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Abstract

Diet is an important regulator of the gastrointestinal microbiota. Vitamin A and vitamin D
deficiencies result in less diverse, dysbiotic microbial communities and increased susceptibility to
infection or injury of the gastrointestinal tract. The vitamin A and vitamin D receptors are nuclear
receptors expressed by the host, but not the microbiota. Vitamin A and vitamin D mediated
regulation of the intestinal epithelium and mucosal immune cells underlies the effects of these
nutrients on the microbiota. Vitamin A and vitamin D regulate the expression of tight junction
proteins on intestinal epithelial cells that are critical for barrier function in the gut. Other shared
functions of vitamin A and vitamin D include the support of innate lymphoid cells that produce
IL-22, suppression of IFN-y and IL-17 by T cells, and induction of regulatory T cells in the
mucosal tissues. There are some unique functions of vitamin A and D; for example, vitamin A
induces gut homing receptors on T cells, while vitamin D suppresses gut homing receptors on T
cells. Together, vitamin A and vitamin D mediated regulation of the intestinal epithelium and
mucosal immune system shape the microbial communities in the gut to maintain homeostasis.
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A population of nearly 100 trillion dynamic and diverse microbiota—between 500 and 1000
different species—inhabit the human gut (Backhed et al. 2005). The metagenome—the
combined genomic content of the intestinal flora—can rapidly vary as a function of diet,
tissue location, host genetics and a variety of other factors. Studies using gnotobiotic and
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germfree (GF) mice have shown that the gut microbiota are essential for normal immune
system development, displacement of pathogens, and extraction of additional energy from
otherwise non-digestible dietary substrates (Guarner 2006; Tan et al. 2014). Highlighting the
importance of the gut microbiota, numerous human diseases have been attributed to
significant alterations in the gut microbiota (Guarner 2006). Chronic diseases including
inflammatory bowel disease (IBD), diabetes, cardiovascular disease, cancer and
neuroinflammatory disorders are associated with dysbiosis and reduced diversity of
microbes as compared to healthy individuals (Frank et al. 2007; Shreiner et al. 2015;
Jackson et al. 2018).

Gut microbial ecology is regulated by the diet (Turnbaugh et al. 2009; Ooi et al. 2014;
Carmody et al. 2015). For example, Bacteroidetes levels increased with weight loss, either
by fat- or carbohydrate-restricted low-calorie diets (Ley et al. 2006). Not only do
macronutrients in the diet affect the microbiota, but deficiencies in micronutrients (vitamins,
selenium, iron) alter the microbial communities in the gut (Ooi et al. 2013; Lv CH et al.
2015; Li et al. 2017; Buret et al. 2019). In addition, dietary fiber is indigestible by the
mammalian host, but is readily digested by the gut microbiota (De Filippo et al. 2010; Wu et
al. 2011; De Vadder et al. 2016). Diet induced changes in the microbiota result in metabolic
changes for the host. Thus, dietary interventions are a potential tool to modulate gut
microbiota and have applications in the maintenance of gastrointestinal homeostasis and
prevention of chronic diseases.

Diet mediated changes to the microbiota occur rapidly and affect immune mediated disease
in mice (Ooi et al. 2014). Extreme changes to the diet (low fat (LF)/plant-polysaccharide
diet versus high fat (HF)/high sugar diet) had significant effects on the microbiota within 3
days (Carmody et al. 2015). In addition, there are crucial developmental windows when the
microbiota determines future disease susceptibility (obesity and immune mediated disease)
(Rook et al. 2017). Changing lifestyles and diets have led to increased incidences of obesity,
and immune mediated disease (Rook et al. 2017). Fecal transplants and probiotics are being
used as approaches to alter the microbiota and reduce disease burden (Rook et al. 2017).
However, any approach that ignores the diet is likely to result in only transient changes to
the microbiota. There is an opportunity to identify different nutrients and foods that can be
used to shape and maintain the microbiota. Here we review the mechanisms whereby
vitamin A and vitamin D maintain gastrointestinal (GI) homeostasis and shape the
microbiota.

Mechanisms of Gl homeostasis

Intestinal epithelial cells (IEC) make up the lining of the intestine, and the intestinal
epithelium functions to absorb nutrients and water and acts as a physical barrier between the
host and the intestinal microbiota (Goto and Ivanov 2013). IEC express tight junction
molecules that regulate permeability of the epithelium and maintain intestinal integrity
(Deplancke and Gaskins 2001; Peterson and Artis 2014; Ahmad et al. 2017). In addition, the
IEC of the GI tract produces mucous and anti-bacterial peptides that help protect the host
from infection (Wittkopf et al. 2014). If intestinal barrier function becomes compromised,
leakage of food antigens and/or bacteria can elicit systemic inflammation. It has been
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demonstrated that compromised intestinal barrier function contributes to the risk of
developing autoimmune diseases (Fasano and Shea-Donohue 2005). Antigens that escape
from the gut exacerbate intestinal inflammation and activate immune cells triggering
immune mediated disease (Fasano and Shea-Donohue 2005). Leaky Gl tracts have been
associated with diseases of the intestine including increased susceptibility to Gl infection
and IBD (Fasano and Shea-Donohue 2005). The IEC create a barrier along the GI tract of
the host that protects against infection and maintains intestinal homeostasis.

The gut microbiota is established in the neonate and is critical for the development of
secondary lymphoid organs and establishment of tolerogenic responses (Tanaka and
Nakayama 2017). Pattern recognition receptors including the toll-like receptors are primarily
responsible for mediating early tolerance to the commensals and identifying pathogens
(Belkaid and Hand 2014). Alterations to the microbial community can limit the extent to
which tolerance develops and instead can result in immune mediated diseases including IBD
(Sommer et al. 2017). The innate lymphoid cells (ILC) interact with the microbiota and are
early sources of regulatory cytokines including I1L-22 from ILC3 cells. IL-22 is a protective
cytokine, known for its role in the induction of antimicrobial peptides and maintenance of
barrier integrity (Tait Wojno and Artis 2016; Geremia and Arancibia-Carcamo 2017). T cells
and B cells also require the microbiota for development and function. In germfree (GF) mice
the CD4+ T cells produce some IL-4 but very little IFN-y or IL-17 (Niess et al. 2008). The
microbiota is required to regulate the IgE and IgA B cell response as well. GF mice have
high IgE levels and very little IgA compared to conventional mice (Cahenzli et al. 2013). In
addition, there is a population of microbiota specific FoxP3/Roryt+ expressing T regulatory
(reg) cells in the colon lamina propria (LP) that require the microbiota (Ohnmacht et al.
2015). A polysaccharide from Bacteriodes fragilis has been described that induces Th1 cells
and inhibits the higher Th2 response that exists in GF mice (Mazmanian et al. 2005). The
presence of segmented filamentous bacteria in a mouse colony is sufficient for the
development of Th17 cells (Gaboriau-Routhiau et al. 2009; Ivanov et al. 2009). Bacteroides
fragilis and Clostridium species in the microbiota have been found to suppress experimental
colitis via the induction of T reg cells (Round and Mazmanian 2010; Atarashi et al. 2011).
Commensal microbes and microbial products are important for the development of the
mucosal immune system.

The mucosal immune system of the GI tract must protect the host from infection while
remaining tolerant to commensal microbes and food antigens. The intestine contains many
specialized and unique immune cells that maintain homeostasis. The intraepithelial
lymphocytes (IEL) in the intestine are primarily CD8+, -y6 and af T cells (80% T cells)
(Cheroutre 2005). There are very few B cells and myeloid cells within the IEL (Cheroutre
2005). Another unique feature of the immune cells in the IEL is the co-expression of
CD8aa (Cheroutre and Lambolez 2008). CD8a.a expressing T cells have regulatory
functions in the GI tract that are critical for the maintenance of tolerance (Cheroutre 2005).
The LP of the intestine has T cells, B cells and myeloid cells that play a role in host
resistance to infection and tolerance (Eberl 2005; Park and Eberl 2018). Of note in the LP
are dendritic cells, ap CD4+ and CD8+ T cells and innate lymphoid cells (ILC) (Eberl
2005; Park and Eberl 2018). The mucosal immune system and the gut IEC contain
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specialized cells that are critical for the ability of the host to fight infection while remaining
tolerant to commensals in the Gl tract.

Vitamin A and vitamin D

Vitamin A and vitamin D are essential fat-soluble micronutrients that play key roles in
multiple physiological functions including regulation of Gl homeostasis. The vitamin A
metabolite retinol can be released from tissue stores into the plasma where it can be
absorbed by cells and made into the bioactive metabolite, retinoic acid (RA). Some vitamin
D can be manufactured via a photolysis reaction in the skin; however, UV produced vitamin
D is extremely variable and vitamin D from sunlight exposure is significantly reduced in
northern climates, and especially low during the winter (Clemens et al. 1982; DelL.uca 1993).
Vitamin D is metabolized to produce 25hydroxyvitamin D in the liver and then metabolized
in the kidney to produce the high affinity vitamin D ligand, 1,25dihydroxyvitamin D
(1,25D). Vitamin A deficiency continues to be a global health problem in developing
countries where foods that contain vitamin A are limited (WHO 2009). Children with
vitamin A deficiency have high rates of respiratory and diarrheal infections that can be
decreased with vitamin A supplementation (Villamor and Fawzi 2000). Dietary intake of
vitamin D can also be problematic, since there are few foods that are naturally rich in
vitamin D. Vitamin D deficiency has been linked to higher prevalence of immune mediated
diseases including inflammatory bowel disease (IBD) (Cantorna and Mahon 2004).
Deficiencies of vitamin A or vitamin D result in increased incidences of disease in the Gl
tract.

Changes in vitamin A or D status affect the gut microbiota

The major microbial taxa of the human and rodent are Firmicutes and Bacterofdetes and
healthy humans have diverse microbial communities in the Gl tract (Hillman et al. 2017).
Decreased complexity in the microbial communities have been shown in patients with IBD
(Frank et al. 2007; Hillman et al. 2017). The reduced frequencies of commensals from the
Firmicutes and Bacteroidetes phyla and increased representation of Proteobacteria and
Actinobacteria phyla are characteristic of the microbiota in patients with IBD (Frank et al.
2007). Bacteria that are members of the Proteobacteria phyla can cause infection and are
commonly found associated with disease in the Gl tract (Rizzatti et al. 2017). A complex
and diverse community of microbes maintain homeostasis while limiting disease causing
bacteria.

Not surprisingly, changes in vitamin A status affect the community of bacteria found in the
Gl tract of mice (Cha et al. 2010; Tian et al. 2018) and humans (Lv Z et al. 2016). The
microbiota in the cecum of vitamin A deficient (A-) mice had significantly lower numbers of
Bacteroidetes phyla members than vitamin A sufficient (A+) mice (Tian et al. 2018).
Vitamin A sufficient children had microbial communities that were more diverse than
vitamin A deficient children (Lv Z et al. 2016). Acetate, propionate and butyrate are the end
products of fermentation of dietary fiber by the intestinal microbiota. A+ mice had
significantly higher butyrate levels and lower acetate levels in the cecum than A— mice (Tian
et al. 2018). The increase in A+ butyrate levels corresponded to higher numbers of the
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butyrate-producing bacteria Clostridium ramosum (a member of Clostridium_XVIII) in A+
than A- mice (Tian et al. 2018). In addition, bacterial genes associated with butyrate
production (but and buk) were higher in the A+ versus A- cecal samples (Tian et al. 2018).
Transient vitamin A deprivation of A+ mice for 4 weeks resulted in alterations in the
microbial communities in the gut (Hibberd et al. 2017). Bacteriodes vulgaris responded to
the transient vitamin A deficiency by increasing its abundance compared to A+ controls
(Hibberd et al. 2017). Changes in vitamin A status, even transient changes, result in
dysbiosis of the microbial communities in the gut.

Like vitamin A, vitamin D regulates the microbial communities in the Gl tract. Mice that
were unable to produce 1,25D (Cyp27B1 KO) and VDR KO mice had greater expansion of
Proteobacteria and lower abundance of Lachnospiraceae belonging to Firmicutes phylum
compared to D+ WT controls (Ooi et al. 2013). Similar to the changes in the microbiota of
D- mice; the microbiota of IBD patients had higher Proteobacteria and lower abundance of
Lachnospiraceae belonging to Firmicutes phylum as compared to healthy controls (Frank et
al. 2007). Colitis severity in D- mice was associated with two-fold higher Helicobacter
family members (Proteobacteria phylum) in their feces than D+ mice (Ooi et al. 2013).
Helicobacter species have been known to trigger Gl intestinal inflammation. Thus, vitamin
D affects the communities of microbiota found in the Gl tract.

Vitamin A and vitamin D regulation of Gl immunity

Within the gastrointestinal tract epithelial cells and immune cells express the vitamin A
receptor (retinoic acid receptor, RAR) and the vitamin D receptor (VDR). Both RAR and
VDR form heterodimers with the retinoid X receptors (RXR) and all three receptors are part
of the steroid/hormone superfamily of nuclear transcription regulators. RA and 1,25D are the
high affinity ligands for RAR and VDR respectively. Prokaryotes do not express vitamin A
or vitamin D receptors. Therefore, the effects of vitamin A and vitamin D on the microbiota
are likely due to indirect effects of the micronutrients on the host that then regulate the
microbiota.

There are several studies demonstrating that vitamin A and vitamin D regulate tight junction
molecule expression and intestinal barrier function (Kubota et al. 2001; Kong Juan et al.
2008; Lima et al. 2010). Treating IEC cell lines with either RA or 1,25D induced the
expression of ZO-1, Occludin, Claudins (RA: Claudin 6 and 7, 1,25D: Claudin 2 and 12)
and increased transepithelial resistance in vitro (Kubota et al. 2001; Osanai et al. 2007;
Fujita et al. 2008; Kong J. et al. 2008). Supplementing A- children with vitamin A decreased
urine lactulose/mannitol levels, suggesting an increase in intestinal integrity (Thurnham et
al. 2000; Lima et al. 2010). Similarly vitamin D supplementation improved barrier function
and induced the expression of the antibacterial peptide cathelicidin in patients with IBD
(Raftery et al. 2015). VDR knockout (KO) mice and mice with the inability to produce
1,25D had impaired intestinal permeability in a mouse model of colitis (Froicu et al. 2006;
Ooi et al. 2013). RA and 1,25D have several overlapping functions that regulate expression
of ZO-1, Occludin and Claudin tight junction proteins (Table 1). Together the effects of
vitamin A and vitamin D on IECs plays a critical role to preserve intestinal barrier functions.
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Vitamin A and vitamin D regulate innate and adaptive immunity (Veldhoen and Ferreira
2015). Vitamin A and vitamin D are required for the normal development and function of
ILC3 cells in the Gl tract (van de Pavert et al. 2014; Lin et al. 2019). In addition, A- mice
have significantly fewer lymphocytes (T and B cells) in the mucosa of the intestine
(McDaniel et al. 2015). D- mice do not have changes to the numbers of T and B cells in the
uninflamed intestine (Lin et al. 2019). RA increased the expression of the gut homing
receptors, a4p7 and CCR9 expression on T cells, which allowed the recruitment of T cells
to the gut mucosa (Table 1, (Iwata et al. 2004)). Conversely 1,25D decreased a4p7 and
CCR9 expression and blocked T cell homing to the gut (Table 1, (Sigmundsdottir et al.
2007)). RA and 1,25D have opposing function on expression of a4p7 and CCR9 on T cells
that likely explain the reduced frequencies of T cells in the gastrointestinal tract of A- but
not D- mice (McDaniel et al. 2015; Lin et al. 2019). The source of 1L-17 in the Gl tract of A
+ mice is T cells but in A- mice, with fewer T cells in the intestine, IL-17 is produced by
CD11b+ innate cells (Snyder et al. 2018). RA and 1,25D inhibited IFN-y production from T
cells in vitro (Lemire 1992; Cantorna et al. 1994). In addition, A- and D- mice overproduced
IFN-y and IL-17 (Froicu et al. 2006; Snyder et al. 2018; Lin et al. 2019). RA and 1,25D
inhibited Th17 cells in vitro and in vivo (Table 1, (Elias et al. 2008; Bai et al. 2009; Ikeda et
al. 2010; Qiu et al. 2017; Parastouei et al. 2018)). In vitro, RA and 1,25D induced FoxP3
and IL-10 production (Table 1, (Elias et al. 2008; Kang et al. 2012; Parastouei et al. 2018)).
Consistent with the inhibition of IL-17 and IFN-y, RA and 1,25D treatment of mice reduced
colonic inflammation caused by dextran sodium sulfate, C. rodentium infection, and other
models of experimental IBD (Bai et al. 2009; Bruce et al. 2011; Cantorna 2012; Ryz et al.
2012; Mielke et al. 2013; Spencer et al. 2014). In addition, RA and 1,25D induced IL-22
production in the gut and the RA treatments resulted in increased production of the anti-
bacterial peptides Reg3p and Reg3+y (Table 1, (Bai et al. 2009; Mielke et al. 2013)). VDR
KO mice had fewer CD8a.a. expressing regulatory T cells in the gut and RA expanded T
effector memory cells that express CD8a.a. (Bruce and Cantorna 2011; Larange and
Cheroutre 2016). The common mechanisms by which vitamin A and D regulate Gl
immunity include inhibition of IL-17 and IFN-y, induction of ILC3 and IL-22, the induction
of intestinal CD8a.a T cells and the induction of 1L-10 and FoxP3+ T reg cells (Table 1, Fig.
1).

Experimental evidence supports beneficial roles for vitamin A and vitamin D in the host
response to Gl induced injury and infection (Carman et al. 1992; Hall et al. 2011; Restori et
al. 2014) (Cantorna and Mahon 2004). RA and 1,25D suppressed IL-17 and IFN-y which
was associated with the resolution of inflammation in the Gl tract (Cantorna et al. 2000;
Snyder et al. 2018; Lin et al. 2019). Vitamin D deficiency and VDR deficiency have been
shown to exacerbate experimental IBD in the IL-10 KO mouse, the T cell transfer model and
dextran sodium sulfate induced colitis (Cantorna et al. 2000; Froicu et al. 2003; Froicu and
Cantorna 2007). Because of the inhibitory effects of RA and 1,25D on Thl and Th17 cells
we predicted that bacterial infections that require Th1/Th17 cell responses for resistance
might be more severe in A- and D- mice. Paradoxically, we found that A- mice and D- mice
were unable (A-) or slower (D-) to clear a Gl tract infection with enteropathogenic
Escherichia coli-like infection (Citrobacter rodentium) (McDaniel et al. 2015; Snyder et al.
2018; Lin et al. 2019). Severe deficiencies of vitamin A or D resulted in the early mortality
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of mice following C. rodentium infection (Cantorna 2012; McDaniel et al. 2015; Lin et al.
2019). Vitamin A and vitamin D have overlapping roles in the development and function of
ILC3 cells that produce IL-22 (Table 1, (van de Pavert et al. 2014; Lin et al. 2019)). IL-22
and ILC3 cells are critical for host resistance to C. rodentium (Mundy et al. 2005). In
addition, a failure of infection induced Th17 cells in A- and D- mice results in slower
kinetics of clearance in D- mice and a failure to clear in A- mice (McDaniel et al. 2015;
Snyder et al. 2018; Lin et al. 2019). Vitamin A and vitamin D have overlapping and essential
functions for the protection from Gl infection as well as the resolution of inflammation in
the Gl tract (Table 1 and Fig. 1).

Mechanisms by which vitamin A and D regulate the microbiota

Vitamin A and vitamin D both regulate the microbiota. Deficiency in either vitamin results
in less diversity in the microbial community, with reductions in commensal organisms
important for the induction of T reg cells and more potentially disease, causing microbiota
from the Proteobacteria phylum (Fig. 1). An intact intestinal barrier requires both vitamin A
and vitamin D that act in synergy to regulate ZO-1, Occludin and Claudin tight junction
proteins (Fig. 1). In addition, ILC3, CD8aa. T cells and Treg cells depend on adequate
vitamin A and vitamin D (Fig. 1). IL-22 produced by ILC3 or T cells is a protective factor in
the Gl tract that regulates antibacterial peptides in the small intestine, induces Th17
expansion in the colon and protects the host from C. rodentium infection (Zheng et al. 2008;
Sonnenberg et al. 2012). The effect of vitamin A and D on the microbiota is due to the
indirect effects of these nutrients to regulate the mucosal barrier and immune cells (Fig. 1).
Alterations in either nutrient results in the reduced capacity to respond to chemical or
infectious injury of the Gl tract effectively (Fig. 1). The result of the inadequate response to
injury results in dysbiosis and chronic inflammation (Fig. 1). The immune regulatory
functions of vitamin A and vitamin D are the means by which these nutrients shape the
microbial communities in the gut.

Conclusions

Vitamin A and vitamin D status are important for Gl homeostasis. Deficiencies in either
nutrient result in microbial dysbiosis, exacerbated colitis and increased susceptibility to
infection of the Gl tract. The shared ability of vitamin A and vitamin D to regulate the
barrier, ILC3 and T cells underlies the impact of these nutrients on the microbiota. Transient
vitamin A deficiency resulted in alterations to the microbial community. Whether there is a
similar effect of transient vitamin D deficiency on the microbiota is uncertain. Regardless,
the data suggest that improving nutrient status could be a low-cost method to reinstate
homeostasis of the Gl tract and to maintain the microbial community structure. Future
strategies to replace the microbiota using fecal transplants or probiotics should consider
incorporating nutrients like vitamin A and vitamin D that would help maintain the diverse
community structure associated with health.
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Figure 1. The mechanisms underlying the role of vitamin A and vitamin D in the regulation of
GI homeostasis and the microbiota.

Deficiency in either vitamin A or vitamin D results in dysbiosis of the microbiota and
increased susceptibility to injury in the Gl tract. The effects of vitamin A and vitamin D on
the microbiota are as a result of the regulation of gut epithelial and immune cells. Vitamin A
or D deficient animals have less diverse microbial communities and increased presence of
potentially pathogenic Proteobacteria phylum members. Both vitamin A and vitamin D are
important to induce ZO-1, Occludin and Claudin tight junction proteins important for the
integrity of the barrier. Deficiency in either vitamin A or vitamin D results in leaky guts. In
addition to gut epithelial cells, the mucosal immune system is a target of vitamin A and
vitamin D. The development of ILC3 cells that produce I1L-22, CD8a.c. and T reg cells that
produce IL-10 also requires vitamin A and vitamin D. Furthermore, vitamin A and vitamin
D inhibit the functions of Th1 and Th17 cells in the gut. T cell homing is regulated by
vitamin A but not vitamin D. Deficiency in either vitamin A or vitamin D results in impaired
barrier function, increased IL-17 and IFN-v, reduced Treg, ILC3, IL-10 and IL-22 and
dysbiosis of the microbiota. The shared effects of vitamin A and vitamin D on the host
epithelial and immune cells indirectly affects the community of microbes found in the gut.
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Table 1:

The overlapping and synergistic effects of vitamin A and D on mucosal immunity.

Parameter | A+/D+ | A- | D- |

References

Tight junction proteins

Occludin + - - (Kubota et al. 2001; Osanai et al. 2007; Fujita et al. 2008; Kong et al. 2008)
Claudin + - -
z0-1 + -1 -
Cell type
ILC3 + - - (van de Pavert et al. 2014; Lin et al. 2019)
T cells + - + (McDaniel et al. 2015; Lin et al. 2019)
CD8aa Treg + - - (Bruce and Cantorna 2011; Larange and Cheroutre 2016)
FoxP3+ Treg + - - (Elias et al. 2008; Kang et al. 2012; Parastouei et al. 2018)
Homing receptors
aqBy + - + (Iwata et al. 2004; Sigmundsdottir et al. 2007)
CCR9 + - +
Cytokines
IL-17 + ++ | ++ (Lemire 1992; Cantorna et al. 1994; Mundy et al. 2005; Froicu et al. 2006; Elias et al. 2008; Bai et al.
2009; Kang et al. 2012; Mielke et al. 2013; Parastouei et al. 2018; Snyder et al. 2018; Lin et al. 2019)
IFN-y + ++ | ++
IL-22 + - | -
IL-10 + - -
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