born's vertix,
which is a thick coating on the skin that contains antimicrobial peptides such as defensins and
catehelicidins as well as the innate immune proteins lysozyme and lactoferrin (Singh and Archana,
2008). Due to the vertix's antibacterial and wound healing properties, many experts including the OMS
agree that the routine removal of the vertix immediately after birth is an unnecessary overly hygienic
procedure (Singh and Archana, 2008).

Additionally, it has been observed that high maternal stress levels can negatively alter the gut
microbiota composition and function, which is later transmitted to the infant leaving the offspring more
prone to immune dysfunction. A study by Polloni ef a/ (2015) showed that mothers who had more
difficult pregnancies and experienced stressful events were much more likely to have children who
developed food allergies, gastrointestinal symptoms and eczema compared to infants of mothers who
experienced low stress levels during pregnancy (Figure 3). Theses results showed that the transmission
of an unbalanced maternal microbiota could lead to aberrant immune responses in offspring.

Breast milk and the duration of breastfeeding is also critical aspect to proper colonization of the infant
gut microbiota and immune system, for these reasons the World Health Organization (National Center
for Chronic Disease Prevention and Health Protection, 2016) recommends exclusive breastfeeding from
birth until 6 months of age (Hennet and Borsig, 2016). However, according to the Centers for Disease
Control and Prevention's 2014 Breastfeeding Report Card, only 18.8% of babies in the U.S. are
exclusively breastfed until 6 months of age, which is far below their 2020 goal of 60.6% (Centers for
Disease Control and Prevention, 2015) and the global average of 39% (UNICEEF, 2013).
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Breast milk has its unique microbial composition (100-600 bacterial species; Funkhouser and
Bordenstein, 2013) and is rich in approximately 200 different prebiotic oligosaccharides that are
digested by beneficial bacteria such as Bifidobacterium spp. and Bacteroides spp., and the unique
composition of milk oligosaccharides therefore influences the colonization of the gut by certain bacteria
(Hennet and Borsig, 2016) (Figure 3). The transfer of the anti-inflammatory cytoquines TGF-f3 and IL-
10 from breast milk to neonate reduces bacterial translocation and promotes tolerogenic responses to the
microbiota (Koch et al., 2016). On the other hand, babies who are formula-fed have higher levels of
Clostridium difficile, which is found in the feces of babies who suffer allergies (Amarasekera et al.,
2013). Importantly, breast milk passively transmits immune modulators to the infant such as IgA and
IgG antibodies, neutrophils, macrophages and cytokines such as TNFa, and TGFP (Azad et al., 2011).
Furthermore, 1gG2b and 1gG3 antibodies regulate responses to translocated microbiota perhaps more
than IgA, which promotes immune tolerance to the newly acquired microbes early in life (Koch et al.,
2016). A study in 10 obese and 8 normal weight pregnant women showed that obesity and elective
cesarean births caused less bacterial diversity in their breast milk compared to non-elective cesarean and
vaginal births and mothers who were normal weight.

4.1.4. Microbiota genetic determinism

Besides hygienic practices, diet and the effect maternal lifestyle has on gut microbiota composition,
genetic background may shape gut microbiota structure (Benson et al., 2010; Davenport, 2016;
Goodrich et al., 2014, 2016; Lim et al., 2016; Org et al., 2015). One major concern with host genetic
studies of microbioma is that vertical transmission of bacteria from parent to offspring can be
confounded with measures of heritability. In a study by Lim et al. (2016) that evaluated the association
of metabolic syndrome status with the gut microbiota and estimated the heritability of each taxon, the
overall gut microbial community structures were more similar between monozygotic twins pairs than
between dizygotic twin pairs, other family members or unrelated individuals. Among the taxa associated
with metabolic syndrome, the phylum Actinobacteria had the highest heritability (45.7%), with the
heritable estimate (h?) values ranging between 13.1% and 45.7% for a total of 50 taxa. They also
suggested that genetic variants in apolipoproteins (4POA1/C3/4A4/A5) gene cluster are associated with
specific gut microbial taxa, which might be important for gut microbiota related diseases. Similarly,
Goodrich et al. (2014) examined the heritability of the gut microbiome using B-diversity metrics
diversity of > 1,000 fecal samples from 416 monozygotic and dizygotic twin pairs. They observed that
the relative abundance of the microbiota composition was significantly more similar between
monozygotic than dizygotic twins, and that the most heritable taxon overall was from the
Christensenellaceae family, followed by the Ruminococcaceae and Lachnospiraceae families.
Interestingly the Bacteroidetes phylum was in general not heritable suggesting that environmental
factors shape their colonization (Goodrich et al., 2014).

In a follow up study by Goodrich ef al. (2016) in 416 monozygotic and dizygotic twin pairs analyzing
909 taxa shared similar findings from their previous study, yet their novel findings included an
association between inheritable taxa and certain genotypes related with diseases involved in immune
function and intestinal barrier function. For example, they found a significant association between the
genus SMB53 and genetic variants in the gene guanine nucleotide binding protein 12 (GNA12), which is
involved in barrier defense and ulcerative colitis. In the same line, Knights ef al. (2014) analyzed 16S
rRNA sequences of bacteria coming from intestinal mucosal biopsies from IBD patients and found that
nucleotide-binding oligomerization domain 2 (NOD?2) risk allele was associated with increased
Enterobacteriaceae abundance. Davenport et al. (2016) identified between 10-14 common fecal
bacterial taxa from Proteobacteria and Firmicutes phyla as heritable within each season using a 200,000
SNPs chip of the Hutterites population. Therefore, it is suggested that certain taxa, in particular within
Firmicutes and Proteobacteria phyla, are consistently heritable regardless of environmental and cultural
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differences between human populations.

Although not all human twin studies have clearly shown that the gut microbiome is heritable
(Turnbaugh et al., 2009; Yatsunenko et al., 2012), animal studies have shown promising results that
certain taxa are heritable and have confirmed that the crosstalk between the unique host's immune-
related genes and microbiota could play a role in disease. For example, a genome-wide association
study (GWAS) by Blekhman et al. (2015) revealed associations between the abundance of certain
microbial taxa and 83 genetic variations, some of then related to immune-related pathway genes. A
SNP-based approach was used to estimate the heritability of the gut microbiome in a controlled
environment in mice. Heritability levels (from 0.3 to more than 0.5) were discovered for 350 major taxa
in mice, including Roseburia spp. whose abundance could be correlated with obesity and interleukin-1
receptor-associated kinase 4 (IRAK4) expression which is involved in TLR signaling (Org et al., 2015).
Benson et al (2010) examined possible genetic factors that affect the gut microbiota of 645 mice using
16S rRNA pyrosequencing and concluded that individual host genotype largely contributes to 64
taxonomic groups.

4.2. The context of the hygiene hypothesis in our modern world: autoimmune diseases in Western
countries and possible causes

There are about 80 identified autoimmune diseases including MS, systemic lupus erythematosus,
rheumatoid arthritis, type I diabetes and Sjogren's syndrome (National Institutes of Health Fiscal Years
2010 & 2011). In the U.S., approximately 8% of the population suffers from autoimmune diseases, 78%
of whom are women (Fairweather and Rose, 2004) and the rates of several autoimmune diseases
continue to increase such as inflammatory bowel disease (IBD), which include Crohn's disease and
ulcerative colitis characterized by small intestine and colon inflammation, and MS which is damage of
the myelin that insulate the brain, spinal cord and nerve cells (Versini et al., 2015). In an analysis of the
global prevalence of 31 common autoimmune diseases, Cooper et al (2009) concluded that 5.3% of the
global population have autoimmune diseases, the majority of whom are from Europe and the U.S.
However, studies from Europe and the U.S. report that the prevalence of less severe diseases such as
alopecia, vitiligo and psoriasis may be underestimated by 5-10 times (Cooper et al., 2009).

Although it is known that autoimmune diseases are classified by a lack of immune function and tissue
damage due to an immune attack directed against a specific organ (Fasano, 2011) the exact causes
remain elusive (Proal et al., 2013). One hypothesis is that several factors cause autoimmune diseases: (i)
aberrant adaptive and innate immune system responses and the cause/consequent dysbiosis; (ii) loss of
protective intestinal barrier functions; (iii) vitamin Ds deficiency; and (iv) host genetic background.

4.2.1. Aberrant adaptive and innate immune system responses: role of gut microbiota and
parasites in autoimmune diseases

The enteric immune system plays a critical role in innate and adaptive immunological functions
(Jasarevi¢ et al., 2015; Owen and Mohamadzadeh, 2013), and about 70% of the human immune system
resides in the GALT (Vighi et al., 2008). The innate immune system is primarily located within the
GALT, which mediates innate and adaptive responses for specific host defense and oral tolerance
induction (Mowat, 2003). The GALT is mainly composed of Peyer’s patches, lymphoid nodules
embedded in the submucosa of the small intestine, and lymphocytes distributed throughout the lamina
propria. Within the lamina propria of the intestines lies a variety of important immune components such
as T helper, IgA-secreting B cells, dendritic cells and macrophages (Purchiaroni et al., 2013).

Gut commensal microorganisms, pathogens and nutrients that pass through the intestinal lumen are the

first point of contact with the enteric immune system (Figure 4). There is a constant crosstalk between
epithelial cells, gut microbiota and the GALT. Studies using germ-free animals have shown that
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exposition to microorganisms and adequate commensal bacteria are crucial for proper host immune
development and response (Wu and Wu, 2012). Germ-free animals, which are born in sterile conditions,
have impaired GALT development and antibody production, and present less Peyer’s patches, cellular
lamina propria and plasma cells in germinal center of the mesenteric lymph node compared to animals
raised in normal conditions (Wu and Wu, 2012).

Epithelial cells, Peyer's patch dendritic cells (DCs), and macrophages within the lamina propria present
pattern recognition receptors (PRRs), which are responsible for different immune responses when
facing dysbiosis or abiotic stress (Purchiaroni et al., 2013). TLRs are a class of PRR that are found on
cell membranes or in endosomes, whereas NOD?2 receptors, another type of PPR, are located in the
cytosols (Belkaid and Hand, 2014). TLRs include: TRL2 which fortifies the intestinal barrier, TLR4
which recognizes LPS (Antico et al., 2012), TLRS which recognize bacteria flagellin in intestinal
epithelial cells and DCs (Fulde and Hornef, 2014) and TLR7 which recognizes viral RNA (Kabouridis
and Pachnis, 2015). Upon biotic stress, TLRs recruit the signaling adaptors myeloid differentiation
primary response protein 88 (MyD88) and the TIR-domain-containing adaptor protein inducing
interferon-f which signals molecules by activating nuclear factor- kappa B (NF-«f), pS0 and p65
subunits and the mitogen-activated protein kinase (MAPK) pathway (Peterson and Artis, 2014). The
NF-«P signaling pathway regulates the expression of genes involved in inflammation, immune
responses as well as cell proliferation, survival and apoptosis. Besides interferon-f, LPS and
proinflammatory cytokines such as TNF-a and IL-If are also able to activate the release of NF-kf3 and
subsequently the transcription of its inflammation genes (Pasparakis, 2008; Figure 4).

Like TRLs, NOD?2 proteins signal through pathogen associated molecular patterns (PAMPs) (Biswas et
al., 2012). The NOD2 gene is expressed in intestinal epithelial cells, DCs, Paneth cells and in a low
levels in T cells, and play a key role in regulating antimicrobial activity of crypts that are independent of
the TLR-MyD88 pathway. Additionally, upon pathogen recognition, pro-inflammatory cytokines such
as IL-2 stimulates the production of IFN-3-secreting T-helper 1 (Th1) response, whereas IL-1, IL-6 and
IL-23 production drives T helper 17 (Th17) response. In turn, Th1 and Th17 release pro-inflammatory
cytokines that stimulate macrophages and neutrophils to attack pathogens (Clemente et al., 2012). On
the other hand, when immature DCs interact with TGF-3 or in the presence of IL-10, they can stimulate
and anti-inflammatory Treg response (Belkaid and Hand, 2014; Mowat, 2003; Purchiaroni et al., 2013)
resulting in local IgA production, systemic tolerance and enteric immune homeostasis (Mowat, 2003).
IgA is the most abundantly produced antibody in the body and plays an important role in mucosal
defense against viruses, toxins and have been shown to be bacteria-specific (Geuking et al., 2014). Treg
cells functionality in the intestines and colon can be decreased by an antibiotic treatment (Tomkovich
and Jobin, 2016), which could later affect immune tolerance to enteric microorganisms.

Currently many microbiologists and immunologists believe that infections (viral, bacterial or from
parasites) can help the immune system develop properly reducing the possibility for developing
allergies or autoimmune diseases, especially when this exposure occurs early in life (Elston, 2006;
Maizels et al., 2014). Common missing microbes in Western countries are parasites that can increase
immune tolerance and down regulate autoimmune reactions (Clemente et al., 2012; Martinez et al.,
2015; Schnorr et al., 2014; Yatsunenko et al., 2012). More than 400 parasite species infect humans
(Lukes et al., 2014) and approximately one fourth of the population is infected with a helminth parasite
(Maizels et al., 2014). Each parasite species adapts to the host and alters the immune system in a unique
way for their own survival (Berrilli et al., 2012). For example, the Nectar americanus helminth and the
Trichuris suis eggs can stimulate Treg cells and sometimes TGF-f cells that lower allergic symptoms
(Campolina et al., 2013; Maizels et al., 2014). In general, helminths can increase a Th2 response while
reducing Th1/Th17 differentiation (Bancroft et al., 2012) thereby stimulating the production of Treg and
B cells and type 2 macrophages. Therefore, a mild immune reaction from a parasitic infection stimulates
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Treg cell production reducing inflammatory responses that permit the parasite to survive in the host.
Interestingly, helminth proteins have a similar structure to about 40% of common allergens such as dust
mites and cockroaches suggesting that helminth infections can “educate” the immune system and inhibit
a possibly overactive response to a benign allergen (Helmby, 2015).

A recent study supporting the hygiene hypothesis in NOD2 - knockout mice showed that intestinal
helminth infection prevented the colonization of inflammatory Bacteriodes vulgatus and promoted the
colonization of protective microbiota enriched in Clostridiales, which was caused by a Th2 immune
response. On the other hand, de-worming treatment decreased Clostridiales and increased Bacteroidales.
The authors concluded that genetically susceptible individuals, such as IBD patients, might benefit from
altering the gut towards a more healthy composition (Ramanan et al., 2016). Additionally, helminths
might have an anti-inflammatory effect as they contain glycoprotein ES-62 which has been used
therapeutically for its ability to reduce histamine and pro-inflammatory cytokine production (Wammes
et al., 2014). In fact, anecdotal evidence has shown that parasitic infection diminishes or eliminates
allergic reactions (Clemente et al., 2012) probably because helminths for example can modulate the gut
microbiota and modulate DCs towards a more tolerogenic phenotype (Versini et al., 2015).

Though highly controversial, some believe that helminth therapy is an effective way to “re-educate” the
immune system and restore immunological homeostasis to reduce or eliminate allergies, food
intolerances and even autoimmune diseases (Giacomin et al., 2016; Versini et al., 2015). There is
evidence that parasite infection can reduce a typical IgE allergic response and symptoms, especially in
adolescents who have food allergies (Bashir et al., 2002; Lukes et al., 2014). Some patients who are
infected with a low dose of helminths seem to tolerate them well without too many adverse reactions
and a reduction in allergic symptoms (Elston, 2006). In a survey of 7,155 Ethiopian children, Dagoye et
al (2003) concluded that Ascaris and probably other helminths protect against asthma in young children.
Despite some positive results, that does not mean that this alternative treatment is recommended for
those with allergies or autoimmune diseases. There is a lack of well-designed studies and many results
are inconclusive (Campolina et al., 2013; Jouvin and Kinet, 2012; Wammes et al., 2014). Moreover,
these experiments are also very risky and can cause tissue damage, inflammation (Rautava et al., 2012)
anemia, nutrient deficiencies (Mpairwe et al., 2014) and other unpleasant side effects. For example,
high doses of Tricuris suis and N. americanus can be pathogenic (Schnorr et al., 2014) losing their
immunogenic regulatory effects. The inconsistent results could be due to host genetics, the species used,
dose of infection, duration of the experiment, crosstalk between gut microbiota and parasites, and host
lifestyle factors (Wammes et al., 2014).

4.2.2. Loss of protective intestinal barrier functions and autoimmune diseases

Aforesaid, another factor associated with the autoimmune diseases is the loss of protective intestinal
barrier functions (Fasano, 2011; Figure 4). Toxins, pathogens and certain inflammatory proteins such as
gluten can cause a loosening of the tight junction proteins, or intestinal permeability, that leads to the
escape of macromolecules and bacterial components like LPS from the intestines into the blood stream
triggering an inflammatory TNF-a and IFN-y response (Fasano, 2011; Figure 4). The consumption of
high amounts of fat may increase the levels of LPS, produce low levels of chronic inflammation, and
increase intestinal permeability (de La Serre et al., 2010), while affecting TRL signaling (Myles, 2014)
or MyD88 (Fulde and Hornef, 2014). However, early exposure to ligands such as LPS “train” the
intestinal epithelial cells not to be hyper-responsive to TLR induction thus preventing excessive pro-
inflammatory immune responses (Belkaid and Hand, 2014; Chen et al., 2015b).

Pendyala et al. (2012) reported that healthy humans who ate a high-fat Western diet for a month had up
to 71% increase in plasma endotoxins such as LPS. Similarly, a diet high in sugar, salt and saturated fat
is pro-inflammatory and can disrupt the immune system. Simple sugars can decrease white blood cell
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phagocytosis and can increase inflammatory cytokines (Myles, 2014). The Academy of Nutrition and
Dietetics has recently established that adequate fiber intake is approximately 25 g for adult women and
38 g for adult men (Dahl and Stewart, 2015), yet the Western diet is characteristically low in fiber and
consequently SCFAs which are important for Treg cells in the gut. Furthermore, diets high in processed
foods tend to be deficient in nutrients (Logan et al., 2015), such as vitamins A, B3, B9 and D, are
necessary for proper immune function, further illustrating the diet-gut-autoimmune connection (Deehan
and Walter, 2016). On the other hand, diets rich in fiber increase gut microbial diversity and immune
health because the microbiota feed on foods such as legumes, cereals, vegetables and other
polysaccharides produce SCFA such as acetate, butyrate and propionate (Sonnenburg and Sonnenburg,
2014) that are anti-inflammatory (Del Chierico et al., 2014; Schwab et al., 2007; Selmi, 2011; Vinolo et
al., 2011). These beneficial metabolites improve intestinal barrier function, inhibit the noxious effects of
pathogens (Puddu et al., 2014) serve as the main energy source for colonocytes and also prevent
mucosal degradation (Canani et al., 2011), which could prevent hyper intestinal permeability (Rios-
Covian et al., 2016) and prevent LPS translocation and inflammatory immune responses. Butyrate and
propionate help control intestinal inflammation, which may benefit IBD patients via inducing Treg
differentiation (Rios-Covian et al., 2016), and can modulate probiotics to stimulate Treg cells
production (Dwivedi et al., 2016). High fiber and plant-based food intake can also diminish the harmful
effects of byproducts from digested protein such as amines and phenolic compounds (Martinez et al.,
2015).

4.2.3. Vitamin D; deficiency and immune system

Vitamin D5 is known mostly for its maintenance of calcium, blood pressure and electrolyte regulation,
but it is also an essential component of our immune system (Zhang et al., 2013). Although the hormone
leptin is known to have a role in autoimmune diseases due to its Th1 promotion and proliferation of
Treg cells (Matarese et al., 2007), the biologically active component 1,25(OH),D; of vitamin D; plays a
more important role in regulating inflammation, pathogen proliferation and intestinal barrier
maintenance, as well as gut dysbiosis (Table 3).

Vitamin Ds;regulates immune homeostasis by inhibiting the synthesis of pro-inflammatory cytokines in
a variety of cells types and promotes tolerogenic responses through the reduction of Th1 and Th17 cells
(Kamen and Tangpricha, 2010, Adorini, 2002; Albert et al., 2009; Assa et al., 2014; Kamen and
Tangpricha, 2010; Proal et al., 2013; Sun, 2010). D; also plays a role in promoting a healthy gut by
maintaining intestinal barrier health, controlling the expression of the tight junction proteins (Zhang et
al., 2013), preventing dysbiosis (Assa et al., 2014; Fujita et al., 2008; Kamen and Tangpricha, 2010, Wu
et al., 2015) and pathogen colonization (e.g. Salmonella) when inflammation is mounted (Ooi et al.,
2012; Ananthakrishnan et al., 2014; Liu et al., 2006; Weiss, 2011).

Additionally, 1,25(OH),D; and vitamin D analogs can up regulate the production of antimicrobial
peptides such as cathelicidin and B-defensin making it a key factor in innate and adaptive immune
responses in the gut and other barrier sites (Kamen and Tangpricha, 2010). For instance, BALB/c mice
that were pretreated with 1,25(OH)Ds in vitro produced antimicrobial effects upon Tricuris gondii
infection, possibly by stimulating a TLR2-induced cathelicidin expression in macrophages (Rajapakse
et al., 2007). Yuk ef al (2009) showed that 1,25(OH),D; induces the antimicrobial peptide cathelicidin
which activates the transcription of autophagy-related genes Beclin-1 and autophagy related 5 (47G5)
in human monocytes (Yuk et al., 2009), which plays a role in regulating the adaptive immune system as
well as the pathogenesis of Chron's disease (Sun, 2010).

Vitamin Ds deficiency has also been associated with an increased risk of rheumatoid arthritis, systematic
lupus erythematosus, MS, type I diabetes, IBD and other autoimmune diseases (Kamen and Tangpricha,
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2010). Moreover, vitamin Ds status has been inversely related to an increased risk for cesarean birth
(Merewood et al., 2009; Scholl et al., 2012), preterm birth, small birth weight (Pérez-Lopez et al.,
2015), child allergies, eczema, asthma (Genuis, 2015) and type I diabetes (Serensen et al., 2012). Of
importance is the high rate of vitamin D; deficient pregnant women and babies, and there is a strong
correlation between maternal and infant vitamin D; levels and infant health (Dawodu and Wagner,
2012). Disanto ef al. (2012) performed a study in women from the UK and concluded that gestational
UVB exposure could affect whether or not their offspring would suffer an immune related disease such
as colitis and MS due to vitamin D; deficiency. Another study in mothers who supplemented with
64001IU/ day of vitamin D; were able to effectively and safely provide their infant with adequate vitamin
D; through just breastfeeding (Hollis et al., 2015). Therefore, levels of maternal dietary vitamin D;
intake and serum 1,25(OH),Ds can directly affect infant vitamin Ds status, immune system development
(Clancy et al., 2013; Pludowski et al., 2013; Spiro and Buttriss, 2014) as well as risk of developing
autoimmune diseases (Disanto et al., 2012; Fronczak et al., 2003; Lucas et al., 2008; Mirzaei et al.,
2011; Serensen et al., 2012) and allergies (Nwaru et al., 2010)(Wagner et al., 2006; Figure 1). Maternal
vitamin Djs status is an important health concern that needs more attention especially since
supplementation in the mother and/or infant has proven to be effective at improving vitamin D5 levels
(Wagner et al., 2006). For this reason it is recommended that women who are pregnant or breastfeeding
supplement daily with vitamin D, (Jean-Claude Souberbielle, 2010; O’Mahony et al., 2011; Wagner et
al., 2006) to avoid adverse pregnancy, birth outcomes and deficiency (Mulligan et al., 2010; Palacios
and Gonzalez, 2014; Figure 3; Table 4).

Though global population studies of vitamin D status have several limitations, approximately one
billion people worldwide suffer from vitamin D deficiency (Gombart, 2009). An estimated 20-80% of
the population in the Canadian and European population are vitamin D deficient while approximately
one third of the U.S. population, 70% of the black non-Hispanic and 40% of the Mexican population are
deficient (Hossein-nezhad and Holick, 2013). Deficiency is very common in people from Asia and the
Middle East (Holick and Chen, 2008; Hossein-nezhad and Holick, 2013; Palacios et al., 2016), yet there
is a surprising lack of research in African and South American populations (Palacios et al., 2016). Other
populations at risk are infants and children > 5 years old, and the elderly 65 years and older (Hossein-
nezhad and Holick, 2013; Jean-Claude Souberbielle, 2010; Spiro and Buttriss, 2014). People with dark-
skin color and those who wear clothes that cover the whole body such as in the Middle East (Kamen
and Tangpricha, 2010; Spiro and Buttriss, 2014).

The lack of consensus for what defines “optimal” serum 1,25(OH),Ds levels make it difficult to
diagnose deficiency as well as implement fortification policies (Lips, 2010; Spiro and Buttriss, 2014).
However, a review of 25 experts recommends that serum 1,25(OH),D; levels be at least 30-40 ng/mL
for optimal health benefit and that autoimmune patients could benefit from supplementation (Jean-
Claude Souberbielle, 2010). Yet this amount may not be sufficient for populations at risk such as
pregnant mothers, babies, elderly people (Spiro and Buttriss, 2014) or countries in latitudes north of 40°
(Spiro and Buttriss, 2014; Figure 3).

Though not universally accepted (Proal et al., 2009; Waterhouse et al., 2009), the vitamin D; deficiency
model arose due to many studies that have illustrated that autoimmune patients have low serum
1,25(0OH).D levels and that vitamin Ds supplementation helps alleviate symptoms (Albert et al., 2009).
Supplementation of 1,25(OH),D; attenuates the Th2 response (Coughlan et al., 2012). When
supplementing daily, vitamin D, and vitamin D; have similar effects on 1,25(OH),Ds levels (Holick et
al., 2008), however, vitamin D;appears to be more effective when supplementing intermittently (Jean-
Claude Souberbielle, 2010). However, vitamin D's role in autoimmune diseases is not as simple as the
presence or not of its deficiency.
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1,25(0OH),D; and its metabolites are the results of many integrated enzymatic and non-enzymatic
transformations with numerous intermediaries that are regulated by the host genome, host epigenome,
gut microbiota, food and drink consumption, drug use and exposure to pollutants. The need for a deeper
understanding of how regulatory metabolic networks associated with vitamin D function in response to
autoimmune diseases has led to increased efforts to model multiple “omic” dimensions simultaneously
to gain a better understanding of how different biological systems are connected. For instance,
1,25(0OH),D; also epigenetically regulates various histone acetylases, deacetylases and demethylases
(Falony et al., 2016) and is associated with at least 160 pathways including those of autoimmune
diseases and cancer (Hossein-nezhad et al., 2013) representing a much wider array of genetic control by
D; than previously thought. Moreover, severe vitamin D; deficiency can cause leukocyte DNA
methylation changes which could affect leukocyte differentiation, cellular development and other
metabolic processes (Fetahu et al., 2014), whereas genetic variants in the VDR can also modify the
molecular control associated to immune response (see below). In fact, autoimmune diseases occur in
~50% of identical twins (Christen and Herrath, 2005; Ermann and Fathman, 2001) illustrating that
genetic background and environmental factors and lifestyle play a big role in the pathogenesis of these
diseases.

4.2.4. Vitamin D receptor polymorphisms and immune system

Vitamin Ds activates the vitamin D receptor (VDR) which is a nuclear receptor located in immune such
as macrophages, DCs and activated T cells and other types of cells in about 30 different tissues
(Gombeart, 2009). The activated VDR binds to vitamin D responsive elements (VDRE) to form a
heterodimer (Zhang et al., 2012), which can interact with histone acetylases to induce transcription and
regulate the expression of more than 2,000 genes (Hossein-nezhad and Holick, 2013; Proal et al., 2013;
Figure 1). For instance, VDREs are found in the promoter region of HLA DRB1 genes (Antico et al.,
2012) and predominantly in introns and intergenic intervals, as well as in the promoters of the
antimicrobial CAMP and beta defensin 2 (defB2) (Zhang et al., 2012). VDRs are also known to stabilize
tight junction structure of the intestinal epithelial cells in a vitamin D -dependent manner (Sun, 2010;
Zhang et al., 2013). Froicu and Cantorna (2007) discovered that VDR expression was critical for a
proper innate immune response in mice with colitis, and VDR knockout mice were more susceptible to
LPS-induced endotoxemia and death (Froicu and Cantorna, 2007; Table 3). Remarkably, VDR agonist
olmesartan and subinhibitory dosages of certain bacteriostatic antibiotics can reverse systemic lupus
erythematosis, rheumatoid arthritis, autoimmune thyroid disease, type I and II diabetes mellitus, among
other autoimmune diseases (Sun, 2010; Figure 4).

Recently, the genetic variants of VDR gene has been associated with anti-inflammatory immune
response (Sun, 2010), lower serum vitamin D; and with various autoimmune diseases such as IBD,
Chron's disease, type I and II diabetes, multiple sclerosis (Laing and Ferguson, 2015). VDR gene which
is located on chromosome 12q13.1 spans over 1~00kb and has an extensive promoter region
(Uitterlinden et al., 2004) and four described polymorphisms. Three polymorphisms, Bms! (rs1544410)
and Apal (rs7975232) in intron 8 and 7aql (rs731236) in exon 9 have been identified at the 3’-end of the
gene, whereas Fokl (rs10735810) is located in the start codon (Kamel et al., 2014). Uitterlinden et al
(2004) believe that >100 polymorphisms could lie in the VDR gene suggesting that the mechanisms for
how this gene and its SNPs function remains largely unknown. Kamel et a/ (2014) hypothesize that the
VDR polymorphisms may be a marker for functional variants that alter VDR expression rather than
being the locus associated with disease or lower concentrations of 1,25(OH),D;. In fact, a GWAS study
in 5,575 people showed that VDR genetic variants accounted for only 5.2% of the variance in
1,25(0OH),D; levels (Hossein-nezhad and Holick, 2013). To make matters more complex, several
genomic studies associating VDR genetic variants with autoimmune diseases among diverse
populations have heterogeneous outcomes possibly due to genotype variation and its effect on the
immune system (Laing and Ferguson, 2015) illustrating that the mechanisms in which the VDR
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promoter region interacts with the rest of the human genome remains largely unknown. The
inconclusive results could be due to varying lifestyles, epigenetic changes and microbiota subproducts
that might affect the promoters of genes associated with immune responses.

In summary, it is important to note that the host genome is not the only factor in autoimmune disease
development because epigenetic alterations, metagenome profiles and lifestyle factors, such as vitamin
D; supplementation also play a role in the transcriptome expression that affect immune health and
autoimmune disease development (Hossein-nezhad and Holick, 2013).

4.3. The context of the hygiene hypothesis in our modern world: the connection between
microbiota, vitamin D;, VDR function and autoimmune diseases

Aforesaid, proper vitamin Ds levels, VDR function and healthy microbiota are playing a significant role
on restoring gut homeostasis and thus attenuate autoimmune symptoms. In mice, vitamin D; has been
shown to interact with the symbiont Bacteroides fragilis which produces polysaccharide A that induces
Treg cells in the gut and protect against experimental autoimmune encephalomyelitis in mice (Ochoa-
Reparaz and Kasper, 2014). Another study showed that mice raised on a vitamin D; sufficient diet had
50 times more colonic bacteria than mice raised on a vitamin D; poor diet (Lagishetty et al., 2010). The
vitamin D; deficient mice also presented deregulated colonic containment of enteric bacteria which the
authors believe could be a possible mechanism behind colitis susceptibility. Furthermore, they
hypothesized that colonic metabolism of 25(OH)Ds to 1,25(OH),D; promoted antimicrobial peptide
angiogerin-4 (ANG4) expression in the intestines promoting enteric bacteria regulation, though it is
unclear as to whether vitamin Ds directly regulates transcription or not (Lagishetty et al., 2010).
Another experiment illustrated in C57BL/6 mice that 1,25(OH),D and VDR attenuated DSS-induced
colitis by decreasing Helicobacteraceae (Proteobacteria phyla) which lead to less colitis symptoms (Ooi
et al., 2012). In humans, vitamin D deficiency plays a potential role in MS patients by altering the gut
microbiota composition by increasing the abundance of microbes that produce immune tolerance
(Akkermansia) and anti-inflammatory butyrate such as Faecalibacterium and Coprococcus for example
(Cantarel et al., 2015). Interestingly, butyrate can induce mRNA expression of the VDRs, which can be
further increased by the binding of 1,25(OH),Ds to its receptor (Schroder et al., 2011), and decrease
inflammation in a colitis model (Sun, 2015). Furthermore, serum vitamin Ds levels above 40ng/mL in
untreated MS patients have been associated with increased Ruminococcaceae which produces anti-
inflammatory SCFA, suggesting intestinal inflammation and vitamin Ds deficiency may be underlying
causes of MS (Tankou et al., 2015).

Perhaps the most well studied effects vitamin D; has on microbiota and autoimmune diseases is in IBD.
Vitamin Ds supplementation has also shown to decrease the risk of Clostridium difficile infection in
IBD patients by inducing cathelicidin (Ananthakrishnan et al., 2014) and promoting microbiota
homeostasis. Furthermore, 1,25(OH),D; has also been shown to induce autophagy upon intracellular
Mycobacterium tuberculosis infection further demonstrating vitamin D; 's role in altering the gut
microbiota towards homeostasis (Yuk et al., 2009).

When focusing on the VDR functions, Wu et a/ (2010) discovered that enteric Salmonella typhimurium
infection increased colonic VDR concentrations in specific pathogen free VDR-/- knockout mice which
positively correlated with regulation of NF-kB, and increased levels of Salmonella infection in the cells
of the upper and lower epithelial crypts. Furthermore, VDR-/- knockout mice had increased bacterial
burden and mortality upon infection compared to the VDR+/+ group. Cyp27b1 and VDR-/- knockout
mice have also shown higher prevalence of dysbiosis because they had less antimicrobial peptide E-
cadherin expression in the gut and less tolerogenic DCs than wild type mice (Ooi et al., 2012). Another
experiment illustrated in C57BL/6 mice that 1,25(OH),D; and VDR attenuated dextran sulfate sodium
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(DSS)-induced colitis by decreasing Helicobacteraceae (Proteobacteria phyla) which lead to less colitis
symptoms (Ooi et al., 2012). Wu ef al (2015) conducted a study in VDR-/- knockout mice with induced
colitis to see the role of VDR and autophagy play in IBD pathogenesis. They induced colitis using DSS.
They discovered that VDR knockout mice led to a down regulation at the transcription and translation
level of ATG16L1, and caused impaired Paneth cell function, dysbiosis and inflammation. Interestingly,
without any DSS treatment, VDR knockout mice had less bacterial abundance and butyrate producing
bacteria and higher levels of Escherichia coli and Bacteroides than the control group. Butyrate
administration up regulated VDR expression in the intestines which attenuated inflammation in a colitis
model (Wu et al., 2015) as seen in a similar experiment (Sun, 2015; Table 2). These are probably the
results of mRNA expression activation of the VDRs, which can be further increased by the binding of
1,25-dihydroxyvitamin Ds to its receptor (Schroder et al., 2011).

Similarly, it has been observed that some pathogenic microorganisms (Borrelia burgdorferi,
Cytomegalovirus, Mycobacterium leprae, Aspergillus fumigatus and Mycobacterium tuberculosis and
the Epstein-Barr virus) can produce substances that block VDRs thus causing immune impairment and
allowing pathogens to accumulate within the microbiota ecology (Proal et al., 2013; Waterhouse et al.,
2009). Subsequently pathogens can flourish in the gut further inhibiting the innate immune system
causing a down regulation of thyroid-a-1, adrenal, and glucocorticoid nuclear receptors among others
which also produce antimicrobial peptides (Proal et al., 2009; Waterhouse et al., 2009). For these
reasons Waterhouse et al (2009) believe that restoring VDR function, not vitamin D; levels, is key to
preventing or improving autoimmune symptoms. Improving VDR function is a new therapeutic target
for autoimmune diseases (Proal et al., 2013), yet more studies are needed to fully understand the role
VDR function plays in preventing autoimmune diseases.

5. Conclusion

Western society's overly hygienic lifestyle, such as antibacterial soaps, excessive antibiotic use and de-
worming, which leads to reduced exposure to beneficial microbes that help humans develop proper
immune responses. Research also suggests that western lifestyle and maternal lifestyle factors, such as
diet, stress and vitamin D; status, greatly affect the offspring's gut microbiota, which can subsequently
alter the development of the immune system. Furthermore, recent evidence shows that the microbiota is
heritable suggesting that the deleterious effects of modern society could perpetuate throughout
generations and lead to an increase in unhealthy gut microbiota and aberrant immune responses and
thus, a rise in autoimmune diseases. Along with this, one of the main factors that leads to autoimmune
diseases is vitamin D;deficiency and vitamin D receptor (VDR) dysfunction. Vitamin Ds has a
significant immunological role in the presence of an infection, pathogen and dysbiosis in the attenuation
and prevention of an autoimmune disease. Therefore, more emphasis needs to be put on maintaining
sufficient vitamin D; levels for at risk populations such as pregnant women.

Studies in humans and mice have demonstrated that vitamin D5 also promotes gut homeostasis by
inducing antimicrobial peptides angiogenin-4 and E-cadherin in colitis models as well as autophagy.
Additionally, in humans, vitamin D; supplementation have modified gut microbiota composition
towards homeostasis and helped to prevent autoimmune disease. Therefore, healthy gut microbiota
promoting lifestyle habits and maintaining adequate vitamin D5 levels should be encouraged to ensure a
healthy immune system. Vitamin D; supplementation has proven to increase the colonization of
beneficial bacteria in the intestines such as Ruminococcaceae, Akkermansia, Faecalibacterium, and
Coprococcus. Vitamin D; recommendations varies from 5-20 pg depending on the age, population and
country. Interestingly, VDR knockout studies in mice have demonstrated the role of VDR and its genetic
variants have on controlling intestinal inflammation, susceptibility to pathogenic infection and LPS-
induced endotoxemia. More well designed studies of vitamin D status, VDR function and
metagenomics in human cohorts are needed to better understand how the development of the gut
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microbiota sets the stage for autoimmune disease development. It is therefore important for future
research to tease out how vitamin D;, VDR and the intestinal microbiota influence and regulate immune
responses in order to better understand how Western lifestyle is impacting the intestinal microbiota. In
the future, it may be possible to use the gut microbiome as a tool to predict potential autoimmune
disorders before conventional diagnostic tools.
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Figures

Figure 1. Vitamin D; synthesis from sun exposure and food
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Vitamin D is synthesized from sun exposure or consumption of foods rich in vitamin D. On the left,
UVB rays of frequencies between 280 - 320 from the sun hit the skin where 7-dehydrocholesterol is
converted to pre-vitamin D and then isomerized into vitamin Ds or cholecalciferol (Bikle, 2014).
Vitamin D binding protein (DBP) then facilitates vitamin D;'s entrance into the dermal capillary bed
(Hossein-nezhad and Holick, 2013). On the right of the figure, ingested vitamin D, (ergocalciferol) from
food or supplements is incorporated into chylomicrons which enter the lymphatic system and blood.
Once in the bloodstream, both vitamin D, and vitamin Ds pass to the liver where the enzyme
cytochrome P450 hydroxylates both forms of the vitamin. Then the 1-a-hydroxylase enzyme
(CYP27B1) further hydroxylates 25(OH)D (calcidiol) into the active form of the vitamin to
1,25(0OH),D;, in the kidneys (Hossein-nezhad and Holick, 2013). Unlike D, or other vitamin D
metabolites, vitamin Ds is the active form that binds to the vitamin D receptor (VDR), which is located
in about 30 different tissues (Gombart, 2009). The activated VDR binds to vitamin D responsive
elements (VDRE) to form a heterodimer (Zhang et al., 2012) which can interact with histone acetylases
to induce transcription and regulate the expression of more than 2,000 genes (Hossein-nezhad and
Holick, 2013; Proal et al., 2013). Generally, 1,000 IU vitamin Ds/day increases 1,25(OH),D; levels
approximately 10 ng/mL, though individual results may vary (Jean-Claude Souberbielle, 2010),
whereas an adult exposed to 1 minimal erythemal dose (slight pinkness to the skin 24 hours after
exposure) is equivalent to oral intake of 20,000 IU (500 pg) of vitamin D, (Jean-Claude Souberbielle,
2010). Arm and leg exposure of 0.5 erythemal dose is equivalent of oral intake of 3,000 IU of vitamin
D; (Hossein-nezhad and Holick, 2013). Lastly, about 30 minutes of sun exposure on the arms and face
between latitudes 42°N and 42°S is equivalent to 200-400 IU of vitamin D; (WHO, 2004).
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Figure 2: Western lifestyle factors that lead to autoimmunity diseases
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In this representation of the hygiene hypothesis, some of the main factors that contribute to “missing
microbes” and disruption of gut homeostasis are the Western diet (Brown et al., 2012), toxins
(Spanogiannopoulos et al., 2016), drugs (Falony et al., 2016; Spanogiannopoulos et al., 2016; Wilson
and Nicholson, 2009) antibiotics (Zhernakova et al., 2016), de-worming at an early age and chlorinated
water (Rook, 2012). Vitamin Ds deficiency and vitamin D receptor (VDR) polymorphisms have also
been shown to disrupt gut homeostasis thus immune function (Aranow, 2011; Proal et al., 2009). All of
these factors lead to intestinal dysbiosis, more susceptibility to pathogenic infections and intestinal
permeability, which predispose to lipopolysaccharides (LPS) translocation and trigger inflammatory
immune responses such as TNF-a and IFN-y (Fasano, 2011). The loss of immune homeostasis can lead
to food intolerances and allergies, which can subsequently lead to autoimmune disease development
(Rook, 2012).

Figure 3: Transmission of maternal microbiota to offspring
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(A) (Starting from the top left going counterclockwise): Maternal stress during pregnancy can lead to
difficult pregnancies, food allergies, gastrointestinal symptoms and eczema in offspring compared to
infants of mothers who experienced little stress during pregnancy (Polloni et al., 2015). Maternal diet
can influence the offspring's microbiota composition, and mothers who eat a Western diet that is
typically low in fiber means less short chain fatty acids (SCFA) are produced which can cause
dysbiosis, intestinal permeability and inflammation in the mother's gut (Brown et al., 2012). Maternal
vitamin D status from sun exposure or consumption of vitamin D> rich foods directly affects the infant's
level and immune system development (Clancy et al., 2013; Pludowski et al., 2013; Spiro and Buttriss,
2014) and risk of developing autoimmune diseases (Disanto et al., 2012; Fronczak et al., 2003; Lucas et
al., 2008; Mirzaei et al., 2011; Serensen et al., 2012). Antibiotic treatment negatively affects the
development of the offspring's microbial composition (Soderborg et al., 2016) whereas maternal
probiotic treatment can improve infant health outcomes (Amarasekera et al., 2013; Hashemi et al.,
2016). Genetic background may shape gut microbiota structure (Benson et al., 2010; Davenport, 2016;
Goodrich et al., 2014, 2016; Lim et al., 2016; Org et al., 2015). (B) (Right of figure, top to bottom):
Breast milk has its unique microbial composition (Cacho and Neu, 2014; Cabrera-Rubio et al., 2012)
that is rich in prebiotic oligosaccharides and beneficial bacteria such as Bifidobacteria that promote gut
homeostasis (Funkhouser and Bordenstein, 2013) as well as various immune modulators that are also
transferred to the infant (Azad et al., 2011). It is believed that microbes from maternal intestinal,
urogenital and oral bacteria (Rautava et al., 2012) enter the uterus and amniotic fluid most likely via the
bloodstream (Funkhouser and Bordenstein, 2013). The placenta contains commensal bacteria from the
phyla Firmicutes, Tenericures, Proteobacteria, Bacteriodes and Fusobacteria (Aagaard et al., 2014).
Lactobacillus and Enterococcus from the mother's intestinal tract and urogenital region have been found
in the umbilical cord, amniotic fluid, placenta membranes and meconium (Thum et al., 2012). The
vertix contains immuno-protective and antimicrobial components such as defensins, catehelicidins,
lysozyme and lactoferrin (Singh and Archana, 2008). Vaginal births expose neonates to commensal
fecal and vaginal bacteria such as Lactobacillus, Provotella, Bacteroides, Bifidobacterium,
Strephococcus spp. and Snethia (Biasucci et al., 2008; Jasarevi¢ et al., 2015b), whereas babies born
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cesarean tend to have elevated levels of Clostridia (Salminen et al., 2004).

Figure 4: Vitamin D's effect on the gut microbiota and immunity
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The active form of vitamin D; (1,25(OH),D;) binds to vitamin D receptor (VDR) inside epithelial cells.
The activated VDR then binds to vitamin D responsive elements (VDRE) to form a heterodimer in the
nucleus (Zhang et al., 2012). In intestinal epithelial cells, the activated VDR up regulates the production
of antimicrobial peptides such as cathelicidin, f-defensin (Proal et al., 2013), cathelicidin antimicrobial
peptide (CAMP) and defensin 2 (Froicu and Cantorna, 2007; Wang et al., 2010). Activated VDR also
regulates toll-like receptor 2 (TLR2) (Proal et al., 2013). Vitamin D also induces the expression of the
nucleotide-binding oligomerization domain 2 (NOD2), a pattern recognition receptor in monocytic and
epithelial cells which then stimulates NF-kB transcription factor function which can also activate the
expression of gene for defensin 2 (Wang et al., 2010). Vitamin D; plays a role in maintaining intestinal
barrier function by controling the expression of the tight junction proteins zonulin occluden-1 (ZO-1),
zonulin occluden-2 (ZO-2), up regulating claudin 2 and 12 and down regulating cadherin-17 in the
intestine (Zhang et al., 2013). In the presence of pathogenic Escherichia coli O157:H7, vitamin Ds
reduces transepithelial barrier resistance and decreases intestinal permeability in epithelial cells (Assa et
al., 2014) and reduces lipopolysaccharides (LPS) levels in Caco-2 cells (Zhao et al., 2012), which
promotes gut and immune homeostasis. Vitamin D5 also reduces dendritic cell (DC) maturation and pro-
inflammatory IL-6, IL-12 and IL-23 production (Veldhoen and Brucklacher-Waldert, 2012).
Furthermore, vitamin D; promotes tolerogenic immune responses by inhibiting IL-12 and increasing
DC mediated IL-10 production, which increases Treg production promoting a Th2 response (Gombart,
2009) such as IL-3, IL-5, IL-9 and IL-13 production (Suez et al., 2014). Lastly, vitamin D; induces
VDR expression and inhibits T cell proliferation, IL-2 and IFN-y production and Th1 development
(Adorini, 2002).
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Tables

Table 1. In vitro and animal model studies based on the interaction between vitamin D ingestion,
VDR function, intestinal microbiota and immune homeostasis

Species Experimental Design Effect on microbiota and/ or Reference

immune system

Vitamin D; and antimicrobial activity

Human All tissue lines were cultured |[Vitamin D; induced antimicrobial (Wang et al.,

keratinocytes, under recommended peptide gene expression in isolated ~ [2004)

monocytes and conditions. Assays were human keratinocytes, monocytes and

neutrophils performed 24h later. neutrophils, and human cell lines.

Together, vitamin D; and
lipopolysaccharides (LPS) induced
cathelicidin antimicrobial peptide
(CAMP) expression in neutrophils.
D; also induced antimicrobial
secretion of antimicrobial activity
against pathogens including
Pseudomonas aeruginosa.

Human Macrophages from serum of |Toll like receptors (TLR) activation |(Liu et al.,

macrophages healthy donors with sufficient |of VDRs induced antimicrobial 2006)
vitamin D; levels were cathelicidin and killing of M.
infected with Mycobacterium |tuberculosis in African Americans
tuberculosis. who were more susceptible to

infection possibly due to vitamin D;
deficiency.

Human monocytes |Monocytes were incubated  |Vitamin Ds induces the antimicrobial |(Yuk et al.,
with vitamin Ds at different  |peptide cathelicidin which activates [2009)
concentrations and times. the transcription of autophagy-related

genes beclin-1 and autophagy related
5(Atg5) in human monocytes via
regulatory function of human
cathelicidin.

Human monocytes |Cultures of human Vitamin Ds and its analogs up (Wang et al.,
monocytes were treated with |regulated antimicrobial peptide 2010)

vitamin D; (100 nM) for 24h
before RNA isolation for
quantitative PCR analysis.
25-hydroxyvitamin D 24-
hydroxylase (CYP24) mRNA
levels were also monitored as
a positive control for vitamin
D; action.

production such as cathelicidin and -
defensin as well as toll-like receptor 2
(TLR-2) gene expression, and
induced the expression of the
nucleotide-binding oligomerization
domain 2 (NOD2) in monocytic and
epithelial cells which then stimulated
NF-kB transcription factor function
thereby activating defensin 2
expression. This study links NOD2
genetic predisposition with Crohn's

and vitamin Ds deficiency.
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BALB/c mice Mice were infected with Mice treated with vitamin Ds had less |(Rajapakse et
Toxoplasma gondii and then |infections and lesions in the organs  |al., 2007)
administered 0.5ug/kg/ day |analyzed (lungs, brain, liver, spleen,
for 2 days. Systemic small and large intestine) than mice
pathological analysis of the |not treated with vitamin Ds. Intestinal
small and large intestine was |epithelial cells treated with vitamin
done 7 days after infection.  |Dj; in vitro produced antimicrobial

effects upon 7. gondii infection
possibly by stimulating TLR2-
induced cathelicidin expression in
macrophages.

C57BL/6 mice Mice received a single oral ~ |The authors concluded that the analog |(Goff et al.,
dose (6, 12, 24, or 48 pmol) |B-gluc-25(OH)D was converted to 2012)
of 1,25(0OH),D; or B-gluc-  [25(OH)D in the colon probably by
1,25(0OH),D; suspended in 50 [bacteria such as Bacteroides sp. and
ul of peanut oil. Blood was  |competitively inhibited colon 24-
collected and duodenum, and [hydroxylase, allowing 1,25(OH),Ds
colon mRNA transcriptome |to persist longer exhibiting anti-
analysis was conducted. inflammatory action by the liberated
Another study consisted of  |from the B-gluc-1,25(OH),Ds in the
dextran sulfate sodium colon.

(DSS)-induced colitis and
administration of 24 or 120
pmol/day 1,25(OH),D; and
24 or 120 pmol/day of B-
gluc-l,ZS(OH)zD3.

C57BL/6 mice Mice were raised from Vitamin Ds deficiency might lead to  |(Lagishetty et
weaning on vitamin D;- homeostatic deregulation of enteric  |al., 2010)
deficient or sufficient diets  |bacteria in the colon. Antimicrobial
and then treated with DSS to |protein angiogenin-4, which is
induce colitis. involved in enteric bacteria

containment, is associated with
Crohn's and has bactericidal activity,
was down regulated in vitamin D;
deficient mice even in the absence of
colitis, and they had 50-fold amount
of bacterial infiltration in colonic
tissue.

VDR, gut composition and immune homeostasis

C57BL/6, C57TBL/6 Mice were treated with 7.5 |Enteric Salmonella typhimurium (Wu et al,

VDR knockout  |mg of the antibiotic infection increased VDR 2010)

(KO), germ-free
and specific
pathogen free mice

streptomycin, and 24h later
were infected with 1x 107
colony forming units (CFU)
of Salmonella typhimurium.
Cecum tissues were dissected
for histology and PCR
analyses for infection burden

concentrations which correlated with
VDRs' binding to and regulation of
NF-kB p65. Commensal bacteria
facilitated the distribution of VDRs in
the colon where bacterial
colonization is much richer than in

the small intestine, which was not

37




and RNA expression in
epithelial cells.

observed as much in germ-free mice.
VDR KO mice had increased
bacterial burden and mortality upon
infection compared to the VDR ™"

group.

VDR KO mice  |Fecal and cecal stool samples [VDR” KO mice had diminished (Jin et al,
were cultured from VDR™ |levels of Lactobacillus and increased [2015)
KO and wild type mice for  |Clostridium and Bacteroides levels.
bacterial DNA and later Compared to wild type mice, VDR™
sequenced with KO mice had a gut microbiota
pryrosequencing of 16S composition that is associated with
rRNA gene. higher risk for infections, cancer,
inflammation and other conditions.
VDR KO mice Immune-based IL10™ colitis [Low VDR level in the intestine was  |(Sun, 2015)
and IL10”" KO model associated with abnormal Paneth
mice cells, impaired autophagy function,
dysbiosis and a reduction of
autophagy gene called autophagy
related 16 like 1 (ATG16L1), which
was regulated transcriptionally by
VDR. Butyrate administration
increased VDR expression in
experimental colitis models.
C57BL/6 VDR Mice were infected by oral |[VDR” KO mice were more (Chen et al,,
KO and germ-free |gavage with 200 mL of susceptible to the pathogen C. 2015a)
wild type mice C.  |Clostridium rodentium rodentium. VDR regulated dysbiosis
rodentium 48h suspension that contained and C. rodentium infection
later. Fecal DNA  |5x10° CFU. Cecal transplant |susceptibility. Antibiotic
was then from one wild type or VDR  |administration in VDR KO mice
sequenced. knockout donor was reversed colonization resistance to C.
collected the cecal contents  |rodentium infection.
were orally administered to
wild type germ-free mice,
and they were then infected
with C. rodentium.
C57BL/6 and Mice were treated with DSS |Cyp27b1 knockout and VDR (Ooi et al.,
cytochrome P450 |to induce colitis. Some were |knockout mice had more bacteria 2012)
family 27 treated with antibiotics and  |from the Bacteroidetes and
subfamily B Cyp27bl KO mice were Proteobacteria phyla and fewer
member given 1.251g/100g vitamin  |bacteria from the Firmicutes and

1(Cyp27b1)" KO

mice

D; daily. RNA was isolated
and analyzed from colon
tissues. Intestinal epithelial
cells and lamina propia
lymphocytes were isolated
and analyzed.

Deferribacteres phyla in the feces
compared to wild-type. Vitamin D
and VDR attenuated DSS-induced
colitis by decreasing
Helicobacteraceae (Proteobacteria
phyla) which lead to less colitis
symptoms. Cyp27bI and VDR
knockout mice had more dysbiosis
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due to less antimicrobial peptide E-
cadherin expression in the gut.

ApoE " KO mice

Mice were randomized to

VSL#3 reversed insulin resistance, a

(Mencarelli et

receive saline or 10x10° risk factor for type II diabetes al., 2012)

CFU/kg/day of VSL#3 mellitus. The probiotics modulated

probiotics for 3 months alone |[VDR expression.

or in combination with 0.2%

of DSS in drinking water.
Naked mole rats Control rats were fed a carrot |Vitamin D; enhanced microbial- (Yahav and
(Heterocephalus |diet, and the vitamin D; controlled fermentation processes in |Buffenstein,
gluber) groups was administered 25 |the cecum compared with animals not |1993)

ng vitamin Ds/g food every 3 |administered vitamin D; SCFA

d during the experiment. production increased more than 1.4-

Cecal samples were analyzed |fold per g DM cecal substrate.

for short chain fatty acids

(SCFAs).
VDR and LPS

VDR KO mice

Mice were treated with 0.5-
3.5% DSS solution to
develop colitis. Body weight,
hematological and
histological analysis were
conducted for intestinal
damage and inflammation.

VDR knockout mice were more
susceptible to LPS-induced
endotoxemia and death.

(Froicu and
Cantorna,
2007)

Vitamin D; and intestinal barrier function

C57BL/6 mice

DSS-induced acute colitis
model. Mice groups other
than the control group drank
2% DSS water ad libitum for
7 days. Mice in the vitamin
D- treated group were
injected with 0.2ug/25g of
1,25(0OH),D; for 14 days.
Mice were executed at the
end of the experiment and
serum vitamin D;, LPS and
colons were analyzed for
inflammation and intestinal
permeability.

Mice treated with vitamin D; had
rapid weight recover from day 9 to
21, lower mRNA levels of
inflammation related genes, less LPS
translocation and intestinal
permeability and a lower histologic
colitis score (5.00 £ 0.00 vs 8.60 £
2.00) than the DSS. D; controlled the
expression of the tight junction
proteins zonulin occluden (ZO)-1,
Z0-2, up regulated claudin 2 and 12
and down regulated cadherin-17 in
Caco-2 cells thus reducing intestinal
permeability.

(Zhao et al.,
2012)
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Table 2: The relationship between vitamin D;, VDR function, the gut microbiota and autoimmune
diseases in human studies

Species Experimental design Results Reference
Human cohort of |Plasma 25(OH)D was measured at Higher plasma 25(OH)D was  |(Ananthakrishnan
3,188 least once in patients. associated with reduced risk of |et al., 2014)

inflammatory Multivariate logistic regression C. difficile infection in IBD
bowel disease  |models adjusting for potential patients. The mean plasma
(IBD) patients  |confounders were used to identify |25(OH)D level was much lower
independent effect of plasma in patients with C. difficile
25(0OH)D on risk of Clostridium |infection (20.4ng/ml) compared
difficile infection. to non-IBD patients
(27.1ng/mL) (p=0.002).
Multiple Serum 25(OH)D level was Serum vitamin D; levels above |(Tankou et al.,
Sclerosis (MS) |measured in all patients. Stool 40ng/mL in untreated MS 2015)
patients samples were collected and fecal |patients was associated with
DNA was extracted and increased Ruminococcaceae,
sequenced. which produces anti-
inflammatory SCFAs.
Healthy white ~ |MS patients were either treated  |Akkermansia, (Cantarel et al.,

women and MS
patients with
insufficient
vitamin Ds levels

with glatiramer acetate or
untreated. Stool was collected
stool at baseline and after 90 days
of vitamin D5 (5,000 IU/day)
supplementation. The abundance
of OTUs was evaluated by
hybridization of 16S rRNA to a
DNA microarray.

Faecalibacterium, and
Coprococcus genera were
increased in untreated MS
patients after vitamin D5
supplementation compared to
the other groups.

2015)

Humans with or
without IBD and
C57BL/6
transgenic h
vitamin D3
receptor (hVDR)
mice

Mice were treated with a 2-3%
dextran sulfate sodium (DSS)
solution. Colon biopsies
underwent histological, anti-VDR
immunohistochemical and RNA
analysis.

VDR levels were greatly
reduced in Crohn's patients.
VDR deletion in mice led to
severe colitis. The authors
suggested that VDR signaling
can reduce colonic
inflammation by maintaining
mucosal barrier function
preventing luminal bacteria and
antigens from interacting with
the lamina propia.

(Liu et al., 2013)
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Table 3. Effects vitamin D; and its biologically active component 1,25(OH),D has on the immune

system
Immunological effect

References

Anti-inflammatory effects

Promotes the maturation, survival and apoptosis of dendritic cells (DC), which is a
key mechanism of the adaptive immune system

(Adorini, 2002)

Decreases synthesis of pro-inflammatory interleukin (IL)-6, IL-12, IL-23, IL-1, IL-
8, IL-17, IL-21, TNF-a and IFN-y in an a variety of cells types

(Adorini, 2002;
Gombart, 2009;
Kamen and
Tangpricha, 2010;
Lietal., 2013;
Zhang et al.,
2013)

Inhibits IL-12 and increases DC mediated IL-10 production which increases
regulatory T cells (Treg) production promoting a Th2 response.

(Gombart, 2009)

Induces vitamin D receptor (VDR) expression and inhibits T cell proliferation, IL-2
and IFN-y production and T helper 1(Thl) cells development.

(Adorini, 2002)

Decreases B cells and antibody production (Veldhoen and
Brucklacher-
Waldert, 2012)
Decreases IgG and IgM production (Veldhoen and
Brucklacher-
Waldert, 2012)
Decreases Thl and T helper 17 (Th17) cell differentiation while enhancing (Veldhoen and
tolerogenic responses Brucklacher-
Waldert, 2012)
Increases T helper 2 (Th2) cell differentiation (Veldhoen and
Brucklacher-

Waldert, 2012)

Promotes Treg proliferation by increasing C-C motif chemokine ligand 22 (CCL22)
expression

(Gombart, 2009)

Down regulation of Th1/Th17 and CD4+ T

(Kamen and
Tangpricha, 2010)

Toll-like receptor (TLR) -2 expression regulation

(Proal et al., 2013)

Macrophages, DCs and activated T cells respond to vitamin D; activated VDRs (Zhang et al.,
2013)

Promotes autoimmune homeostasis by stimulating Treg and inhibiting TLRS (Adorini and

activity Penna, 2008)

/Activate macrophages, DCs and activated T cells through the activated VDRs (Zhang et al.,
2013)

Antimicrobial properties

Up regulates the production of antimicrobial peptides such as cathelicidin and -
defensin and TLR2

(Proal et al., 2013)
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Increases cathelicidin antimicrobial peptide (CAMP) and defensin B2 expression

(Froicu and
Cantorna, 2007;
Wang et al., 2010)

Regulates cathelicidin which activates the transcription of autophagy-related genes
Beclin-1 and autophagy related 5(A7GS5) in human monocytes

(Yuk et al., 2009)

Induces nucleotide-binding oligomerization domain 2 (NOD2) in monocytic and  (Wang et al.,
epithelial cells which then stimulates NF-kB and defensin 32 2010)
/Activates peroxisome proliferator activated receptor (PPAR) -gamma and alpha, (Albert et al.,
glucocorticoids and androgens 2009)
Intestinal barrier maintenance

D controls the expression of the tight junction proteins ZO-1, ZO-2, and can up (Zhang et al.,
regulate claudin 2 and 12 and down regulate cadherin-17 in the intestine. 2013)

Inhibits pathogenic Escherichia coli O157:H7—induced reductions in transepithelial
barrier resistance and decreasing intestinal permeability in epithelial cells.

(Assa et al., 2014)

Increases transepithelial electrical resistance and decreasing LPS levels in Caco-2
cells that were either incubated or not with DSS.

(Zhao et al., 2012)

Dysbiosis prevention

/Attenuates irritable bowel disease (IBD) through its anti-inflammatory properties
and the prevention of dysbiosis.

(Cantorna et al.,

2014)
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Table 4. Definition of adequate and deficient level of serum 1,25(OH),D; for the general

population

Organization References

National Institutes for Health 2016

Deficiency <12 ng/mL (< 30 nmol/L) (National
Institutes for
Health, 2011)

Insufficiency 12- <20 ng/mL (30-< 50 nmol/L) (National
Institutes for
Health, 2011)

Sufficiency > 20 ng/mL (= 50 nmol/L) (National

Institutes for
Health, 2011)

Safer upper limit

> 50 ng/mL (> 125 nmol/L)

(National
Institutes for
Health, 2011)

Institute of Medicine (IOM)

2011

levels about 50 ng/mL provide health benefits.

Deficiency 20 ng/mL or less (50 nml/L or less) (Ross et al., 2011)

Insufficiency > 50 ng/mL (> 125 nmol/L) (Spiro and
Buttriss, 2014)

Sufficiency 30 ng/mL for more than 97.5% of the population (Hilger et al.,
2014; Ross et al.,
2011)

Optimal INo guidelines have been established for autoimmune  (Spiro and

diseases. Buttriss, 2014)

Safe upper limit 100 ng/mL (Jean-Claude
Souberbielle,
2010)

World Health Organization (WHO)/ FAO 2004

Deficiency <20 ng/mL (50 nmol/L) (WHO, 2004)

Insufficiency < 30 ng/mL (75 nmol/L) (WHO, 2004)

Optimal INo guidelines have been established. (WHO, 2004)

The Endocrine Society’s Clinical Guidelines Subcommittee Task Force 2011

(U.S.)

Deficiency < 20 ng/mL (50 nmol/L) (Holick et al.,
2011)

Insufficiency 21-29 ng/mL (525-725 nmol/L) (Holick et al.,
2011)

Optimal Few randomized controlled trials have raised serum (Holick et al.,

levels above 30 ng/mL and there lacks evidence that 2011)
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Nordic Council of Ministers 2013

Deficiency

< 25 nmol/L

(Nordic Council
of Ministers,
2008)

Insufficiency

30-50 nmol/L

(Nordic Council
of Ministers,
2008)

Slight hypovitaminosis

< 40 nmol/L

(Nordic Council
of Ministers,
2008)

Optimal

No established guidelines, but levels > 50 nmol/L were
considered to be desirable.

(Nordic Council
of Ministers,
2008)

European Food Safety Authority (EFSA) 2016

Insufficiency

< 50 nmol/L

(European Food
Safety Authority,
2016)

Optimal

50 nmol/L for all populations and age groups

(European Food
Safety Authority,
2016)
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Table 5. Daily vitamin D; intake recommendations (men and women) according to different

organizations

Organization

References

Institute of Medicine (IOM) 2011

(Ross et al., 2011)

0-12 months

400 TU (10 pg)

1- 70 years old

600 TU (15 pg)

> 70 years old

800 IU (20 pg)

Pregnant and breastfeeding women

600 TU (15 pg)

'World Health Organization (WHO)/ Food and Agriculture (WHO, 2004)
Organization of the United Nations (FAO) 2004

0-6 months- 50 years 200 IU (5 pg)

Pregnant and breastfeeding women 200 IU (5 ug)

51-65 years old 400 IU (10 pg)

> 66 years old 600 IU (15 pg)

European Food Safety Authority (EFSA) 2016 (European Food Safety

Authority, 2016)

7-11 months

400 IU (10 pg)

1-17 years

600 TU (15 pg)

Pregnant and lactating women

600 IU (15 pg)

Nordic Council of Ministers 2013

(Nordic Council of
Ministers, 2008; WHO,
2004)

< 6 months- 74 years 400 IU (10 pg)
> 75 years 800 IU (20 pg)
Pregnant and breastfeeding women 400 IU (10 pg)

DACH (Germany, Austria, Switzerland) 2013

(Spiro and Buttriss, 2014)

<1 year 400 IU (10 pg)
1- all adults 800 IU (20 pg)
Pregnant and lactating women 800 IU (20 ng)
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