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Editorial on the Research Topic
Immune-Modulatory Effects of Vitamin D

Vitamin D plays an essential role in bone development. However, recent studies are beginning
to uncover its role as a modulator of the immune system (1). Several reports have shown
associations between vitamin D deficiency (2) and the incidence as well as the severity of chronic
inflammatory diseases such as cardiovascular disease (3, 4), inflammatory bowel disease (5), asthma
(6), and chronic obstructive pulmonary disease (COPD) (7). Consistent with this, vitamin D
supplementations have been shown to reduce the severity of and inflammation markers in chronic
inflammatory diseases (8). At the molecular level, the hormonally active form of vitamin D (a1,25
dihydroxyvitamin D3) regulates the expression of vitamin D responsive genes that can lead to
differential regulation of signaling pathways in immune cells. For example, vitamin D positively
regulates iron homeostasis and erythropoiesis via the iron-hepcidin-ferroportin axis (9). Vitamin
D deficiency is highly prevalent world-wide including countries with abundance of sunshine (10).
Singh et al. reviewed the causes of vitamin D deficiency where they dissected the complex impact
of genetic predisposition, gut microbiota, and immune system. In this review, authors examined
GWAS database (11) and listed genes variants with SNPs that associate with risk of vitamin D
deficiency. These alleles are common in vitamin D receptor (VDR) and vitamin D binding protein
(VDPB). Since gut microbiota plays a crucial role in nutrients and vitamins production, absorption
and degradation, authors also highlighted the role of vitamin D metabolism and VDR is regulating
host-gut microbiota interactions.

At the cellular level, vitamin D exerts anti-inflammatory effects on immune cells that express
the vitamin D receptor (VDR) such as monocytes, macrophages, and T lymphocytes, which
in turn shapes the immune response during the onset of inflaimmation and infection and
following vaccination. Vitamin D exerts anti-inflammatory effects by reducing pro-inflammatory
cytokines production from macrophages and T cells (12, 13). Carlberg eloquently demonstrated
that vitamin D/VDR signaling impacts chromatin modeling leading to significant modification
of human monocytes epigenome during perturbation, consequently reducing cytokine release
and modulating trained innate immunity. The immune modulatory effects of vitamin D include
reduction in inflammatory cytokines release such as IL-1f, which is induced via inflammasome
activation. Rao et al. showed that VDR inhibited NALP3-inflammasome activation leading to
reduction in IL-1P release. To confirm the inhibitory effect of VDR on NLP3 inflammasome
activation, authors used VDR-deficient mice and showed that IL-1p release was significantly
reduced in vivo confirming that VDR inhibited NALP3 inflammasome activation. Vitamin D
deficiency is associated with bone pain in particular and chronic disease pain in general (12,
14). The proposed mechanisms by which Vitamin D/VDR signaling modulate pain sensation
is reviewed by Habib et al.. Authors delineate vitamin D/VDR interactions with pain sensing
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pathways including dorsal root ganglion (DRG) neurons, nerve
growth factor (NGF), epidermal growth factor receptor (EGFR),
glial-derived neurotrophic factor (GDNF), and opioid receptors.

Sufficient levels of vitamin D have been shown to regulate
T cell proliferation by controlling T cell antigen receptor and
T cell activation as well as enhancing the phagocytic activity
of macrophages (12, 14). The immune suppressive effects of
regulatory T cells (T-reg) in controlling inflammation and
preventing autoimmunity is well-established. Maternal immune
tolerance to fetus is also integral to successful pregnancy.
Vitamin D deficiency is quite common in pregnancy which
has been associated with adverse outcomes. Cyprian et al.
reviewed the consequences of vitamin D deficiency during
pregnancy and detailed the role of T-regs in mitigating
pregnancy loss and adverse events such as preeclampsia.
Further, Vitamin D is shown to play an important role
in modulating graft-vs-host disease (GvHD) by balancing
immune responses. Flamann et al. described the role of
vitamin D in inducing immune suppressive T regs and
balancing immune responses in allogeneic hematopoietic
stem cell transplantation. The immune modulatory effects
of vitamin D increased immune tolerance and enhanced
anti-tumor activity.

In cases of autoimmune diseases, low vitamin D levels are
associated with increased B cell proliferation and autoantibody
production. Low vitamin D levels have also been associated
with the incidence of autoimmune diseases such as Rheumatoid
Arthritis (RA), Multiple Sclerosis (MS), and Systemic Lupus
Erythematosus (SLE) (15). A systematic review by Islam et al. on
the immunomodulatory effects of diet and nutrients in Systemic
Lupus Erythematosus (SLE) presented the beneficial effect of
vitamin D supplementation such as alleviating fatigue. Meta-
analysis studies showed that SLE patients have significantly
lower vitamin D levels compared to healthy participants. In
human and animal studies of SLE, vitamin D is shown to
inhibit cytokines such as IL-10, IL-17, IFN-y, and modulate
cellular proliferation of B-cells, Thl, Th17, CD4+ T cells.
Therefore, vitamin D exerts various immune modulatory effects
during autoimmune diseases. Another example of autoimmune
diseases is Type 1 diabetes mellitus (T1DM) where insulin
producing pancreatic B-cells are attacked by T cell-mediated
autoimmunity (12, 16). Stem cell transplantation has emerged
as regenerative treatment for TIDM as it possess immune
suppressive potential. A clinical trial (NCT03920397) conducted
by Araujo et al. on the effect of vitamin D treatment with
allogenic adipose tissue-derived stromal/stem cells (ASCs) in
13 patients with recent onset of TIDM. One group received
ASC and vitamin D (cholecalciferol 2,000 Ul/day) for 3
months while the second group received standard insulin
therapy. They observed that allogenic ASC and vitamin D
therapy lead to reduced insulin requirement and more stable
C peptide.

Low vitamin D status has been shown to be a risk factor
for infectious diseases (17, 18). During infections such as
Tuberculosis (TB), vitamin D induces the expression of
cathelicidin (LL-37), a host defense peptide that enhances
the bactericidal activity of immune cells like macrophages,

thereby limiting the growth of mycobacteria that causes
TB (18). Furthermore, LL-37 exerts anti-inflammatory
effects via its ability to neutralize bacterial molecules like
endotoxins and capsular polysaccharides that activate TLR
signaling pathways, consequently inhibiting the release of
pro-inflammatory mediators from macrophages. In this special
topic several research papers investigated the role of vitamin
D in infection outcomes. Muvva et al. investigated the effect
of vitamin D on controlling intracellular Mycobacterium
tuberculosis (Mtb) infection in human monocytes-derived
macrophages. They showed that vitamin D treatment resulted
in an appropriate macrophage polarization M1/M2 phenotype
with enhanced expression of antimicrobial LL-37 and anti-
inflammatory cytokine IL-10 but reduced expression of
the immune suppressive enzyme IDO. This in vitro study
provides evidence to the immune modulatory effects of
vitamin D in controlling Mtb infection. Similarly, LL-37 is
shown to control Leishmania parasitic infections in human.
Crauwels et al. observed increased expression of LL-37 in skin
biopsies from cutaneous leishmaniasis. They demonstrated that
recombinant LL-37 reduced Leishmania parasite viability in
a dose-dependent manner. Accordingly, they investigated the
effect of vitamin D treatment on human monocytic-derived
macrophages and documented that LL-37 mediated Leishmania
restriction in macrophages. Vitamin D role in controlling
infection is also demonstrated in acute enterocolitis. Mousavi
et al. used an animal model to investigate the beneficial
effects of vitamin D on preserving intestinal barrier and
exerting anti-pathogenic effects during Campylobacter jejuni
infection. They reported that preclinical administration of
vitamin D ameliorated acute campylobacteriosis in mice
model by reducing bacterial colonization and translocation,
restoring intestinal epithelial cells regeneration and dampening
inflammatory responses.

Vitamin D deficiency increases the risk of bacterial and
viral infections (17). The immune modulatory effects of
vitamin D during bacterial infections seem to vary from
those effects during viral infections. In this regards, Anderson
et al. observed the differential effects of vitamin D on
induced inflammatory responses in primary human peripheral
mononuclear cells (PBMC) during bacterial pneumococcal
infection alone, respiratory syncytial viral (RSV) infection or co-
infection. They showed that vitamin D exerted anti-inflammatory
effects by reducing Thl7 inflammatory cell expression and
cytokines during pneumococcal infection alone and RSV alone
but not during co-infection with RSV.

Genetic predisposition plays a role in host susceptibility
to infections (19). Similarly, polymorphism in genes involved
in vitamin D metabolism and function such as VDR impacts
host susceptibility to infections. Pepineli et al. evaluated four
genetic variants of VDR in the Leprosy immune pathogenesis
in Brazil. They investigated a cohort of 404 leprosy patients
in comparison to 432 control individuals without disease.
Although no association is identified in VDR polymorphism
genetic frequency between patients with active clinical leprosy
and controls, they observed bAt haplotype to confer protection
from leprosy. Taken together, data from original research paper,
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clinical trial, systematic analysis, and reviews included herein
provide compelling evidence to the immune modulatory effects
of vitamin D. Therefore, vitamin D deficiency should be treated
to gain the extra skeletal beneficial effects on the immune system
in health and disease.
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Vitamin D Deficiency in the Gulf
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Gut Microbiome and the Immune
System

Parul Singh, Manoj Kumar and Souhaila Al Khodor*

Research Department, Sidra Medicine, Doha, Qatar

Vitamin D is a fat soluble secosteroid that is primarily synthesized in the skin upon
exposure to Ultraviolet B (UVB) sun rays. Vitamin D is essential for the growth and
development of bones and helps in reducing inflammation by strengthening muscles
and the immune system. Despite the endless supply of sunlight in the Gulf Cooperation
Council (GCC) countries which includes United Arab Emirates, Qatar, Kuwait, Bahrain,
Saudi Arabia, and Oman, Vitamin D deficiency in the (GCC) general population at
various age groups remains alarmingly high. In parallel runs the increasing prevalence
of acute and chronic ilinesses including, autoimmune diseases, cancer, type 1 diabetes
mellitus, cardiovascular disease and Inflammatory bowel disease in the adult as well
as the pediatric population of these countries. The exact association between Vitamin
D deficiency and chronic disease conditions remains unclear; however, studies have
focused on the mechanism of Vitamin D regulation by assessing the role of the Vitamin D
associated genes/proteins such as VDR (Vitamin D receptor), VDBP (Vitamin D Binding
protein), CYP27B1 as these are integral parts of the Vitamin D signaling pathway. VDR
is known to regulate the expression of more than 200 genes across a wide array of
tissues in the human body and may play a role in controlling the Vitamin D levels.
Moreover, reduced Vitamin D level and downregulation of VDR have been linked to
gut dysbiosis, highlighting an intriguing role for the gut microbiome in the Vitamin D
metabolism. However, this role is not fully described yet. In this review, we aim to expand
our understanding of the causes of Vitamin D deficiency in the GCC countries and explore
the potential relationship between the genetic predisposition, Vitamin D levels, immune
system and the gut microbiome composition. Trying to unravel this complex interaction
may aid in understanding the mechanism by which Vitamin D contributes to various
disease conditions and will pave the way toward new therapeutics treatments for Vitamin
D deficiency and its associated outcomes.

Keywords: hypovitaminosis D, microbial dysbiosis, VDR, VDBP, CYP27B1, GCC
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INTRODUCTION

Vitamin D is well-known for its many health benefits. The
role of Vitamin D in the elimination of rickets remains one
of the most notable discoveries in medicine (1). Calcium and
phosphate are two minerals that are required for normal bone
formation. Upon demand, Vitamin D stimulates the intestines,
bones, and kidneys to maintain calcium and phosphorus levels
in the blood, and thus promotes the mineralization of the bone
matrix and osteoclasts differentiation (2). Hypovitaminosis D or
severe Vitamin D deficiency results in poor mineralization and
bone loss, leading to osteoporosis, fractures, muscle weakness,
and frank hypocalcemia (3). Vitamin D mediates its biological
function via metabolizing into its active steroid form la,25-
dihydroxyvitamin D3 [1a,25(OH),;D3 or simply 1,25(0OH),D],
often referred to as a hormone, influencing many genes across
various tissues in the human body, such as kidneys (4-6),
intestines (7), bones (8-11), as well as cancer and immune
cells (12-14).

Vitamin D is also known to interact with cells from both the
innate and adaptive immune system, where it plays an important
role in antigen presentation, immune regulation and antibacterial
response (15). Historical Vitamin D supplementation has
been used to treat lupus and mycobacterial infections such
as tuberculosis and leprosy (16, 17). Studies examining the
immunomodulatory properties of Vitamin D have linked its
deficiency to a higher incidence of autoimmune diseases, such
as type I diabetes (T1D), multiple sclerosis (MS), systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), and
inflammatory bowel disease (IBD) and also to an increased
risk of developing various types of cancers including breast,
ovarian, colon, and prostate cancer (18-21). Vitamin D is also
a potent effector of vascular endothelial cells and thus has a
role in cardio-protection (22), as it regulates blood pressure by
stimulating the renin angiotensin system, vascular calcification
and smooth muscle cell proliferation (23). Hypovitaminosis
D is directly linked to the development of hypertension,
and a reduction in blood pressure has been noted to be a
consequence of Vitamin D supplementation (24, 25). Evidence
also supports the role of Vitamin D in neuroprotection,
brain development and maintenance of cognitive functions via
immunomodulation, neuronal calcium regulation, antioxidative
mechanisms, enhanced nerve conduction, and detoxification
mechanisms (26). There have been some reports linking
decreased Vitamin D levels with depression (27), cognitive
delays and an increased risk of Alzheimers disease (28).
Cerebrovascular events such as the risk of vessel thrombosis,
cerebrovascular infracts and strokes have also been associated
with deficiency of Vitamin D (29).

Insufficient levels of Vitamin D may also be a contributing
factor for other abnormalities such as poor diet, short stature,
liver disease, and diabetes (30-32). The role of Vitamin D
during pregnancy is also of great consideration since maternal
nutritional status determines the health of fetus and newborn.
Maternal Vitamin D deficiency has been associated with
increased risk of preeclampsia, calcium malabsorption, bone
loss, and other myopathies (33). It is suggested that the

development of the fetus in a state of hypovitaminosis D can
have significant impact on innate immune functions. In vitro
study conducted with Monocytes cultured in Vitamin D deficient
plasma, showed significantly decreased in a TLR-dependent
expression of cathelicidin compared to the control (34) Vitamin
D status in the cord blood was found to be associated with
the risk of lower respiratory tract infection in the first year
of life consistent with the in vitro study results (35). Severe
deficiency can also contribute toward abnormalities such as small
stature for gestational age, neonatal hypocalcemia, hypocalcemic
seizures, infantile heart failure, enamel defects, large fontanelle,
congenital rickets, among others (36, 37). The role of Vitamin
D goes above and beyond the traditionally ascribed ones and
its significance in human physiology is undeniable. In the most
recent years, several papers have addressed the importance of
Vitamin D and its intracellular receptor VDR in regulation of
gut hemostasis and immune response (38-41), here we aim to
go further and present a comprehensive review examining the
epidemic of Vitamin D deficiency in Gulf Cooperation Council
(GCCQC) which is an alliance of six Middle Eastern countries—
Saudi Arabia, Qatar, Kuwait, the United Arab Emirates, Bahrain,
and Oman. We would also like to study the possible role of
specific genes in predisposing the gulf population to Vitamin D
deficiency, and how this increasing epidemic leads to disturbed
microbial balance in the intestines and manifestation of various
immune mediated diseases such as IBD.

METHODS USED TO REVIEW THE
LITERATURE IN THE FIELD

A comprehensive literature search was carried out in PubMed,
ScienceDirect, Google Scholar and SpringerLink databases using
keywords like “Vitamin D,” “Human microbiome,” “Vitamin D
metabolism,” “Vitamin D and Gut microbiome,” “Vitamin D
deficiency in Gulf countries,” “VDR and Immune regulation,”
“Immune related disease in Gulf countries,” “25-hydroxy vitamin
D.” Only articles published in English and related to the study
topic were included in this review. The search was not restricted
to the type of study i.e., species, meta-analysis, case-control,
randomized control trials, cohort studies, reviews, sample size,
or year of publication. Bibliographies and citation of the included
reviews were scanned for additional studies that may have been
missed by the database searches. The exclusion criteria comprised
the following: unpublished data, conference publications, articles
available only in the abstract form, and doctoral or master’s
thesis. Endnote software (Thomas Reuters, Philadelphia, PA)
was used to create library and manage the findings of the
search as recognized by the above-mentioned strategies. The
selected articles were read and organized under the following
headings: (1) Vitamin D, importance, metabolism, status and
supplementation (2) Prevalence of Vitamin D deficiency or
insufficiency and immune related disorders in GCC countries (3).
Possible relationship between disturbances of the gut microbiota
and/or Vitamin D deficiency, VDR dysfunction, and role of
Vitamin D in immune system and related disorders.
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FIGURE 1 | Vitamin D: sources, activation pathway, and importance in the human body: the major source of Vitamin D (UVB-sunlight) and the minor source (Dietary
Vitamin D) are transported to liver and metabolized to its main circulating form (25-hydroxyvitamin D) which is measured in the serum in most assays (18, 42, 43). The
activated form of Vitamin D is then synthesized in the kidney via hydroxylation to form 1,25-dihydroxyvitamin D, also known as calcitriol (44, 45). Calcitriol has many
functions including mineralization of bone matrix, enhancing absorption of calcium and phosphorous from small intestines, reducing autoimmunity and inflammation,
and gene regulation (20, 46).

VITAMIN D METABOLISM

In humans, Vitamin D originates from three potential sources:
Ultraviolet B (UVB) dependent exogenous synthesis, nutritional
sources and supplements (18, 42, 43). However, it is primarily
synthesized in the skin by the action of sunlight (UV dependent)
as very few naturally occurring food sources have adequate
amounts of Vitamin D (18, 42, 43). Dietary sources such as
fish, milk, orange juice, and cereals contain one of the two
forms, cholecalciferol (Vitamin D3) or ergocalciferol (Vitamin
D,) (18,42, 43). Regardless of the source, the Vitamin D synthesis
pathway follows several common steps as detailed in Figure 1.
Dermal synthesis starts with the conversion of cutaneously
derived cholesterol precursor 7-dehydroxycholestrol to
previtamin D3 by the action of UV sunlight (44, 47). Previtamin
D undergoes a temperature dependent isomerization to Vitamin
Ds. Vitamin D-binding protein (VDBP) carries the Vitamin D3
synthesized in the skin and Vitamin D,/Vitamin D3 absorbed via
intestine from the dietary sources to the liver (45). In the liver,
Vitamin D,/Vitamin D3 is hydrolyzed to 25-hydroxyvitamin
D[25(OH)D] by the action of enzyme 25-hydroxylase (CYP2R1)
(44). The final step of activation occurs in the kidney with the
conversion of 25-hydroxyvitamin D[25(OH)D] to 1,25(0OH),D
by the la-hydroxylase enzyme (CYP27B1) (48). Finally,
1,25(0OH);D binds to its principal receptor VDR through which
it regulates the expression of a large number of genes across
various tissues in the human body (46). VDR plays a central

role in mediating the biological functions of Vitamin D, via both
genomic and non-genomic pathways as elucidated in Figure 2.

VITAMIN D STATUS AND DOSAGE

Levels of Vitamin D are measured in the serum as 25(OH)D,
reflecting the Vitamin D status. The results of this blood
test help with the clinical decision as to whether to take
Vitamin D supplement or expose the skin to the sun. However,
there is no international guidelines for reading the Vitamin D
levels, as different organizations interpret the levels differently.
Levels indicated as normal by one method may be interpreted
differently by the other. The Vitamin D Council guidelines
recommends 40-80 ng/ml as the ideal level, with levels of 0-
30 ng/ml being considered deficient and 31-39 ng/ml considered
insufficient (50). According to the Endocrine Society (51) the
recommended preferred range falls between 40 and 60 ng/ml,
levels below 20 ng/ml should indicate deficiency, 20-29 ng/ml
defines insufficiency and >30ng/ml is considered sufficient, all
these guidelines along with the ones from the Food and Nutrition
Board (52) are summarized in Figure 3.

Measurement of 25(OH)D can be performed with a number
of different analytical techniques. Automated immunoassay’s is
used by most pathology lab to measure total serum 25(OH) D
(25(0OH) D, + 25(0OH) D3). Because of the clinical importance
of Vitamin D testing it is important to note the existing
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FIGURE 2 | Molecular actions of the Vitamin D/VDR axis. Inactive Vitamin D (25(0OH)D) circulates in the blood stream bound to Vitamin D binding protein (VDBP) and
undergoes hydroxylation by the renal mitochondrial 1-hydroxylase (CYP27B1) enzyme to convert into active form (1a,25(0H)»D). Active Vitamin D binds to its primary
receptor VDR to modulate the expression of more than 200 genes in human body. Some notable ones are grouped into various biological processes including (1)
bone metabolism (8-11) (2) immune cell regulation (14, 49) (3) cancer (12) (4) cell cycle (8) (5) metabolism (4-7) demonstrating the wide range of VDR dependent
genomic actions. Non-genomic actions include the activation of one or more intracellular signaling molecules, such as G protein-coupled receptors (G-protein),
Protein kinase C (PKC), phosphatidylinositol-3’-kinase (PI3K), and Phospholipase C (PLC) resulting in opening of the voltage-gated channels, generation of the
specific second messengers and cross talk with genomic pathways (8).
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FIGURE 3 | Vitamin D status classification according to different internationally recognized organizations. The lack of a consensus about the ranges for deficiency and
sufficiency among various international groups is apparent, Vitamin D council (1) defines Vitamin D deficiency in the range of 0-30 ng/ml whereas Endocrine Society (2)
and Institute of Medicine (3) defines it as 0-20 and 0-11 ng/ml, respectively. Similarly, sufficiency is defined as 40-80, 30-100, and >20ng/ml by (1), (2), (3),
respectively. Vitamin D serum levels measured above 150 ng/ml is considered toxic by (1) where as there is no such interpretation by (2) and (3) (50-52).

discrepancies in Vitamin D total immunoassays as reported To overcome the deficiency, Vitamin D supplementation
by several studies (53, 54). Various causes of the discrepancies  is usually advised, however there is no consensus on the
have been noted (55) including the cross-reactivities of various  optimal dose to be prescribed, as many factors such as age and
Vitamin D metabolites (56). Therefore, the assays for Vitamin  serum levels of 25(OH)D must be taken into account before
D testing need to be standardized so there is less variability in ~ recommending the best possible dose for instance for obese
the results, the Vitamin D Standardization Program (VDSP), was ~ people (BMI > 30 kg/mz), a daily Vitamin D dose was set as
launched in 2010 in collaboration with the National Institutes of =~ “three times” greater than the recommended dose for subjects
Health, the Centers for Disease Control and Prevention (CDC),  with normal body weight (51). The most common form of
the National Institute for Standards and Technology (NIST),and  Vitamin D supplementation is Cholecalciferol and Ergocalciferol
Ghent University in Belgium to correct the disparity and ensure  with both considered highly effective and safe (57). Vitamin D
reliable Vitamin D measurement. However, we are stillalong way  toxicity generally results from having serum levels of 25(OH)D
to go to attain the goal of standardization of assay and results, till > 150 ng/ml, which in most cases is attributed to prolonged and
then we have to rely on the judgement of physicians and experts  unintended daily intakes of >40,000 IU of supplementation (58).
in the field. The researchers who publish in this area will likely =~ Table 1 details the group-wise recommendations for daily dose of
continue to point toward such disparities. Vitamin D supplementation from different organizations.
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TABLE 1 | Group-wise recommendations for daily dose of Vitamin D
supplementation from different organizations.

Vitamin D council Endocrine society Food and nutrition

(IU/day) (lU/day) board (IU/day)
Adult 5,000 1,500-2,000 600
Infant 1,000 400-1,000 400
Children 1,000 600-1,000 600
Pregnant women 4,000-6,000 1,500-1,000 600

Disparity in Vitamin D dosage recommendations by the Vitamin D council (1), Endocrine
society (2), IOM food and nutrition board (3) are shown. Generally, however, pregnant
or breastfeeding women and the elderly as well as children and adults lacking enough
exposure to sunlight are in need of Vitamin D supplementation (50-52).

VITAMIN D DEFICIENCY: A HEALTH
PROBLEM WORLDWIDE AND IN THE GCC
COUNTRIES

Vitamin D deficiency is a major public health problem
worldwide, affecting more than a billion people across the globe
from both the developing and industrialized countries (59, 60).
Studies have suggested that more than 70% of USA and 50%
of UK adults may have insufficient Vitamin D levels (61, 62).
Among other European populations, 1 in 8 adults have low
circulating levels of 25-hydroxyvitamin D (63) and a similar
pattern has also been reported in India, Australia and New
Zealand (64, 65).

Despite the ample amount of year-round sunlight in the
GCC region, pandemic levels of Vitamin D deficiency have
been observed in recent years as represented in Figure 4. The
2016-2017 annual report from the Qatar Biobank highlights that
close to 86% of the total Qatar biobank population (comprising
of adults above 18-85 year-old, 80% of them Qatari national
and the rest were long-term residents) suffers from Vitamin D
inadequacy and more interestingly, 14% (more women 65% than
men 35%) remained deficient despite taking supplementation,
70% of the participants were also obese (71). A review examining
mixed population in Saudi Arabia (e.g., pregnant/ lactating
women, children, adults) found that in 81% of all the groups
the levels of 25(OH) D was <20 ng/mL (<50 nmol/L) (67). The
numbers run high in UAE as well, a study conducted with a
large cohort of patients (60,979) including UAE nationals and
visitors of other nationalities, showed that up to 82.5% of the
population suffers from deficiency or insufficiency of Vitamin
D. Around 86.1% UAE nationals and 78.9% visitors had serum
levels of 25(OH)D < 75 nmol/L. The study also showed that
the extreme cases of deficiency were higher in females (26.4%)
than males (18.4%) (68). Comparable percentages have also been
reported in different study cohorts’ in other countries in the gulf
peninsula (69, 70).

Recently many studies have associated high levels of Vitamin
D deficiency with immune-mediated and inflammatory diseases.
IBD is the term used to describe disorders that involve chronic
inflammation of the GI tract. The main types of IBD include:
ulcerative colitis and Crohn’s disease. Recently the Epi-IBD

study reported high prevalence of low Vitamin D levels in
treatment-naive European IBD populations, with 79% of the
patients showing either insufficient or deficient levels of Vitamin
D (72). Vitamin D supplementation was associated with reduced
intestinal inflammation in patients with active UC (73) and also
in controlling the relapse rate of IBD (74).

Systemic lupus erythematosus (SLE) is a chronic autoimmune
inflammatory disease which involves the connective tissue
effecting multiple organs such as the brain, lungs, kidneys, heart,
blood vessels, muscles, skin etc., and is more common among
women (75). Vitamin D deficiency was significantly higher in SLE
patients when compared to healthy controls in a study conducted
with a cohort of Bahraini patients (76). Similar results were
observed in a Saudi cohort (71) with high prevalence of Vitamin
D inadequacy was observed in Saudi patients with SLE.

T1DM prevalence/incidence is increasing worldwide (77) the
rise seems much steeper in gulf countries. A study conducted
to determine the association between Vitamin D status and
T1DM along with other factors in the young population of
the State of Qatar found out that the incidences of severe
Vitamin D deficiency was considerably higher in T1IDM (28.8%)
compared with healthy children (17.1%) (78), similarly in the
Saudi cohort 84% of the T1DM children, and 59% of the healthy
children were Vitamin D deficient (79). Low serum Vitamin
D status was found to be associated with high prevalence and
early onset of type-1 diabetes mellitus in Kuwaiti children as
well (80). In a case control study done with Multiple sclerosis
patient in Kuwait, VDR variants Tagl and Bsml were found
to be associated with MS risk (81).The therapeutic effect of
Vitamin D in immune diseases should be further assessed in
interventional studies.

A comparative associative study between Vitamin D
deficiency and IBS (Irritable bowel syndrome) was conducted
with patients visiting the gastroenterology clinic in Saudi Arabia,
Vitamin D deficiency was detected in 82% of the patients in the
IBS group and 31% in the control group (82).

The potential limitation to the findings of this review should
be considered, relatively small number of studies were available
to be included in the review and also there is limited data to
prove causal relationship between Vitamin D deficiency and
risk of Immune system related illness. The studies included
employ various definitions of hypovitaminosis D, and these
variations may result in the over or underestimation of Vitamin
D deficiency in GCC population. Thus, development of global
or local standard and guidelines will help in better screening to
define the candidates and treating those who are at most risk for
Vitamin D deficiency.

As we previously discussed, synthesis of Vitamin D occurs
in the skin and it depends on several factors such as time of
sun exposure, season, latitude, altitude, clothing, veiling, use
of sunscreen, old age, and skin color (83). It was previously
shown that limited exposure to sunlight results in poor Vitamin
D synthesis (84), thus even in sunny climates like the GCC
countries, high rates of Vitamin D deficiency is found because
of cultural and social habits that limit exposure to sunlight
(85). The association between reduced 25D concentrations and
obesity is also well-established with several large-scale studies
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FIGURE 4 | Vitamin D deficiency reported in GCC countries. Gulf Cooperation Council (GCC), alliance of six Middle Eastern countries—Saudi Arabia (KSA), Kuwait,
the United Arab Emirates, Qatar, Bahrain, and Oman. The Vitamin D deficiency runs high in the multi-ethnic population of these countries with percentages as high as
86% in Qatar (66) other countries such as KSA (67), UAE (68), Oman (69), and Kuwait (70) follow closely similar alarmingly high rates of Vitamin D
deficiency/Insufficiency. The GCC map used was obtained with copyright approval from: https://yourfreetemplates.com/free-middle-east-map/.

, Bahrain 864%

* Deficiency, 25(OH)D < 50 nmol/L
* Bahraini nationals

* Healthy cohort of males and females
(15-68 years of age).

—. Qatar 86%

« Mild to severe deficiency, 25(OH)D < 75
nmol/L

* Qatari nationals (80%) and non-Qatari
(20%) long term resident

+ Adult males and females( > 18 years of
age).

= United Arab Emirates 82 5%

* Deficiency/Insufficiency, 25(OH)D < 75
nmol/L

+ UAE nationals, expatriates and visitors

+ Mixed population(Adult, children,
Adolescents, newborn)

that found obesity to be associated with lower 25D, 1,25D
concentrations (86, 87). A bi-directional genetic study revealed
that though the effect of lower 25D on BMI may not be
significant but higher BMI leads to lower 25D (88) various
explanations have been proposed to define this association, such
as reduced cutaneous synthesis (89) and altered metabolism
(90). Dietary sources make up for <10% of the total Vitamin D
synthesized in the body (91), so even with a varied balanced diet,
individuals will not be able to achieve the reccommended Vitamin
D levels.

However, the insufficiency of Vitamin D may not be solely
due to diet or lack of sunlight. Several studies have suggested
that various genes can define the Vitamin D status, thus large-
scale genome-wide association studies have identified selected
genes mainly those involved in the synthesis, metabolism or
transport of Vitamin D to be associated with a variation in
the Vitamin D status (92, 93). The SNPs associated with these
genes were initially singled out in a European population (92)
and were later replicated in the African American (94) and
Asian populations (95). We utilized the GWAS catalog to
generate the list of 49 gene variants or risk allele associated
with Vitamin D Levels as shown in Table2 below. After
literature review we identified two gene-association studies
conducted in the GCC region, one in the Saudi populations
(104) and the other in the Kuwaiti population (105). The
study performed in the Saudi population identified a significant
risk of Vitamin D deficiency and insufficiency associated with
the SNP rs2228570 [Chromosome: 12, Position: 47879112,
Gene: Vitamin D Receptor (VDR)], rs4588 [Chromosome: 4,
Position: 71752606, Gene: GC] and rs10741657[Chromosome:
11, Position: 14,893,332, Gene: Vitamin D 25-hydroxylase
(CYP2R1)] (104), while the study conducted in Kuwait showed
that the polymorphism in the GC gene coding for the Vitamin D
Binding protein (VDBP) may play a major role in determining
Vitamin D levels in this population (105).

VITAMIN D AND THE GUT MICROBIOME:
IS IT A BIDIRECTIONAL RELATIONSHIP

The human gut microbiota (the microbial taxa associated with
humans) is home to an estimated 10'* microorganisms, with
around 500-1,000 species of bacteria (106). The vastness of the
human microbiome (the catalog of human microbiota and their
genes) can be imagined in terms that it contains 10 times more
cells and 100 times more genes than the human (107). These
microorganisms create a “mini-ecosystem” inside our bodies,
and they work together as biochemical factories performing
a wide array of activities such as acquisition of nutrients,
Vitamins production, degradation of toxins and enhancing host
immune responses by functioning as a barrier from pathogenic
microorganisms (108).

Gut microbiota exists in a symbiotic relationship with the
host. The composition of the gut microbiome plays a crucial
role in maintaining host homeostasis, as the wrong combination
of microbes contribute to an array of chronic digestive or
immune disorders such as IBD, obesity, diabetes mellitus,
metabolic syndrome, atherosclerosis, alcoholic liver disease,
nonalcoholic fatty liver disease, cirrhosis, and hepatocellular
carcinoma (109, 110).

The compositions of the gut microbiota is determined by
several factors as summarized in Figure5, which include
age, host genomics, immune health, exercise, intake of
medication specifically antibiotics, and dietary habits (111).
This imbalance or maladaptation of microbial communities
is often referred to as Dysbiosis (also called dysbacteriosis)
which has been categorized into three different types: (1) loss
of beneficial organisms, (2) excessive growth of potentially
harmful organisms, and (3) loss of overall microbial diversity.
These types can occur in combination and are not mutually
exclusive (112, 113). In such cases, the normally dominant
species become underrepresented and the resulting void is
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TABLE 2 | List of key variants or risk allele associated with Vitamin D level as reported by the GWAS catalog.

Number SNP Reported gene Region Location Functional class Reported trait References

1 rs3755967-T *GC (Group Specific 4013.3 4:71743681 Intron variant Vitamin D levels (96)
Component)

2 rs4588-T GC (Group Specific 40913.3 4:71752606 Missense_variant Vitamin D levels 97)
Component)

3 rs2282679-T GC (Group Specific 4013.3 4:71742666 Intron_variant Vitamin D levels (dietary (96)
Component) vitamin D intake interaction)

4 rs705117-G GC (Group Specific 4013.3 4:71742398 Intron_variant Serum vitamin D-binding (98)
Component) protein levels

5 rs7041-T GC (Group Specific 40913.3 4:71752617 Missense_variant Serum vitamin D binding (98)
Component) protein levels

6 rs2282679 GC (Group Specific 4913.3 4:71742666 Intron_variant Vitamin D insufficiency (92)
Component)

7 rs1607741-C GC (Group Specific 4013.3 4:71853316 Intergenic_variant Vitamin D levels 97)
Component)

8 rs2282679-C GC (Group Specific 40913.3 4:71742666 Intron_variant Vitamin D levels (99)
Component)

9 rs79761689-C  GC (Group Specific 4913.3 4:72005565 Intergenic_variant Vitamin D levels 97)
Component)

10 rs2282679-7 GC (Group Specific 4013.3 4:71742666 Intron_variant Vitamin D levels (100)
Component)

11 rs17467825-A  GC (Group Specific 40913.3 4:71739800 Downstream_gene_variant Vitamin D levels (101)
Component)

12 rs1155563-C GC (Group Specific 4013.3 471777771 Intron_variant Vitamin D levels (101)
Component)

13 rs4588-A GC (Group Specific 4013.3 4:71752606 Missense_variant Serum 25-Hydroxyvitamin D~ (102)
Component) levels

14 rs116970203-A CYP2R1 (Vitamin D 11p15.2  11:14855172 Intron_variant Vitamin D levels 97)
25-hydroxylase)

15 rs10741657-A  CYP2R1 (Vitamin D 11p156.2  11:14893332 Upstream_gene_variant Vitamin D levels (96)
25-hydroxylase)

16 rs10741657-?  CYP2R1 (Vitamin D 11p156.2  11:14893332 Upstream_gene_variant Vitamin D insufficiency (92)
25-hydroxylase)

17 rs2060793-A CYP2R1(Vitamin D 11p156.2  11:14893764 Upstream_gene_variant Vitamin D levels (99)
25-hydroxylase)

18 rs117913124-A  CYP2R1 (Vitamin D 11p156.2  11:14879385 Synonymous_variant Serum 25-Hydroxyvitamin D~ (102)
25-hydroxylase) levels

19 rs17216707-T  CYP24A1 20g138.2  20:54115823 Regulatory_region_variant Vitamin D levels (96)
(1,25-dihydroxyvitamin D(3)
24-hydroxylase)

20 rs6127099-T CYP24A1 200138.2  20:54114863 Intergenic_variant Vitamin D levels 97)
(1,25-dihydroxyvitamin D(3)
24-hydroxylase)

21 rs12785878-T  NADSYN1/DHCR7 11913.4  11:71456403 Intron_variant Vitamin D levels (96)
(7-dehydrocholestrol reductase)

22 rs12785878-?  NADSYNT1 (7-dehydrocholestrol 11q13.4  11:71456403 Intron_variant Vitamin D insufficiency (92)
reductase)

23 rs4423214-T NADSYN1(7-dehydrocholestrol  11g13.4  11:71462208 Intron_variant Vitamin D levels 97)
reductase)

24 rs4944062-T NADSYN1(7-dehydrocholestrol  11g13.4  11:71476248 3_prime_UTR_variant Vitamin D levels (dietary (96)
reductase) vitamin D intake interaction)

25 rs3829251-A NADSYNT1 (7-dehydrocholestrol 11g13.4  11:71483513 Intron_variant Vitamin D levels (99)
reductase)

26 rs182244780-A RRAS2 (RAS related 2) 11p15.2  11:14363985 Intron_variant Vitamin D levels 97)

27 rs12287212-A RRAS2 (RAS related 2) 11p156.2  11:14428315 Intergenic_variant Vitamin D levels (101)

28 rs11023332-C  PDES3B (phosphodiesterase 3B) 11p15.2  11:14762564 Intron_variant Vitamin D levels (101)

(Continued)
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TABLE 2 | Continued

Number SNP Reported gene Region Location Functional class Reported trait References

29 rs1007392-A PDE3B (Phosphodiesterase 3B) 11p15.2 11:14753045 Intron_variant Vitamin D levels (101)

30 rs117300835-A CALCB/INSC (Calcitonin 11p15.2  11:15097429 Intergenic_variant Vitamin D levels 97)
Related Polypeptide Beta)

31 rs55665837-T  COPB1(Coatomer Protein 11p15.2  11:14473503 Intron_variant Vitamin D levels 97)
Complex Subunit Beta 1)

32 rs148189294-A SLC4A4(Sodium bicarbonate  4g13.3 4:71575200 Downstream_gene_variant Vitamin D levels 97)
cotransporter 1)

33 rs117865811-G  SPON1(Spondin 1) 11p156.2 11:14180763 Intron_variant Vitamin D levels 97)

34 rs138485827-T NPFFR2/ADAMTS3 4013.3 4:72166226 Intergenic_variant Vitamin D levels 97)
(Neuropeptide FF Receptor2)/(A
disintegrin and
metalloproteinase with
thrombospondin motifs 3)

35 rs78862524-A  ADAMTSS (A disintegrin and 4913.3 4:72305473 Intron_variant Vitamin D levels 97)
metalloproteinase with
thrombospondin motifs 3)

36 rs8018720-C SEC23A 140211 14:39086981 Missense_variant Vitamin D levels (96)

37 rs3819817-T HAL (Histidine ammonia-lyase) 12023.1 12:95984993 Intron_variant Vitamin D levels 97)

38 rs185378533-G  FLJ42102 (Uncharacterized 11913.4  11:71422087 Intron_variant Vitamin D levels 97)
LOC399923)

39 rs2207173-G CYB5AP4(Cytochrome B5 Type 20p11.21  20:22824423 Intergenic_variant Vitamin D levels (103)
A Pseudogene 4)

40 rs2277458-G GEMIN2 (Gem Nuclear 140211 14:39114277 5_prime_UTR_variant Vitamin D levels 97)
Organelle Associated Protein 2)

41 rs10745742-T  AMDHD1(Amidohydrolase 12023.1 12:95964751 Intron_variant Vitamin D levels (dietary (96)
Domain Containing 1) vitamin D intake interaction)

42 rs12868495-A  VDAC1P12(Voltage dependent 13g13.2 13:34067425 Intergenic_variant Vitamin D levels (101)
anion channel 1 pseudogene
12)

43 rs12144344-T  STBGALNACS3(ST6 1p31.1 1:76373851 Intron_variant Serum Vitamin D-binding (98)
N-Acetylgalactosaminide protein levels
Alpha-2,6-Sialyltransferase 3)

44 rs115686313-G  IVL (Involucrin) 1021.3 1:1562917994 TF_binding_site_variant Vitamin D levels (103)

45 rs6730714-A PAX3 (Paired box gene 3) 2036.1 2:222184302 Intergenic_variant Vitamin D levels (101)

46 rs1566299-G NPY (Neuropeptide Y) 7p15.3 7:24185113 Intergenic_variant Vitamin D levels (101)

47 rs2302190-C MTMR4(Myotubularin Related 17022 17:58507147 Missense_variant Vitamin D levels (101)
Protein 4)

48 rs10508196-A  FAM155A (Family with 130g33.3 183:107827618  Intron_variant Vitamin D levels (101)
sequence similarity 155
member A)

49 rs4751058-A MKLN1 (Muskelin 1) 10g26.3  10:129075861  Intergenic_variant Vitamin D levels (101)

*GC gene codes for the Vitamin D binding protein (VDBP).

filled by increasing numbers of opportunistic or pathogenic
species resulting in overall decrease in overall bacterial diversity
(112). Dysbiosis is commonly reported in the gastrointestinal
tract (112) and is associated with a loss of the integrity of the
intestinal mucosa, which may result in gut impairment and
inflammation (114-116).

Several studies have demonstrated the role of Vitamin D
and its receptor VDR in regulating host-microbial interactions.
The active and inactive forms of Vitamin D circulate in
the bloodstream bound to VDBP. The active form known
as Calcitriol 1,25(OH),D is known to bind to the calcitriol
receptor, commonly known as the VDR (117). Calcitriol

binds to the VDR, which then forms a heterodimer with the
retinoid-X receptor and other co-activators. This transcriptional
complex then binds to discrete sites on DNA known as
Vitamin D responsive elements (VDREs) resulting in the
expression or repression of specific gene products (summarized
in Figure6) (131). It is also known that Vitamin D plays
a role in various microRNA-directed post-transcriptional
mechanisms (132).

The Interplay between Vitamin D, VDBP, Cyp27B1, and VDR
not only regulate the transcriptional and post-transcriptional
responses, but a growing evidence supports the concept that
Vitamin D metabolism impacts the intestinal microbial balance
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FIGURE 5 | Factors influencing the microbial community composition in
Humans. Maternal factors such as mother’s nutritional status (use of pre or
probiotics), mode of delivery (vaginal versus Cesarean section), gestation age
at birth (full or preterm), feeding type (formula feeding or breastfeeding), and
other exogenous factors such as diet and medication history, influence not
only the gut microbial community but also its metabolic capacity. Other
determinants of microbial composition include the age and immune health of
the individual along with their genetic makeup (111).

and gut homeostasis (132, 133). As previously mentioned, VDR
is expressed in a variety of cell types such as kidney, muscles,
prostate, immune cells; and high levels of expression in the
cells of the gastrointestinal tract (GI) have been shown (134).
Moreover, the Vitamin D activating enzyme Cyp27B1 is also
expressed in various immune cells, as well as intestinal epithelial
cells (135, 136). These two vital players of Vitamin D metabolism
have also been colocalized in different cells of the GI tract
suggesting the need for active Vitamin D in those cells (137).

In addition, the type of bacterial communities in the gut have
been shown to regulate the expression of both VDR and Cyp27B1
(138, 139). VDR expression is inversely related to the presence
of pathogenic bacteria, and correlate with probiotic bacteria
with the former decreasing (138) and the latter increasing
VDR expression (139). Animal studies done with germ-free and
antibiotics-treated mice have reported reduced levels of Cyp27B1
expression in those animal models (140). This suggests that the
intestinal bacteria regulate Vitamin D metabolism and, as a result,
they regulate the innate immune response. The synthesis of active
Vitamin D is modulated according to the local needs by Cyp27B1
and VDR enzymes whose expression is dependent on the “nature
of local microbiota.”

The VDR, Cyp27B1, and VDBP genes have also been studied
for their association with autoimmune diseases such as IBD

and its forms Crohn’s disease (CD) and Ulcerative colitis (UC)
(72, 141, 142). Several VDR polymorphisms such as Apal,
Tagl, and FokI have been associated with the development of
UC (143, 144). VDR and Cyp27B1 gene knockout mice have
shown increased susceptibility to the development of intestinal
colitis, elevated expression of proinflammatory cytokines, and
microbial dysbiosis, with more Proteobacteria and less firmicutes,
a condition commonly observed in patients with IBD (145).
Vitamin D supplementation in human and 1,25D treatment of
CYP27B1 knockout mice decreased Proteobacteria and increased
beneficial organism including members of the Firmicutes phyla
(132, 146).

Gut mucosal integrity is a crucial barrier, playing a vital role in
protection against pathogenic microorganisms, as disruption in
mucosal barrier function and hyperpermeability can predispose
to various diseases such as asthma, tuberculosis, cystic fibrosis
and intestinal lung diseases (147-149). Vitamin D and its
associated molecules provide protection for the epithelial barriers
in various tissues including the gut mucosa, by increasing the
expression of several tight and adherent junction proteins (150-
152). VDR signaling specifically has been known to regulate
the gut mucosal cell inflammation by suppressing intestinal
epithelial cell apoptosis (153). The increasing awareness of the
role of Vitamin D as an immunomodulator was prompted by
the discovery of VDR and production of active Vitamin D
(1,25(0OH); D) in almost all immune cells, including activated
CD4+ and CD8+ T cells, B cells, neutrophils and antigen-
presenting cells (APCs) such as macrophages and dendritic cells.
The details of this regulation are described in the section below.

VITAMIN D IN INNATE AND ADAPTIVE
IMMUNE SYSTEM

The innate immune system is the first and immediate line of
the defense against invading pathogens and is an alliance of
components both from the host and resident microbiota. The
host defense comprises of diverse components such as physical
defense (such as epithelial cells of the skin, mucous membrane,
and microbiome), cellular defense (as mast cells, dendritic cells,
macrophages, neutrophils, natural killer cells etc.), cell receptors
that recognize pathogens (as Toll-like Receptors), antimicrobial
peptides and proteins (as defensins, cathelicidins).

Vitamin D is able to modulate many of the above listed
components of the innate immune system. It is known to
reinforce the physical barrier function of epithelial cells. The
active Vitamin D and VDR are important in regulating the
genes of proteins required for the tight, adheres, and gap
junctions such as zonulin occluden-1, zonulin occluden-2
through the up regulation of claudin 2 and 12 (154). Studies
in transgenic mice demonstrated that over-expression of VDR
in the intestinal epithelium decreases mucosal inflammation
suppressing epithelial cell apoptosis and boosting the function of
tight junction (119, 155). The importance of active Vitamin D
in maintaining healthy gut microbiota has been discussed in the
earlier section.
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FIGURE 6 | The proposed role of Vitamin D mediated signaling in epithelial cell barrier function, Gut microbial hemostasis and modulation of Innate and adaptive
immune responses. VDR regulates the level of tight junction proteins ZO1, ZO2 via claudin2 and 12 (39, 118) and helps maintain the structural integrity of epithelial
barrier. Vitamin D deficiency have also been shown to disrupt gut homeostasis leading to systemic inflammation (119). Effects of Vitamin D on different players of the
innate and adaptive immune system. In response to an antigenic challenge, macrophages, dendritic cells, and lymphocytes express the Vitamin D receptor (VDR),
thereby becoming targets for the active Vitamin D metabolite, 1,25(0H)»D (120). Macrophages and dendritic cells also express the CYP27B1 that synthesizes
1,25(0OH), D leading to intra and paracrine responses such as stimulates enhancing the phagocytotic responses of macrophages and production of antimicrobial
proteins such as cathelicidin (49, 121, 122). Active Vitamin D also modulates adaptive immunity. At the level of the APCs (like DCs), 1,25(0H), D inhibits the surface
expression of MHC-II-complexed antigen. In addition, 1,25(0OH)»D directly affects T cell responses, by inhibiting the production of Th1 cytokines (IL-2 and IFN-y), Th17
cytokines (IL-17 and IL-21), and by stimulating Th2 cytokine production (IL-4) and Treg cell development (123-129). Finally, 1,25(0OH)oD blocks plasma-cell
differentiation, IgG and IgM production and B-cell proliferation (130). The above factors can trigger inflammatory immune responses such as TNF-a and IFN-y leading
to intestinal permeability and susceptibility to pathogenic infections, microbial dysbiosis and manifestation of immune related inflammatory diseases (19).

Monocytes and macrophages are crucial members of the  of DC markers, MHC-class II, co-stimulatory molecules (CD40,
innate immunity, Vitamin D stimulates the differentiation of =~ CD80, and CD86), and other maturation molecules (e.g.,
precursor monocytes to mature phagocytic macrophage, the =~ CDla, CD83), chemokine (CXCL10) which is involved in the
high expression of VDR by monocytes ensures sensitivity of  recruitment of T helper 1 (Thl) cells. Furthermore, active
these cells to the differentiating effects of active Vitamin D  Vitamin D also modulates DC-derived cytokine and chemokine
(120). Mature macrophages sense pathogen-associated molecular ~ expression, by inhibiting the production of pro-inflammatory
patterns (PAMPs) by means of pattern-recognition receptors,  cytokine (IL-12 and IL-23) and enhancing the release of anti-
such as Toll-like receptors (TLRs). The presence of CYP27B1  inflammatory cytokine (IL-10) and the chemokine [CCL22,
(Vitamin D activating enzyme) in macrophages is important  involved in the recruitment regulatory T cells (Tregs)] (123-125).
for the physiological action of host defense against infection, However, this interaction between active Vitamin D and cells
activation of 25(0OH) D to 1, 25(OH), D via CYP27B1 in  from innate immunity also have downstream effects on cells from
macrophages leads to regulation of TLR2 (121), enhanced the adaptive immune system. The adaptive immune system or
production of defensin B2, cathelicidin antimicrobial peptide  acquired immune system is the second line of defense against
(CAMP) (49) leading to induction of autophagy (122). The ability ~ infection. It comes into action upon exposure to pathogens
of 1,25(0OH),D to increase the production of other antimicrobial ~ and uses immunological memory to learn about the pathogens
peptides, has been demonstrated both in vitro by monocytes  and enhance the immune response accordingly. The adaptive
stimulation (156) and in vivo in pediatric patients’ blood (157). immune system is composed of T and B cells and is also

At the same time, the active Vitamin D can inhibit the responsible for autoimmune reaction. 1,25(OH), D suppresses
dendritic cell (DCs) differentiation and maturation. In human  the immune responses mediated by Type 1T helper (Th1) cells,
and murine DC cultures, the activation of VDR signaling by inhibiting the inflammatory cytokines IL-2 and interferon
pathways inhibited DC-maturation as shown by downregulation =~ gamma (IFNy) (125, 126) On the other hand, it has been
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reported to enhance cytokines associated with Th2 cells (127).
The 1,25(0OH), D also regulate Treg cells (known for their role
in the inhibition of inflammation) by induction of Foxp3 (the
transcription factor involved in the development and function
of Treg cells) (128). In addition to Thl, Th2, and Treg cells
(subsets from the CD4 + T cell lineage) there are distinct subset
termed Th17 cells that produce IL-17, which has been implicated
in the pathogenesis of a number of autoimmune diseases. Th17
is inhibited by 1,25(0OH), D (129). 1,25(0OH), D prevents the
activation of nuclear factor kappa-B (NF-kB), a component of
proinflammatory signaling pathway at the level of transcription
[VDR/RXR has been reported to bind to NF-kB promotor (IL-
12p20) thus preventing its activation] (158).

The proliferation of VDR-expressing B-cells is also suppressed
by active Vitamin D negatively impacting Ig production and also
inhibiting the differentiation of plasma cells and class-switched
memory cells highlighting a potential role for Vitamin D in
B-cell-related disorders such as SLE (130). Figure 6 details the
proposed model of the overall impact of Vitamin D in the
regulation of the epithelial barrier function, gut microbiota, and
the immune system.

The above data elucidate the role of Vitamin D/VDR
signaling in not only maintaining the microbial landscape
in the gut in check and keeping the gut mucosal integrity
intact but also as a potent immunomodulator. However, to
fully understand the extent to which Vitamin D impact these
complex systems, the multidirectional interaction between them
needs to be considered. The importance of the interplay
presents an encouraging field for further research with potential
clinical implications.

DISCUSSION

Vitamin D deficiency is a major health problem in GCC
countries including Qatar, indicating its importance as a regional
and national health problem (67-71). Vitamin D deficiency
affects various age groups and threatens the GCC populations
with increased prevalence for chronic diseases such as IBD,
cancer, diabetes among others. The reasons for the deficiency
include limited exposure to sunlight, full body covering and low
consumption of food rich in Vitamin D (83-85). The deficiency
is treated with Vitamin D supplementation or intramuscular
injections, however, despite being treated in a similar manner;
there are interracial and interindividual variations in response
to Vitamin D intake (159). The differences in serum Vitamin D
levels among diverse ethnic groups have been previously reported
in GWAS studies that have identified SNPs associated with
genes from the Vitamin D pathway (92-95). These studies have
indicated that certain ethnic groups may be predisposed to lower
serum Vitamin D levels. We believe the same may be true for the
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Human Campylobacter infections are progressively rising and of high socioeconomic
impact. In the present preclinical intervention study we investigated anti-pathogenic,
immuno-modulatory, and intestinal epithelial barrier preserving properties of vitamin
D applying an acute campylobacteriosis model. Therefore, secondary abiotic
IL-10~/~ mice were perorally treated with synthetic 25-OH-cholecalciferol starting 4
days before peroral Campylobacter jejuni infection. Whereas, 25-OH-cholecalciferol
application did not affect gastrointestinal pathogen loads, 25-OH-cholecalciferol treated
mice suffered less frequently from diarrhea in the midst of infection as compared to
placebo control mice. Moreover, 25-OH-cholecalciferol application dampened C. jejuni
induced apoptotic cell responses in colonic epithelia and promoted cell-regenerative
measures. At day 6 post-infection, 25-OH-cholecalciferol treated mice displayed
lower numbers of colonic innate and adaptive immune cell populations as compared
to placebo controls that were accompanied by lower intestinal concentrations of
pro-inflammatory mediators including IL-6, MCP1, and IFN-y. Remarkably, as compared
to placebo application synthetic 25-OH-cholecalciferol treatment of C. jejuni infected
mice resulted in lower cumulative translocation rates of viable pathogens from the
inflamed intestines to extra-intestinal including systemic compartments such as the
kidneys and spleen, respectively, which was accompanied by less compromised
colonic epithelial barrier function in the 25-OH-cholecalciferol as compared to the
placebo cohort. In conclusion, our preclinical intervention study provides evidence
that peroral synthetic 25-OH-cholecalciferol application exerts inflammation-dampening
effects during acute campylobacteriosis.

Keywords: vitamin D, Campylobacter jejuni, campylobacteriosis model, intervention study, host-pathogen
interaction, acute enterocolitis, intestinal epithelial barrier function
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INTRODUCTION

Campylobacter jejuni constitute major infectious bacterial
agents of zoonotic enteric morbidities with increasing
prevalences worldwide (1). Humans become infected via
the food chain by consumption of raw or undercooked meat
derived from contaminated livestock animals or by ingestion of
C. jejuni containing surface water (2-4). Infected individuals
present with symptoms of varying degree depending on the
virulence of the acquired bacterial strain on one side and the
host immune status on the other (1, 5-7). Some patients display
rather mild symptoms including watery diarrhea, whereas
others develop acute campylobacteriosis (8, 9). These severely
compromised individuals complain about abdominal cramps,
fever, and inflammatory bloody diarrhea (8, 9). During infection
intestinal tissues are destroyed by innate immune responses and
display profound histopathological inflammatory changes such
as ulcerations, crypt abscesses, and increased numbers of innate
and adaptive immune cells in the colonic mucosa and lamina
propria (5, 8, 10, 11). The vast majority of human infections
are usually self-limiting and treated (if at all) symptomatically.
Only severely compromised patients with immuno-suppressive
comorbidities, for instance, require hospitalization and receive
antimicrobial treatment (6, 8, 9). In rare cases, however, post-
infectious sequelae such as Guillain-Barré syndrome, Miller
Fisher syndrome, Reiter’s syndrome, and reactive arthritis might
arise with a latency of weeks to months (8, 9, 12).

Despite the progressively increasing prevalences of human
campylobacteriosis, cellular, and molecular events that are
involved in disease development are not yet fully understood.
However, previous clinical studies revealed that in humans
acute C. jejuni induced disease courses and post-infectious
sequelae such as Guillain-Barré syndrome are triggered by the
pathogenic surface molecule lipooligosaccharide (LOS) causing
hyper-activation of the innate immune system in the sialylated
form (13). For quite a long time in vivo studies have been
hampered by the scarcity of appropriate animal models. This
is mainly because the gastrointestinal microbiota of mice
mediates a strong colconization resistance to C. jejuni and
mice are per se about 10,000-fold more resistant to LOS and
lipopolysaccharide (LPS) as compared to humans (14). Our
group has recently shown that secondary abiotic IL-107/~
mice in which the gut microbiota had been depleted by
broad-spectrum antibiotic treatment can not only be effectively
colonized by the pathogen upon peroral infection, but also
develop key features of acute campylobacteriosis such as wasting
and bloody diarrhea within 1 week (15). One major reason
for these severe immunopathological responses mounting in
acute ulcerative enterocolitis is the absence of colonization
resistance and the lack of interleukin-10 (IL-10) providing
murine resistance to C. jejuni LOS (16, 17). In consequence, C.

Abbreviations: CBA, Cytometric Bead Array; CFU, colony-forming units; HPE,
High power fields; IFN, interferon; IL, interleukin; LOS, Lipo-oligosaccharide;
LPS, Lipo-polysaccharide; MCP-1, monocyte chemoattractant protein 1; MLN,
mesenteric lymph nodes; PBS, phosphate buffered saline; p.i., post-infection; PLC,
Placebo; Rt, Transmural electrical resistance; SPFE, specific pathogen free; Th, T
helper cell; TLR, toll-like receptor; TNE, tumor necrosis factor; Treg, regulatory
T cells; UV, ultraviolet; VDR, vitamin D receptor; VitD, Vitamin D.

jejuni infected IL-107/~ mice display pronounced LOS induced
and Toll-like receptor-4 (TLR-4) dependent innate and adaptive
immune responses that are not restricted to the intestinal tract,
but can also be observed in extra-intestinal including systemic
compartments (15, 18-25).

Vitamin D has primarily been known for its regulatory
properties in bone metabolism due to the tight control of calcium
reabsortion in the intestinal tract and in bone remodeling (26).
After exposure to ultraviolet (UV) B light the steroid hormone is
produced in the skin from 7-dehydroxy-cholesterol followed by
hydroxylation steps in the liver and the kidneys to the biologically
active forms 25-hydroxy-vitamin D and 1,25-dihydroxy-vitamin
D, respectively (27). After ingestion of food or supplements,
circulating 25-hydroxy-vitamin D can be utilized by many
cells including immune cells and intestinal intraepithelial
cells expressing the la-hydroxylase enzyme CYP27B, whereas
24-hydroxylase CYP24A exerts counter-regulatory properties
subsequently providing local 1,25-dihydroxy-vitamin D sources
in a well-balanced fashion (27).

The identification of the vitamin D receptor (VDR) on
peripheral blood mononuclear cells in the 1980s first pointed
to immune-related functions of vitamin D (28, 29). In fact,
vitamin D has been shown to be involved in modulating both,
innate and adaptive immune responses (30-33) and to exert anti-
inflammatory effects (34). Furthermore, several reports underline
the anti-microbial properties of vitamin D (33). For instance,
vitamin D could effectively inhibit the growth of Gram-positive
bacterial strains such as Staphylococcus aureus, Streptococcus
pyogenes, and Streptococcus mutans, but also of Gram-negative
species including Klebsiella pneumoniae and Escherichia coli (35—
37). In addition, the production of antimicrobial peptides such
as cathelicidin and defensins are stimulated by vitamin D (38-
40). Both, immune-modulatory and antimicrobial effects might
be responsible for the beneficial effects of exogenous vitamin D
observed in infectious morbidities caused by Helicobacter pylori
(41) and in respiratory tract infections (42). Moreover, vitamin D
has been shown to be involved in maintenance of the intestinal
epithelial barrier integrity (43).

This prompted us in our present preclinical intervention
study to investigate potential pathogen-lowering, immuno-
modulatory, intestinal epithelial barrier preserving and hence,
disease-alleviating effects of synthetic 25-OH-cholecalciferol
applying a clincial model of acute campylobacterosis.

MATERIALS AND METHODS

Ethics Statement

All animal experiments were conducted in accordance with the
European Guidelines for animal welfare (2010/63/EU) following
approval by the commission for animal experiments headed by
the “Landesamt fiir Gesundheit und Soziales” (LaGeSo, Berlin,
registration numbers G0172/16 and G0247/16). Twice a day
clinical conditions of mice were assessed.

Generation of Secondary Abiotic Mice

Female and male IL-10~/~ mice (all in C57BL/6j background)
were bred and reared under specific pathogen free (SPF)
conditions in the same unit of the Forschungseinrichtungen
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fir Experimentelle Medizin (FEM, Charité-University Medicine
Berlin). Three to five mice were maintained in one cage including
filter tops within an experimental semi-barrier (accessible only
with lab coat, overshoes, caps, and sterile gloves) under standard
conditions (22-24°C room temperature, 55 £ 15% humidity,
12h light/12 dark cycle) and had free access to autoclaved
standard chow (food pellets: ssniff R/M-H, V1534-300, Sniff,
Soest, Germany).

In order to assure stable gastrointestinal C. jejuni colonization
and to override physiological colonization resistance (44),
microbiota-depleted (i.e., secondary abiotic) mice were generated
(44, 45). In brief, immediately post-weaning 3-week old
mice were subjected to a 10-week course of broad-spectrum
antibiotic treatment by adding ampicillin plus sulbactam (1 g/L;
Ratiopharm, Germany), vancomycin (500 mg/L; Cell Pharm,
Germany), ciprofloxacin (200 mg/L; Bayer Vital, Germany),
imipenem (250 mg/L; MSD, Germany) and metronidazole (1
g/L; Fresenius, Germany) to the autoclaved drinking water
(ad libitum) as described elsewhere (45). To assure antibiotic
washout, the antibiotic cocktail was withdrawn 4 days prior
infection and thus immediately before start of the vitamin
D treatment.

Vitamin D Treatment

Vitamin D treatment started 4 days before C. jejuni infection.
Therefore, synthetic 25-OH-cholecalciferol (purchased from
Sigma-Aldrich, Miinchen, Germany) was dissolved in Tween 80
(0.2% v/v) and administered to mice via the autoclaved tap water
(ad libitum). Considering a body weight of ~25g per mouse
and a daily drinking volume of ~5mL, the final concentration
of the synthetic 25-OH-cholecalciferol solution was 2.5 pg/mL
resulting in a daily treatment dosage of 500 jLg per kg body weight
(equivalent to 20,000 IU per kg) (46). Hence, the applied daily
vitamin D dose was far beyond the toxic doses defined for rodents
(i.e., 42 mg/kg/day) (47, 48) and humans (i.e., 150 mg/kg/day)
(49). Age and sex matched placebo (PLC) control mice received
vehicle (i.e., Tween 80) via the drinking water (ad libitum).

C. jejuni Infection, Gastrointestinal

Colonization, and Translocation
For infection, a stock solution of C. jejuni 81-176 strain that
had been stored at —80°C was thawed, aliquots streaked onto
karmali agar (Oxoid, Wesel, Germany) and incubated in a
microaerophilic atmosphere at 37°C for 48 h. Immediately before
peroral infection of mice, bacteria were harvested in sterile PBS
(Oxoid) to a final inoculum of 10° bacterial cells. Mice (3 months
of age) were perorally infected on two consecutive days (i.e.,
days 0 and 1). Animals were continuously maintained in a sterile
environment (autoclaved food and drinking water) and handled
under strict aseptic conditions to prevent from contaminations.
In order to assess gastrointestinal colonization and
translocation, C. jejuni were quantitatively assessed in fecal
samples over time post-infection (p.i.) and furthermore,
in luminal samples derived from distinct parts of the
gastrointestinal tract (i.e., from the stomach, duodenum,
ileum, and colon) and in organ homogenates at day 6 p.i. by
culture as stated elsewhere (44, 50). The detection limit of viable

pathogens was ~100 CFU per g (CFU/g). To assess C. jejuni
bacteremia, thioglycollate enrichment broths (BD Bioscience,
Germany) were inoculated with ~200 pL cardiac blood of
individual mice, incubated for 7 days at 37°C, and streaked onto
respective media for further identification as described (44).

Clinical Conditions

Before and after C. jejuni infection the clinical conditions of mice
were assessed on a daily basis by using a standardized cumulative
clinical score (maximum 12 points), addressing the clinical
aspect/wasting (0: normal; 1: ruffled fur; 2: less locomotion; 3:
isolation; 4: severely compromised locomotion, pre-final aspect),
the abundance of blood in feces (0: no blood; 2: microscopic
detection of blood by the Guajac method using Haemoccult,
Beckman Coulter/PCD, Germany; 4: macroscopic blood visible),
and diarrhea (0: formed feces; 2: pasty feces; 4: liquid feces) as
described earlier (19).

Sampling Procedures

At day 6 p.i., mice were sacrificed by isofluran inhalation (Abbott,
Germany). Luminal gastrointestinal samples (from stomach,
duodenum, ileum, and colon) and ex vivo biopsies from colon,
ileum, mesenteric lymph nodes (MLN), spleen, liver, kidneys, and
lungs were taken under sterile conditions. For serum cytokine
measurements cardiac blood was taken. Colonic and extra-
intestinal samples were collected from each mouse in parallel for
microbiological, immunohistopathological, and immunological
analyses. The absolute colonic and small intestinal lengths were
measured with a ruler (in cm).

Immunohistochemistry

In situ immunohistochemical analyses were performed in colonic
ex vivo biopsies that had been immediately fixed in 5% formalin
and embedded in paraffin as described earlier (51-54). In
brief, in order to detect apoptotic epithelial cells, proliferation
epithelial cells, macrophages/monocytes, T lymphocytes, and
regulatory T cells (Tregs), 5um thin paraffin sections of ex
vivo biopsies were stained with primary antibodies directed
against cleaved caspase 3 (Asp175, Cell Signaling, Beverly, MA,
USA, 1:200), Ki67 (TEC3, Dako, Denmark, 1:100), F4/80 (# 14-
4801, clone BM8, eBioscience, San Diego, CA, USA, 1:50), CD3
(#N1580, Dako, 1:10), and FOXP3 (clone FJK-165, #14-5773,
eBioscience, 1:100), respectively. Positively stained cells were
then examined by light microscopy (magnification 100x and
400x), and for each mouse the average number of respective
positively stained cells was determined within at least six high
power fields (HPE, 0.287 mm?, 400 x magnification) by a blinded
independent investigator.

Inflammatory Mediator Detection in
Supernatants of Intestinal and

Extra-Intestinal ex vivo Biopsies

Colonic ex vivo biopsies were cut longitudinally, washed in
phosphate buffered saline (PBS; Gibco, Life Technologies, UK),
and strips of ~1 cm? tissue and ex vivo biopsies derived from
MLN (3-4 lymph nodes), liver, and spleen (one half) were
placed in 24-flat-bottom well-culture plates (Nunc, Germany)
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containing 500 wL serum-free RPMI 1640 medium (Gibco, life
technologies, UK) supplemented with penicillin (100 U/mL)
and streptomycin (100 pg/mL; PAA Laboratories, Germany).
After 18h at 37°C, respective culture supernatants as well as
serum samples were tested for IL-6, monocyte chemoattractant
protein 1 (MCP-1), tumor necrosis factor (TNF), and interferon-
y (IFN-y) by the Mouse Inflammation Cytometric Bead Assay
(CBA; BD Biosciences, Germany) on a BD FACSCanto II
flow cytometer (BD Biosciences). Systemic pro-inflammatory
cytokine concentrations were measured in serum samples.

Electrophysiological Measurements

Distal colonic ex vivo biopsies were mounted unstripped
in Ussing chambers (0.049 cm? area). Transmural electrical
resistance (Rt) was recorded under voltage clamp conditions
by an automatic clamp device (CVC6, Fiebig Hard and
Software, Berlin, Germany) at 37°C over 1h. The bathing
solution was composed of NaCl (113.6 mmol/L), NaHCO3 (21.0
mmol/L), KCI (5.4 mmol/L), NaHPO,4 (2.4 mmol/L), MgCl,
(1.2 mmol/L), CaCl, (1.2 mmol/L), NaH,PO,4 (0.6 mmol/L),
D(+)-glucose (10.0 mmol/L), D(+)-mannose (10.0 mmol/L),
beta-hydroxybutyric acid (0.5 mmol/L), and L-glutamine (2.5
mmol/L) equilibrated with carbogen gas (pH 7.4).

Statistical Analysis

Medians and levels of significance were determined using
Mann-Whitney test (GraphPad Prism v7, USA) for pairwise
comparisons of not normally distributed data, and using the
one-sided ANOVA with Tukey post-correction or the Kruskal-
Wallis test with Dunn’s post-correction for multiple comparisons
as indicated. Two-sided probability (p) values < 0.05 were
considered significant. Experiments were performed in a blinded
fashion and reproduced three times.

RESULTS

Intestinal Pathogen Loads Over Time
Following Vitamin D Treatment of C. jejuni

Infected Mice With Acute Enterocolitis
Secondary abiotic IL-107/~ mice were subjected to synthetic
25-OH-cholecalciferol treatment via the drinking water starting
4 days before C. jejuni infection. On two consecutive days,
namely days 0 and 1, mice were then perorally challenged with
10° viable pathogens by gavage. Daily cultural analyses of fecal
samples revealed that 25-OH-cholecalciferol application did not
affect pathogenic intestinal colonization properties as indicated
by stable median fecal C. jejuni loads of 10° CFU/g over time
p.i. that did not differ between both cohorts at respective time
points (n.s.; Figure S1). Upon necropsy, luminal gastrointestinal
C. jejuni densities did not differ between 25-OH-cholecalciferol
and placebo treated mice as determined in stomach, duodenum,
ileum and colon at day 6 post-infection (n.s; Figure1).
Hence, synthetic 25-OH-cholecalciferol treatment did not affect
gastrointestinal C. jejuniloads.

C. jejuni - Gastrointestinal Tract
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FIGURE 1 | Gastrointestinal C. jejuni loads following vitamin D treatment of
infected mice. Secondary abiotic IL-10~/~ mice were treated with synthetic
25-OH-cholecalciferol (vitamin D, VitD, open circles) or placebo (PLC, closed
circles) via the drinking water starting 4 days before peroral C. jejuni 81-176
strain infection on days 0 and 1. At necropsy (i.e., day 6 post-infection), luminal
C. jejuni loads were quantitatively assessed from each mouse in distinct
gastrointestinal compartments as indicated by culture and expressed in colony
forming units per g (CFU/g). Medians (black bars) and numbers of analyzed
animals (in parentheses) are indicated. Data were pooled from four

independent experiments.

Comprehensive Survey of Clinical
Conditions Over Time Following Vitamin D
Treatment of C. jejuni Infected Mice With

Acute Enterocolitis

Within 6 days following C. jejuni infection mice from
either cohort developed comparably severe symptoms of acute
enterocolitis as daily quantitated applying a standardized
cumulative clinical scoring system (Figure S2) assessing wasting
symptoms, abundance of fecal blood, and the severity of diarrhea.
Whereas overall pathogen-induced clinical symptoms were
comparable between the two cohorts over time (n.s.; Figure S2),
cumulate relative frequencies of diarrhea were lower in 25-OH-
cholecalciferol treated mice as compared to placebo controls as
early as 24 h following the latest infection (i.e., day 2 p.i.) until 4
p.i. (Figure 2). Hence, synthetic 25-OH-cholecalciferol treatment
results in less frequent C. jejuni induced diarrhea in the midst
of infection.

Macroscopic and Microscopic
Inflammatory Sequelae Following Vitamin
D Treatment of C. jejuni Infected Mice With
Acute Enterocolitis

Given that intestinal inflammation is association with a
significant shortening of the affected part of the intestinal tract
(15, 45), we measured the lengths of both, the small and
large intestines upon necropsy. In fact, C. jejuni infection was
accompanied with shorter colons of placebo as well as of 25-OH-
cholecalciferol treated mice (p < 0.001; Figure S3A), whereas the
small intestinal lengths were virtually unaffected at day 6 p.i. (n.s.;
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FIGURE 2 | Diarrhea frequencies over time following vitamin D treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~ mice were treated with synthetic
25-0OH-cholecalciferol (vitamin D, VitD, white bars) or placebo (PLC, black bars) via the drinking water starting 4 days before peroral C. jejuni 81-176 strain infection on
days 0 and 1. Occurrence of diarrhea was assessed in each mouse from day O until day 6 post-infection as indicated applying a standardized clinical scoring system
(see Materials and Methods). Bars indicate the cumulative frequencies of diarrhea (in %). Numbers of diarrheal mice out of the total number of analyzed animals are
given in parentheses. Data were pooled from four independent experiments.

Figure S3B). Hence, synthetic 25-OH-cholecalciferol treatment
does not ameliorate C. jejuni induced macroscopic disease.

Since apoptosis is regarded a reliable parameter for the
grading of intestinal inflammation (44), we further quantitatively
assessed caspase3™ apoptotic epithelial cells in large intestinal
ex vivo biopsies applying in situ immunohistochemistry. At
day 6 p.i., C. jejuni infected mice exhibited multifold increased
numbers of apoptotic cells in their colonic epithelia (p <
0.001), that were, however, more than 60% lower in 25-OH-
cholecalciferol as compared to placebo treated mice (p <
0.05; Figure 3A, Figure S4A). Conversely, numbers of Ki67"
colonic epithelial cells indicative for cell proliferation and
regeneration increased upon C. jejuni infection (p < 0.001),
but more distinctly following 25-OH-cholecalciferol as compared
to placebo treatment (p < 0.05; Figure 3B, Figure S4B).
Hence, synthetic 25-OH-cholecalciferol treatment dampens C.
jejuni induced apoptotic cell responses and promotes cell
regenerative measures counteracting intestinal cell damage upon
pathogenic exposure.

Intestinal Immune Cell Responses
Following Vitamin D Treatment of C. jejuni

Infected Mice With Acute Enterocolitis

We further quantitatively surveyed both, innate and adaptive
immune cell responses in the large intestinal tract following
synthetic 25-OH-cholecalciferol treatment of C. jejuni infected
mice by immunohistochemical staining of colonic paraffin
sections. As early as 6 days upon C. jejuni infection, numbers
of F4/80" innate immune cell subsets including macrophages
and monocytes had increased in the large intestinal mucosa
and lamina propria (p < 0.001), but less distinctly in 25-OH-
cholecalciferol as compared to placebo challenged mice (p
< 0.01; Figure 4A, Figure S4C). Similarly, C. jejuni induced
increases in adaptive immune cells such as CD3" lymphocytes,
were less pronounced in the 25-OH-cholecalciferol vs. placebo
cohort at day 6 p.i. (p < 0.05, VitD vs. PLC; Figure 4B,
Figure $4D). Interestingly, numbers of FOXP3™ regulatory
T cells (Treg) were slightly higher following vitamin D as
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FIGURE 3 | Colonic epithelial cell apoptosis and cell proliferation/regeneration following vitamin D treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~
mice were treated with synthetic 25-OH-cholecalciferol (vitamin D, VitD, open circles) or placebo (PLC, closed circles) via the drinking water starting 4 days before
peroral C. jejuni 81-176 strain infection on days 0 and 1. At necropsy (i.e., day 6 post-infection), the average numbers of colonic epithelial (A) apoptotic (Casp3*) and
(B) proliferating (Ki67+) cells were assessed microscopically from six high power fields (HPF, 400x magnification) per animal in immunohistochemically stained colonic
paraffin sections. Uninfected and untreated mice (none, open diamonds) served as negative control animals. Medians (black bars), levels of significance (p-values)
assessed by the Kruskal-Wallis test and Dunn’s post-correction or the one-sided ANOVA test with Tukey post-correction and numbers of analyzed animals (in

compared to placebo treated C. jejuni infected mice (p < 0.01;
Figure 4C, Figure S4E). Hence, synthetic 25-OH-cholecalciferol
treatment results in less pronounced C. jejuni induced
intestinal responses of distinct innate and adaptive immune
cell populations.

Intestinal Pro-inflammatory Mediator
Secretion Following Vitamin D Treatment
of C. jejuni Infected Mice With Acute
Enterocolitis

We next measured pro-inflammatory mediators in intestinal ex
vivo biopsies. At day 6 following C. jejuni infection increased
IL-6 and MCP-1 concentrations could be assessed in the colon
of placebo (p < 0.01 and p < 0.05, respectively), but not 25-OH-
cholecalciferol treated mice (Figures 5A,B). C. jejuni induced
increases in large intestinal TNF and IFN-y concentrations (p
< 0.05-0.001 vs. none), however, were unaffected by 25-OH-
cholecalciferol challenge (n.s. vs. PLC; Figures 5C,D). In line,
ileal IL-6 and MCP-1 as well as IFN-vy levels were elevated upon
C. jejuni infection of mice from the placebo (p < 0.05-0.01), but
not from the 25-OH-cholecalciferol cohort (Figures 6A,B,D),
whereas like in the colon, ileal TNF concentrations were
comparably elevated at day 6 post-infection of either cohort (p
< 0.001; Figure 6C). Hence, synthetic 25-OH-cholecalciferol
treatment of C. jejuni infected mice results in less pronounced
secretion of distinct pro-inflammatory mediators in the
intestinal tract.

Extra-Intestinal Inflammatory Immune
Responses Following Vitamin D Treatment

of C. jejuni Infected Mice

We further asked whether the 25-OH-cholecalciferol mediated
anti-inflammatory effects were restricted to the intestinal tract
or also effective in extra-intestinal compartments. In fact, IFN-
y concentrations were lower in MLN and liver of 25-OH-
cholecalciferol as compared to placebo treated mice at day 6
pi. (p < 0.05; Figures 7A,B). Interestingly, C. jejuni infection
resulted in decreased IFN-y secretion in splenic ex vivo biopsies
irrespective of the treatment regimen (p < 0.001; Figure 7C).
Hence, synthetic 25-OH-cholecalciferol treatment of C. jejuni
infected mice resulted in less distinct IFN-y secretion in MLN
and liver.

Systemic Pro-inflammatory Mediator
Secretion Following Vitamin D Treatment
of C. jejuni Infected Mice With Acute

Enterocolitis

We next addressed whether synthetic 25-OH-cholecalciferol
treatment might alleviate systemic C. jejuni induced pro-
inflammatory immune responses. At day 6 p.i., mice from
either cohort exhibited comparably elevated IL-6, MCPI,
TNE, and IFN-y serum concentrations (p < 0.001 vs. none;
Figure S5). Hence, synthetic 25-OH-cholecalciferol treatment
does not affect C. jejuni induced systemic pro-inflammatory
mediator secretion.
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FIGURE 4 | Colonic immune cell responses following vitamin D treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~ mice were treated with synthetic
25-0OH-cholecalciferol (vitamin D, VitD, open circles) or placebo (PLC, closed circles) via the drinking water starting 4 days before peroral C. jejuni 81-176 strain
infection on days 0 and 1. At necropsy (i.e., day 6 post-infection), the average numbers of (A) macrophages and monocytes (F4/807), (B) T lymphocytes (CD31) and
(C) regulatory T cells (FOXP3+) were assessed microscopically from six high power fields (HPF, 400x magnification) per animal in immunohistochemically stained
colonic paraffin sections. Uninfected and untreated mice (none, open diamonds) served as negative control animals. Medians (black bars), levels of significance
(p-values) assessed by the one-sided ANOVA test with Tukey post-correction and numbers of analyzed animals (in parentheses) are indicated. Data were pooled from
four independent experiments.

Bacterial Translocation Following Vitamin
D Treatment of C. jejuni Infected Mice With

Acute Enterocolitis

We further asked whether synthetic 25-OH-cholecalciferol
treatment had an impact of the translocation rates of viable
pathogens from the infected intestines to extra-intestinal
including systemic tissue sites. Whereas, C. jejuni could be
cultured at similar frequencies from MLN, liver and lungs
derived from 25-OH-cholecalciferol and placebo treated mice
(Figures 8A-C), cumulative pathogenic translocation rates were
lower in the kidneys (12.5 vs. 31.6%) and the spleen (12.5 vs.
26.3%) taken from the former as compared to the latter at day 6
p.i. (Figures 8D,E). Notably, all blood cultures remained C. jejuni
negative (Figure 8F). Hence, synthetic 25-OH-cholecalciferol
treatment was associated with lower cumulative translocation
rates of C. jejuni originating from the inflamed intestines to the
kidneys and the spleen.

Colonic Epithelial Barrier Changes
Following Vitamin D Treatment of C. jejuni

Infected Mice With Acute Enterocolitis

Given the lower cumulative pathogenic translocation rates
we assessed whether synthetic 25-OH-cholecalciferol treatment
resulted in a less compromised colonic epithelial barrier
function in C. jejuni infected mice. Therefore, we performed
electrophysiological resistance measurements of colonic ex vivo
biopsies in the Ussing chamber. In fact, transmural resistances
were lower in the large intestines derived from placebo, but not
25-OH-cholecalciferol treated mice at day 6 p.i. as compared to
uninfected and untreated control animals (p < 0.05; Figure 9).
Hence, synthetic 25-OH-cholecalciferol treatment results in

uncompromised colonic epithelial barrier function following C.
jejuni infection.

DISCUSSION

Due to the pleiotropic beneficial effects of vitamin D in health and
disease, the application of vitamin D as safe dietary supplement is
currently discussed as promising option for the adjunct treatment
and prophylaxis of various immunopathological morbidities
including infectious diseases, intestinal inflammatory conditions,
and cancer, for instance (33, 55). In our present vitamin D
intervention study applying a clinical acute campylobacteriosis
model, prophylactic synthetic 25-OH-cholecalciferol application
starting 4 days prior murine infection resulted in dampened
C. jejuni induced intestinal and extra-intestinal inflammatory
sequalae, but could not lower the high intestinal pathogen loads
of more than 10° viable C. jejuni per g feces. In support,
recent reports revealed that the beneficial effects of vitamin D
during gastrointestinal infection with distinct bacterial species
such as Salmonella (56) or Listeria monocytogenes (57) are rather
due to the pleiotropic immuno-modulatory than direct anti-
microbial properties of the steroid hormone. In addition, one
needs to take into consideration, that, in contrary to humans,
the expression of the antimicrobial peptide cathelicidin in mice is
not regulated by vitamin D, given that in the murine cathelicidin
gene promoter the vitamin D response element is missing (58,
59). This could explain our observation that external 25-OH-
cholecalciferol application, even in high doses, did not reduce
intestinal C. jejuni burdens. However, it is tempting to speculate
that this could be the case in humans.

Despite the high intestinal pathogenic burdens, 25-OH-
cholecalciferol treated mice suffered less frequently from diarrhea
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FIGURE 5 | Colonic secretion of pro-inflammatory mediators following vitamin D treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~ mice were treated
with synthetic 25-OH-cholecalciferol (vitamin D, VitD, open circles) or placebo (PLC, closed circles) via the drinking water starting 4 days before peroral C. jejuni
81-176 strain infection on days 0 and 1. At necropsy (i.e., day 6 post-infection), (A) IL-6, (B) MCP1, (C) TNF, and (D) IFN-y concentrations were determined in
supernatants derived from colonic ex vivo biopsies. Uninfected and untreated mice (none, open diamonds) served as negative control animals. Medians (black bars),
levels of significance (p-values) assessed by the Kruskal-Wallis test and Dunn’s post-correction and numbers of analyzed animals (in parentheses) are indicated. Data
were pooled from four independent experiments.

in the midst of campylobacteriosis development as compared
to placebo controls, but exhibited comparable macroscopic
disease at the end of the observation period. Notably, the
macroscopic outcome particularly in such a non-selflimiting
detrimental intestinal infection and inflammation model is due
to the sum effect of many different intestinal, extra-intestinal and
systemic events within this hyper-inflammatory scenario (24).
It is therefore remarkable, that less distinct C. jejuni induced
apoptosis of colonic epithelial cells, whereas, conversely, large
intestinal cell regenerative properties counteracting pathogen-
induced cell damage were promoted upon 25-OH-cholecalciferol
application in mice suffering from acute enterocolitis. In support,
the intestinal epithelial vitamin D receptor has been shown

to regulate mucosal inflammation by suppressing intestinal
epithelial cell apoptosis (60). Less severe colonic apoptosis
upon 25-OH-cholecalciferol treatment was accompanied by
less distinct immune cell responses upon C. jejuni infection,
which is supported by several studies showing that vitamin
D regulates both, innate and adaptive immunity (61-63). In
our study, lower numbers of innate immune cell populations
such as macrophages and monocytes could be assessed in the
colonic mucosa and lamina propria of C. jejuni infected mice
that had been pretreated with synthetic 25-OH-cholecalciferol.
In line, recent reports revealed that vitamin D stimulation of
antigen presenting cells including macrophages and dendritic
cells resulted in decreased pro-inflammatory mediator secretion
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FIGURE 6 | lleal secretion of pro-inflammatory mediators following vitamin D treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~ mice were treated with
synthetic 25-OH-cholecalciferol (vitamin D, VitD, open circles) or placebo (PLC, closed circles) via the drinking water starting 4 days before peroral C. jejuni 81-176
strain infection on days 0 and 1. At necropsy (i.e., day 6 post-infection), (A) IL-6, (B) MCP1, (C) TNF, and (D) IFN-y concentrations were determined in supernatants
derived from ileal ex vivo biopsies. Uninfected and untreated mice (none, open diamonds) served as negative control animals. Medians (black bars), levels of
significance (p-values) assessed by the Kruskal-Wallis test and Dunn’s post-correction and numbers of analyzed animals (in parentheses) are indicated. Data were
pooled from four independent experiments.

(59, 64). In addition, colonic mucosal numbers of T lymphocytes ~ comparable to those obtained from naive controls. In support,
were lower in 25-OH-cholecalciferol as compared to placebo  vitamin D was shown to reduce recruitment of innate immune
treated mice with C. jejuni induced enterocolitis. In fact, T  cells such as monocytes and to decrease IL-6 and MCP-1
cells have been shown to be direct and indirect targets of  releases upon in vitro stimulation (68). Notably, the 25-OH-
vitamin D (65, 66). Previous in vitro, ex vivo, and in vivo  cholecalciferol associated decreased pro-inflammatry mediator
studies revealed that vitamin D treatment of T cells and of mice  secretion was not restricted to the large intestines, the major
resulted in less distinct T cell proliferation and in decreased  predilection site of C. jejuni induced enterocolitis (15, 69).
T helper cell (Th)—1 dependent secretion of pro-inflammatory  In fact, C. jejuni induced increased secretion of IL-6, MCP-1,
cytokines and subsequently in ameliorated inflammation (66, and additionally of IFN-y could be observed in the terminal
67). In our present study, the colonic concentrations of pro-  ileum of mice from the placebo, but not from the 25-OH-
inflammatory mediators including IL-6 and MPC-1 measured in  cholecalciferol treatment cohort. Interestingly, as opposed to 25-
25-OH-cholecalciferol pretreated, C. jejuni infected mice were =~ OH-cholecalciferol related decreases in large intestinal T cell
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FIGURE 9 | Colonic transmural electrical resistance following vitamin D
treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~ mice were
treated with synthetic 25-OH-cholecalciferol (vitamin D, VitD, open circles) or
placebo (PLC, closed circles) via the drinking water starting 4 days before
peroral C. jejuni 81-176 strain infection on days 0 and 1. At necropsy (i.e., day
6 post-infection), the transmural electrical resistance of distal colon was
measured in Ussing chambers as described in Materials and Methods.
Uninfected and untreated mice (none, open diamonds) served as negative
control animals. Medians (black bars), levels of significance (p-values)
assessed by the Kruskal-Wallis test and Dunn’s post-correction and numbers
of analyzed animals (in parentheses) are indicated. Data were pooled from two
independent experiments.

numbers, higher numbers of (potentially anti-inflammatory)
FOXP3™" regulatory T cells could be assessed in the colonic
mucosa and lamina propria of 25-OH-cholecalciferol vs. placebo
treated mice with enterocolitis. In support, recent studies
reported that vitamin D results in enhanced recruitment of
regulatory T cells to inflamed tissue sites (70-72). Given that
we did not perform co-staining analyses in our present study,
however, we can not answer which specific immune cell subset
was expressing FOXP3.

Remarkably, the pro-inflammatory immune response-
dampening effects of exogenous 25-OH-cholecalciferol were
not restricted to the intestinal tract, but were also effective
in extra-intestinal compartments given that C. jejuni induced
IFN-y secretion was less pronounced in MLN draining the
inflamed intestines and in the liver upon 25-OH-cholecalciferol
treatment. In line, previous studies provide evidence that vitamin
D application or even skin exposure to UV light could ameliorate
or prevent from liver inflammation due to vitamin D mediated
dampening of immune cellular responses and inhibition of liver
apoptosis, for instance (73, 74).

At the first glance unexpectedly, C. jejuni infection was
associated with decreases in splenic IFN-y concentrations in
either cohort. One possible explanation might be that upon
pathogenic infection leukocytes were recruited from the spleen
to the site of infection in order to limit pathogenic spread. One

could have expected an even more prominent effect following
synthetic 25-OH-cholecalciferol application due to the known
immune cell recruiting properties of vitamin D (75).

C. jejuni infection results in impaired epithelial barrier
function in vitro (76) and campylobacteriosis is characterized by
a leaky gut syndrome facilitating pathogenic translocation from
the inflamed intestines to extra-intestinal including systemic
compartments (15, 69). Given that vitamin D has been shown to
preserve epithelial barrier function (75), we assessed potential 25-
OH-cholecalciferol mediated effects on pathogenic translocation
frequencies in our preclinical survey. In fact, when taking
results of the four independent experiment together, C. jejuni
could be cultured less frequently from the kidneys and the
spleen of infected mice following 25-OH-cholecalciferol as
compared to placebo treatment, whereas cumulative relative
C. jejuni translocation rates to MLN, liver and lungs were
comparable. Of note, all blood cultures remained C. jejuni
negative, irrespective of the treatment regimen. One needs to
take into consideration, however, that soluble bacterial molecules
including LOS and others might have been transported via the
circulation contributing to the observed extra-intestinal collateral
damages of C. jejuni infection. Nevertheless, the observed
inflammation-alleviating effects upon 25-OH-cholecalciferol
application were further accompanied by a less compromised
colonic epithelial barrier function in 25-OH-cholecalciferol as
compared to placebo treated, C. jejuni infected mice. This in
turn very likely reduced the risk of spread of both, viable
bacteria and soluble bacterial molecules in the former vs. the
latter. We therefore hypothesize that the 25-OH-cholecalciferol
associated anti-inflammatory effects in particular prevent from
further bacteria-induced damages in this acute C. jejuni induced
inflammation model.

CONCLUSION

Our preclinical intervention study provides evidence that
prophylactic peroral synthetic 25-OH-cholecalciferol application
dampens intestinal and extra-intestinal inflammatory responses
during acute campylobacteriosis in the clinical mouse model
applied here. Further studies are needed in order to define
appropriate vitamin D doses for the prevention and combat of
distinct gastrointestinal infectious morbidities in humans.
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Figure S1 | Fecal C. jgjuni loads over time following vitamin D treatment of
infected mice. Secondary abiotic IL-1 0=/~ mice were treated with (A) placebo
(closed circles) or (B) synthetic 25-OH-cholecalciferol (vitamin D, open circles) via
the drinking water starting four days before peroral C. jejuni 81-176 strain infection
on day (d) 0 and d1. Fecal C. jejuni loads were quantitatively assessed from each
mouse on a daily basis post-infection (p.i.) by culture and expressed in colony
forming units per g (CFU/g). Medians (black bars) and numbers of analyzed
animals (in parentheses) are indicated. Data were pooled from four

independent experiments.

Figure S2 | Kinetic survey of overall clinical conditions following vitamin D
treatment of C. jejuni infected mice. Secondary abiotic IL-10~/~ mice were
treated with (A) placebo (closed circles) or (B) synthetic 25-OH-cholecalciferol
(vitamin D, open circles) via the drinking water starting four days before peroral C.
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Vitamin D Signaling in the Context of
Innate Immunity: Focus on Human
Monocytes

Carsten Carlberg*

School of Medicine, Institute of Biomedicine, University of Eastern Finland, Kuopio, Finland

The vitamin Dz metabolite 1a,25-dihydroxyvitamin D3 (1,25(0OH)»D3) activates at
sub-nanomolar concentrations the transcription factor vitamin D receptor (VDR). VDR
is primarily involved in the control of cellular metabolism but in addition modulates
processes important for immunity, such as anti-microbial defense and the induction
of T cell tolerance. Monocytes and their differentiated phenotypes, macrophages and
dendritic cells, are key cell types of the innate immune system, in which vitamin
D signaling was most comprehensively investigated via the use of next generation
sequencing technologies. These investigations provided genome-wide maps illustrating
significant effects of 1,25(CH)»D3z on the binding of VDR, the pioneer transcription
factors purine-rich box 1 (PU.1) and CCAAT/enhancer binding protein a (CEBPA) and the
chromatin modifier CCCTC-binding factor (CTCF) as well as on chromatin accessibility
and histone markers of promoter and enhancer regions, H3K4me3 and H3K27ac.
Thus, the epigenome of human monocytes is at multiple levels sensitive to vitamin
D. These data served as the basis for the chromatin model of vitamin D signaling,
which mechanistically explains the activation of a few hundred primary vitamin D target
genes. Comparable epigenome- and transcriptome-wide effects of vitamin D were
also described in peripheral blood mononuclear cells isolated from individuals before
and after supplementation with a vitamin D3 bolus. This review will conclude with the
hypothesis that vitamin D modulates the epigenome of immune cells during perturbations
by antigens and other immunological challenges suggesting that an optimal vitamin D
status may be essential for an effective epigenetic learning process, in particular of the
innate immune system.

Keywords: vitamin D, VDR, epigenome, transcriptome, gene regulation, vitamin D target genes, monocytes,
PBMCs

INTRODUCTION

Vitamin D3 is an evolutionary very old molecule that is produced from the direct cholesterol
precursor 7-dehydrocholesterol in a non-enzymatic reaction using energy provided by the UV-B
component of sunlight (1). Thus, every species that exerts cholesterol biosynthesis and is exposed
to sunlight should be able to synthesize vitamin D3. The molecule itself is biologically inert, but
when it is converted to 25-hydroxyvitamin D3 (25(OH)D3) and then to 1a,25-dihydroxyvitamin D3
(1,25(0OH);D3), it acts as a nuclear hormone. The jawless fish lamprey is the oldest known species
that some 550 million years ago evolved with the transcription factor VDR a nuclear receptor
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FIGURE 1 | The chromatin model of vitamin D signaling. The model was defined by epigenome- and transcriptome-wide data obtained in THP-1 cells. CTCF proteins
define left and right TAD borders, in which vitamin D target genes (red arrow, measured by RNA-seq) are activated by VDR [activated by 1,25(0OH), D3] binding to
enhancer regions. The pioneer transcription factors CEBPa and PU.1 help VDR in binding to accessible genomic DNA (measured by FAIRE-seq). This paralleled with
changes in markers of active TSS regions (H3K4me3) and active chromatin (H3K27ac). The genome-wide binding of VDR, CTCF, PU.1, CEBPa«, and histone markers
were determined by ChIP-seq in three biological repeats. The time of 1,25(0OH)» D3 stimulation is indicated for each dataset.

that gets activated by 1,25(OH),D3 at sub-nanomolar
concentrations (2). After the manifestation of VDR, vitamin
D turned from a product of UV-B absorption, i.e., the output
of a radiation protection pathway as found in plankton, to an
endocrine molecule in higher species (3). Thus, vitamin D has
via its metabolite 1,25(OH), D3 direct effects on gene regulation
(Figure 1). In human, the main sites of 1,25(OH), D3 production
for endocrine purposes are proximal tubule cells of the kidneys,
but for para- and autocrine use also monocytes, macrophages,
and dendritic cells of the innate immune system and other

Abbreviations: 1,25(0H),D3, 1a,25-dihydroxyvitamin Ds3; 25(OH)D3, 25-
hydroxyvitamin D3; BRD7, bromodomain containing 7; CAMP, cathelicidin
antimicrobial peptide; CD14, CD14 molecule; CDKNIC, cyclin dependent
kinase inhibitor 1C; CEBP, CCAAT/enhancer binding protein; ChIP-seq,
chromatin immunoprecipitation sequencing; CTCE, CCCTC-binding factor;
CYP, cytochrome P450; DENND6B, DENN domain containing 6B; FAIRE-
seq, formaldehyde-assisted isolation of regulatory elements sequencing; FBPI,
fructose-bisphosphatase 1; GABPA, GA binding protein transcription factor
o; HLA, human leukocyte antigen; KDM6B, lysine demethylase 6B; MYOI1G,
myosin IG; NE-AT, nuclear factor activated T cells; NF-kB, nuclear factor k-light-
chain-enhancer of activated B cells; PBMCs, peripheral blood mononuclear cells;
PFKFB4, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 4; PU.1, purine-
rich box 1, Spi-1 proto-oncogene (official gene symbol: SPI1); qPCR, quantitative
polymerase chain reaction; RNA-seq, RNA sequencing; TAD, topologically
associated domain; TNFSF11, TNF superfamily member 11; TSS, transcription
start site; VDR, vitamin D receptor; ZMIZ1, zinc finger MIZ-type containing 1.

cell types in skin and bone are able to produce the nuclear
hormone (4).

Since vitamin D3 can be synthesized endogenously in human
skin (5), the term “vitamin” seems not to be appropriate.
However, compared to the past, humans spend far more time
indoors, largely cover their skin by textile when being outdoors
and often live at latitudes where during winter UV-B radiation
is too low for many months, there is insufficient endogenous
vitamin D3 production, i.e., under these conditions vitamin D3
is an essential micronutrient (6). Average human diet is low in
vitamin D, so that dietary products, such as milk, margarine
and juices, are fortified and direct vitamin D supplementation
via pills is recommended in winter months (7). Interestingly,
already more than 100 years ago cod-liver oil as well as UV-B
exposure had been proposed for the protection against rickets (an
infant bone malformation disease) as well as for the treatment
of tuberculosis (an infectious disease caused by intra-cellular
bacteria) (8, 9). Thus, vitamin D deficiency causes not only
bone disorders (10) but also affects the protective roles of the
molecule against a large number of other diseases (11). The
autoimmune disease multiple sclerosis is the most prominent
example, which may be largely preventable by a sufficient vitamin
D status (12). This status is defined via the serum concentrations
of the most stable vitamin D metabolite, 25(OH)D3, which for
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good bone health should be 50 nM (13), but also levels of 75 nM
or more are suggested (14). Accordingly, instructions for daily
supplementation with vitamin D3 range from 10 to 50 pg (400-
2,000 IU). However, these population-wide recommendations
do not take inter-individual variations into account, such as a
different molecular response to vitamin D, which are expressed
by the vitamin D response index (15). As discussed below in
more detail, this index can be determined via the genome-wide
response of peripheral blood mononuclear cells (PBMCs) to an
in vivo challenge with vitamin D3 (16).

In extension to a recent summary on the nutrigenomic role
of vitamin D (17), the aim of this short review is to present the
epigenome-wide impact of the nuclear hormone in relation to
immunity. Special attention is given to human monocytes and
PBMC:s serving as in vitro and in vivo model systems for vitamin
D signaling.

VITAMIN D AND THE EPIGENOME

Chromatin is a complex of histone proteins and genomic
DNA (18, 19) that by default largely restricts the access of
RNA polymerases to promoter regions and of transcription
factors to enhancer regions. Therefore, in a differentiated
cell only some 200,000 genomic loci are accessible (20). The
epigenome comprises genome-wide information represented
by covalent and structural modifications of chromatin, such
as cytosine methylation, post-translational modifications of
histone proteins and 3D structure of the nucleus, that do
not involve any alterations in the sequence of genomic DNA
(21). Epigenetic programming is a memory creating event that
during embryogenesis and cellular differentiation, such as of
monocytes after immune challenges (Figure 2C), determines the
specialized roles of terminally differentiated cells via changes of
their epigenome (25). In these cases epigenetic programming
is irreversible and leads to static outcomes, in order to keep
the identity of tissues and cell types. Thus, the epigenome
largely determines gene expression and the functional profile
of a cell; ie., alternations of the epigenome precede those of
the transcriptome.

A number of diet-derived metabolites, such as resveratrol,
genistein, curcumin and polyphenols from fruits, vegetables,
spices, teas and medicinal herbs, can affect the activity of
chromatin modifiers and transcription factors (17, 26).
Chromatin modifiers are nuclear enzymes that catalyze
epigenetic modifications, such as DNA methylation as well as
histone acetylation and methylation, while chromatin remodelers
are another class of nuclear enzymes that change the position and
composition of nucleosomes. VDR communicates in a ligand-
dependent fashion both with chromatin modifiers, such as
lysine demethylase 6B (KDM6B) (27), as well as with chromatin
remodelers, such as bromodomain containing 7 (BRD7) (28).
This explains how vitamin D can significantly change the
intensity of histone markers for active chromatin, H3K27ac,
as well as those for active transcription start sites (TSSs),
H3K4me3, as observed by chromatin immunoprecipitation
sequencing (ChIP-seq) in THP-1 human monocytic leukemia

cells (29, 30) (Figure 1). The epigenome of these cells responds
to a stimulation with 1,25(OH),D3 at the loci of more than
500 promoters and 2,500 enhancers. Moreover, the method
of formaldehyde-assisted isolation of regulatory elements
sequencing (FAIRE-seq) monitored in the same cellular system
that vitamin D changes the accessibility of some 4,500 chromatin
loci (out of some 100,000 in total) at a given time point
(22). Thus, a stimulation with vitamin D represents a cellular
perturbation that results in changes of the epigenome and
in this way affects the epigenetic memory of the cell (24).
However, in contrast to epigenetic programming during cellular
differentiation, many of these epigenetic memorizing events are
dynamic; i.e., they persist only for a shorter time period and
are reversible.

In human cells, the cistrome of VDR, i.e., the genome-wide
binding pattern of the transcription factor, was determined by
the ChIP-seq in lymphocytes (31), colorectal cancer cells (32),
hepatic stellate cells (33), prostate cells (34), macrophage-like
cells (35) and most comprehensively in monocytes (36, 37). In
all these in vitro cell culture models stimulation with ligand
resulted in a 2- to 10-fold increase in VDR binding sites; i.e.,
the significantly enhanced VDR cistrome represents the most
eminent response of the human epigenome to a perturbation
with vitamin D. In monocytes the VDR cistrome comprises
more than 10,000 loci, of which a subgroup of a few hundred
persistent sites is always occupied (37). These sites seem to be
the primary contact points of the human genome with vitamin
D and may coordinate the genome’s spatio-temporal response to
the nuclear hormone.

In THP-1 cells, statistically significant epigenome-wide effects
of vitamin D were also described for the binding of the
pioneer factors PU.1 (38), CEBPA (30) and GA binding protein
transcription factor a (GABPA) (39) as well as for the chromatin
organizer CTCF (40). The pioneer factors contribute to the
increase in VDR loci after ligand stimulation by helping the
receptor accessing its genomic binding sites (Figure 1). Since
CTCF majorly contributes to DNA loop formation of the genome
into topologically associated domains (TADs) (41), the vitamin
D sensitivity of the protein implies that some 500 TADs are
triggered by VDR and its ligand. Thus, vitamin D affects the
epigenome on multiple levels, such as the binding of VDR and
pioneer factors, histone markers, chromatin accessibility, and 3D
organization of the nucleus.

CHROMATIN MODEL OF VITAMIN D
SIGNALING

The chromatin model of vitamin D signaling (24, 42) (Figure 1)
was developed on the basis of above described epigenomic
data, which had been primarily obtained in THP-1 cells after a
stimulation with 1,25(0OH), D3 for 24 h. The model suggests that
a primary vitamin D target gene is modulated in its expression,
when the TAD, in which the gene is localized, contains a
prominent VDR binding site. This applies to 425 vitamin D
sensitive TADs comprising 90% of all target genes in THP-1 cells
(40). An additional condition for effective gene regulation is, that
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delay the onset of common age-related diseases.

FIGURE 2 | individual was challenged with a vitamin D3 bolus (2,000 pg) and PBMCs were isolated before (day 0) and at days 1 (24 h) and 2 (48 ) (23). The peak
tracks represent merger of each three biological repeats. Gene structures are shown in blue. Different types of immune challenges program the epigenome of the pool
of human monocytes, which “memorize” these encounters in form of differently programmed epigenomes leading to subtype differentiation (bottom, differently colored
dots of in nuclei of monocyte subpopulations, C). The recently discovered epigenome modulating effect of vitamin D [via the VDR (24)] modulates on multiple levels
this epigenetic programming process. The stabilization of the epigenomes of the subtypes of monocytes, macrophages and dendritic cells by vitamin D can prevent or

the TSS of the target gene as well as the vitamin D-sensitive
enhancer have to be located within accessible chromatin (43).
DNA looping between the enhancer binding ligand-activated
VDR supported by pioneer factors, such as CEBPA and PU.1,
and the TSS of a vitamin D target genes changes at both
genomic regions H3K27ac and H3K4me3 histone marks as well
as chromatin accessibility (Figure 1). Thus, many epigenetic
events are required before RNA polymerase II on the TSSs is
activated and mRNA synthesis can start.

A meta-analysis of four independent transcriptome-wide
datasets of 1,25(OH),D3-stimulated undifferentiated THP-1 cells
(22, 30, 36, 44) revealed 126 common genes, 72% of which
are primary vitamin D targets (45). Nearly all (97%) of these
vitamin D target genes are up-regulated and primarily encode
for enzymes, receptors and transporters, half of which are located
in membranes. Gene ontology analysis indicated the modulation
of innate immunity as the most prominent common function
of these genes, although this covers <25% of all. Four classes of
gene regulatory scenarios, which are based on differential VDR,
PU.1, and CEBPA binding to promoter and enhancer regions,
can explain the regulation of most (85%) primary vitamin D
target genes (45). Interestingly, immune system-related genes
are often prominently up-regulated by vitamin D, while genes
involved in cellular metabolism are less sensitive to the nuclear
hormone. This was confirmed by an independent analysis of
vitamin D-triggered TAD classes, where genes that are important
for immune function are regulated in a tightly controlled “on/oft”
modus (37).

VITAMIN D AND IMMUNITY

Based on the evolutionary history of nuclear receptors (46,
47), VDR’ original function was the regulation of cellular
metabolism. This role specialized into the control of calcium
homeostasis, when some 400 million years ago species left the
ocean and had to improve their calcium-based skeleton, in
order to resist to gravitation (48). Although there are no direct
effects of vitamin D on bone mineralization, bone-resorbing
osteoclasts derive from monocytes, the differentiation of which
is controlled by the vitamin D target gene TNF superfamily
member 11 (TNFSF11, encoding the cytokine RANKL) (49).
VDR tasks in the control of metabolism involves regulating
genes mediating energy metabolism, like the glycolytic enzymes
fructose-bisphosphatase 1 (FBPI) (36) and 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 4 (PFKFB4) (50), as well as in
the catabolism of lipophilic intra-cellular molecules, like those
encoding for the cytochrome P450 (CYP) enzymes CYP26B1,
CYPI19A1, and CYP24A1 (51). Both functions supported and
enhanced the expansion of the energy demanding immune
system as suggested by the concept of immuno-metabolism

(52). Moreover, VDR became a critical transcription factor in
regulating the expression of genes involved in inflammation and
anti-bacterial defense, such as CDI14 (53) and cathelicidin anti-
microbial peptide (CAMP) (54). Thus, the immune-modulating
function of vitamin D is probably evolutionary older than its role
in calcium homeostasis.

During hematopoiesis VDR acts together with the pioneer
transcription factors PU.1 and CEBPA as a key regulator of
myeloid differentiation toward key cells in innate immunity, such
as monocytes and granulocytes (55). Furthermore, vitamin D
can inhibit the maturation, differentiation and the stimulatory
capacity of dendritic cells, which derive from monocytes (56).
A profile change of dendritic cells induces the production of
regulatory T cells and leads to immunological tolerance. In
parallel, vitamin D and its receptor are able to antagonize the
pro-inflammatory actions of the transcription factors nuclear
factor activated T cells (NF-AT) and nuclear factor k-light-
chain-enhancer of activated B cells (NF-kB) in T cells (57). In
this way, vitamin D reduces autoimmunity, such as the onset
and progression of multiple sclerosis (58), as well as chronic
inflammation, such as in inflammatory bowel disease (59).

Most cells of the immune system have a rapid turnover,
which enables them to respond more flexible to environmental
changes than other cell types of the human body. For example,
monocytes coordinate not only inflammatory pathways, but
also control via in their differentiated forms, macrophages and
dendritic cells, metabolic pathways, and general stress responses.
Cellular perturbations, such as an encounter of immune cells
with an antigen, affect via signal transduction cascades the
epigenome. For example, most inflammatory lesions are initiated
by monocyte-derived macrophages, the altered gene expression
profile of which is based on changes of their epigenome
in response to extra-cellular signals (Figure 2C). Moreover,
the differentiation process of monocytes to macrophages (or
dendritic cells) is based on epigenome changes in response
to contacts with antigens. Such a subtype specification is also
referred to as trained immunity, as demonstrated by studies
of the BLUEPRINT consortium (www.blueprint-epigenome.eu)
(60, 61). This rather short-term epigenetic memory monitors
the close relationship between immune challenges and effects
on chromatin. Epigenetic memory prepares innate immune
cells for a possible next microbe encounter (62). In the
context of these immunological processes, high affinity receptors
for lipophilic signaling molecules, such as VDR and other
members of the nuclear receptor superfamily, are in a
prime position sensing environmental changes and other
signals with a potential of creating cellular stress. Thus,
VDR and its ligand are predestined for modulating the
process of recording epigenetic memory in innate immunity
(63) (Figure 2C).
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IN VIVO RESPONSE OF IMMUNE CELLS
TO VITAMIN D

The chromatin model and the suggested regulatory scenarios of
primary vitamin D target genes had been previously developed
based on the THP-1 in vitro cell system, but are supposed to
apply also to other VDR expressing tissue and cell types. This
should include in vivo situations, such as PBMCs obtained from
vitamin D3 treated individuals (23). Human supplementation
studies allowed the assessment of vitamin D’s molecular action
under in vivo conditions. The studies were carried on PBMCs
isolated from participants before and after the long-term (5
months) trial VitDmet (64-67) [NCT01479933, which applied
daily vitamin D3 supplementation (0-80 pg)] and the short-
term (2 days) trial VitDbol (16, 23, 68, 69) [NCT02063334, which
used a single vitamin D3 bolus (2,000 pg)]. Chromatin and RNA
had been immediately isolated from PBMCs, i.e., without any
in vitro culture, for the assessment of chromatin accessibility
[using FAIRE-quantitative polymerase chain reaction (qQPCR)
and FAIRE-seq] and mRNA expression [using qPCR and RNA
sequencing (RNA-seq)]. The changes of molecular parameters,
such as the expression of vitamin D target genes or the
accessibility of vitamin D-triggered chromatin regions, were
related to fold changes in 25(OH)D3 serum levels, in order to
rank the individuals based on their vitamin D responsiveness
(64, 67). The vitamin D response index (15) is proportional
to this ranking and segregates the study participants into high,
mid, and low responders. Interestingly, the vitamin D response
index is a parameter that is independent of the vitamin D
status, i.e., of 25(OH)D3; serum levels. The vitamin D status
is a dynamic parameter and depends on season, diet and
supplementation, while the vitamin D index is static, ie., it
is an intrinsic property that is assumed not to change during
a person’s lifetime. Accordingly, both VitDmet (pre-diabetic
elderly participants) and VitDbol (healthy young subjects)
agreed on that some 25% of the analyzed cohorts are low
responders. These individuals should be supplemented with
higher daily vitamin D3 doses than high responders. Thus,
instead of population-based recommendations for vitamin D3
supplementation there should be personalized recommendations
in order to reach a vitamin D status that is optimized for an
individual’s health protection.

PBMCs are a mixture of monocytes, T and B cells, of which
monocytes seem to be the most vitamin D-responsive component
(6). Based on transcriptome-wide investigations performed with
PBMC samples of five participants of the VitDbol study, a
vitamin D3 bolus significantly changed within 24 h the expression
of 702 genes (16, 17). Importantly, 181 (26%) of these genes
(such as CDKNIC, CEBPB, CD14, and DENND6B) were already
known in THP-1 cells as vitamin D targets (36); i.e., the in
vivo response of PBMCs (<10% monocytes) to a vitamin D3
bolus resembles to a larger extent the in vitro treatment of
THP-1 cells with 1,25(OH),D3 than expected from the relative
cell counts. On the level of the epigenome the overlap between
PBMCs and THP-1 cells is even larger, since a vitamin Dj
bolus significantly affected accessibility of chromatin at 853
genomic loci (23), 87% of which had already been described
in THP-1 cells (22). This is exemplified by VDR binding and

chromatin opening of the loci of the vitamin D target genes zinc
finger MIZ-type containing 1 (ZMIZ1, Figure 2A) and myosin
IG (MYOIG, Figure 2B) under in vitro (THP-1) and in vivo
(PBMC) conditions, respectively. However, the comparison of
both cellular systems also indicates that not all genomic regions
respond in the same way to vitamin D stimulation. Nevertheless,
PBMCs and THP-1 cells show a better overlap on the level of the
epigenome than on the transcriptome. Thus, the principles of the
chromatin model of vitamin D signaling, which were formulated
on the basis of in vitro cultured THP-1 cells, may be extrapolated
to PBMCs and the in vivo situation. Interestingly, data from in
vivo challenged PBMCs highlighted the human leukocyte antigen
(HLA) cluster in chromosome 6 to have a high density of vitamin
D-sensitive chromatin regions (23) as well as the genes HLA-
A and HLA-C as vitamin D targets encoding for class I major
histocompatibility complex proteins (16). Thus, the HLA cluster
serves as a “hotspot” of vitamin D’s physiological activity.

CONCLUDING HYPOTHESIS

Vitamin D is a molecule that is able to modulate in vitro as
well as in vivo the epigenome of immune cells, in particular
of monocytes and their differentiated subtypes. In parallel,
the rather recently discovered process of trained immunity
(70) implies that immune cells memorize challenges, to which
they are exposed in their rather short lifespan, in form of
changes of their epigenome leading to subtype specification
(Figure 2C). By combining these two observations, it is tempting
to hypothesize that a large part of the immune-related effects
of vitamin D are due to a modulation of the epigenomic
programing of monocytes, macrophages, and dendritic cells
during their differentiation into subtypes. For example, the HLA
cluster, which comprises the highest density of immunologically
important genes (71), may be programmed differently in the
presence of vitamin D than in its absence. Thus, the efficiency
of the epigenetic memory effect of trained immunity should be
best at an optimized vitamin D status when vitamin D signaling
functions best. Thus, personalized vitamin D3 supplementation
may support proper epigenetic programming of immune cells
throughout hematopoiesis as well as during antigen encounter.
In conclusion, the recently discovered epigenome modulation
function of vitamin D (24) is essential for understanding the
physiological impact of the nuclear hormone.
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Vitamin D, together with its nuclear receptor (VDR), plays an important role in modulating
the immune response, decreasing the inflammatory process. Some polymorphisms of
the VDR gene, such as Bsml (G>A rs1544410), Apal (G>T rs7975232), and Taql
(T>C rs731236) could affect its stability and mRNA transcription activity, while Fokl
T>C (rs2228570) gives a truncated protein with three fewer amino acids and more
efficiency in binding vitamin D. This study evaluated these four polymorphisms in the
immunopathogenesis of leprosy in 404 patients and 432 control individuals without
chronic or infectious disease in southern Brazil. When analyzing differences in the
allele and genotype frequency of polymorphisms between patients (leprosy per se,
multibacillary, and paucibacillary clinical forms) and controls, we found no statistically
significant association. Regarding haplotype analysis, the bAt haplotype was associated
with protection from leprosy per se (P = 0.004, OR = 0.34, Cl = 0.16-0.71) and from the
multibacillary clinical form (P = 0.005, OR = 0.30, Cl = 0.13-0.70). In individuals aged
40 or more years, this haplotype has also showed protection against leprosy per se and
multibacillary (OR = 0.26, Cl = 0.09-0.76; OR = 0.26, Cl = 0.07-0.78, respectively),
while the BAt haplotype was a risk factor for leprosy per se in the same age group (OR
= 1.34, Cl = 1.04-1.73). In conclusion, despite having found no associations between
the VDR gene polymorphisms with the development of leprosy, the haplotypes formed
by the Bsml, Apal, and Tagl polymorphisms were associated with leprosy per se and the
multibacillary clinical form.

Keywords: multibacillary, paucibacillary, genetic polymorphism, case-control studies, gene frequencies,
biological markers

INTRODUCTION

Leprosy is a chronic granulomatous disease caused by Mycobacterium leprae, which mainly affects
macrophages of the skin, Schwann cells of the peripheral nerve, and eventually other organs and
systems (1). Leprosy is among the three neglected diseases with the highest prevalence worldwide.
According to the World Health Organization (WHO), in 2017 its incidence reached 210,671 new
cases of the disease worldwide. In Brazil, the number of new cases registered in that year was more
than 26,000. This sets Brazil at the second place in the ranking of countries with the largest number
of leprosy cases in the world (2).
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VDR in Brazilian Leprosy Patients

There is considerable clinical variability among leprosy
patients once M. leprae infection evokes distinct T cell
responses in humans. The classification of leprosy according
to immunity includes the following clinical forms: tuberculoid
(TT), lepromatous (LL), borderline tuberculoid (BT), borderline
borderline (BB), and borderline lepromatous (BL) (3, 4).
However, based on the number of skin lesions, the patients
can be classified as paucibacillary (PB) and multibacillary (MB)
leprosy cases, according to WHO (5, 6). The type of immune
response may determine the clinical form, as well as the
resistance or susceptibility to the disease. The TT form (also
classified as paucibacillary) is characterized by a small number
of hypopigmented, well-bordered, anesthetic skin lesions with a
low bacillary load, early peripheral nerve impairment, and a T-
helper 1 (Thl)-mediated immune response. On the other hand,
in form LL (therefore referred to as multibacillary), there is a
prevalence of the Th2-mediated immune response, which leads to
numerous infiltrated skin lesions displaying high bacillary loads,
impaired peripheral nerves, and possible involvement of internal
organs (7, 8). However, the predominance of one type of immune
response does not mean that cytokines from the other response
profiles are not being produced (9).

Many factors can modulate the type of immune response
developed by the leprosy patient, such as vaccination with BCG,
nutritional status, degree of exposure to M. leprae, and infections
by other microorganisms. Besides, leprosy susceptibility can also
be influenced by genetic factors (10). As vitamin D metabolizing
enzymes and vitamin D receptors are present in many cell
types, including various immune cells such as antigen-presenting
cells, T cells, B cells, and monocytes, these molecules are
important targets in the study of polymorphisms that can
modulate the immune response against pathogens (11). Among
the immunomodulatory roles of vitamin D is the inhibition
of MHC class II, CD40, CD80, and CD86, which leads to the
blocking of the Thl response and activation of regulatory T
cells (12). Nuclear vitamin D receptor (VDR) is an intracellular
polypeptide that binds to the active vitamin D metabolite, 1,25-
Dihydroxyvitamin D3 (1,25-(OH),-D3), and then interacts with
the chromatin, producing a variety of genomic effects (13, 14),
such as pleiotropic regulation of human physiology, protection
of the cardiac system, cancer prevention, and modulation of the
immune system (15, 16). Vitamin D is a direct and indirect
regulator of the immune system. The VDR are expressed in T
and B cells, dendritic cells, and cells of the monocyte/macrophage
lineage (17, 18). Vitamin D acts in suppressing the development
of several autoimmune diseases and tissue damage (19-22).
The effects of vitamin D on murines and humans include:
the development of dendritic cells and T regulatory cells;
inhibition of T cell proliferation; inhibition of IFN-y and IL-
17 production; and the induction of IL-4 expression (23, 24).
Furthermore, the VDR activation leads to the inhibition of
both maturation and proliferation of activated B cells and limits
antibody production (25).

The VDR locus is at chromosome 12q13.1 and spans over
75kb of genomic DNA. The human gene has three transcript
variants which encode the Vitamin D3 receptor isoforms VDRA
and VDRBI. The first exons of the VDR gene make up the

leader sequence and the exons 2-9 encode the structural portion
of the gene product (26-29). There are some polymorphisms
located near the 3’'UTR region of the VDR gene that may affect
mRNA stability and translation. These polymorphisms are: Bsml
G>A (rs1544410, G allele designated “b” and A allele designated
“B”); Apal G>T (rs7975232, G allele designated “a” and T allele
designated “A”), and Tagl T>C (rs731236, T allele designated
“T” and C allele designated “t”) (30). Another polymorphism
known as FokI T>C (rs2228570, T allele designated “t” and C
allele designated “F”), located within the start codon in exon
2 of VDR, gives a truncated protein with three fewer amino
acids. The F allele gives rise to the variant protein, which is
more efficient in mediating vitamin D action (31, 32). Therefore,
considering the role that the active metabolite of VDR exert in the
mechanisms of immunity, this study evaluated the association of
SNPs (single nucleotide polymorphisms) of the VDR gene (FokI,
Bsml, Apal, and Tagl) with the immunopathogenesis and clinical
forms of leprosy.

MATERIALS AND METHODS

Study Population
A total of 404 patients (230 men and 174 women) with leprosy
from the northwestern region of Parand, southern Brazil (22°
29 307-26° 42" 59” S and 48° 02’ 24”-54° 37 38" W),
aged 10-93 years (55.00 + 13.95), and diagnosed by clinical
examination, bacilloscopy, and biopsy were evaluated. Written
informed consent was obtained from the participants in this
study, including the parents of participants under the age of 16.
In accordance with previous studies, investigations should
not be restricted to a sub-analysis of overall leprosy, but should
instead contrast multibacillary (MB) and paucibacillary (PB)
individuals (6). Thus, patients were reclassified to MB (n =
310) and PB (n 86). The control group consisted of 432
non-consanguineous individuals from the same region as the
patients, and they declared that they did not present any chronic
or infectious diseases. Of these, 231 were female and 201 were
male, and the age of the controls ranged from 16 to 105 years
(50.69 + 18.07). The characteristics of patients and controls are
described in Table 1. All participants were classified as a mixed
population from southern Brazil, according to the distribution
already described in populations of Parand (33): predominantly
of European origin (80.6%), with a smaller contribution of
African (12.5%) and Amerindian (7.0%).

Genotyping

The genotyping of the samples with respect to the VDR gene
polymorphisms: FokI T>C (rs2228570), Bsml G> A (rs1544410),
Apal G>T (rs7975232), and Tagl T>C (rs731236) was performed
by PCR-RFLP (polymerase chain reaction) (34, 35) with
modifications. The technique was validated by direct sequencing
of 15 samples for each variant for the SNPs, using BigDye™
Terminator v3.1 Cycle Sequencing Kit (ThermoFisher).
Restriction enzymes were used according to the manufacturer’s
recommendations: Fokl # R0109S (BioLabs®Inc), Tagl # ER0671
(ThermoFisher), Apal # ER1411 (ThermoFisher), and Mval2691
# ER0961 (Bsml) (ThermoFisher). After restriction enzyme
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TABLE 1 | Profile of leprosy patients and controls.

Leprosy per se PB MB Controls
N = 404 N =86 N =310 N =432

Variables n (%) n (%) n (%) n (%)
Age >40 343 (84.90) 74 (85.05) 263 (84.84) 373(86.34)
<40 61 (15.10) 12 (13.95) 47 (15.16) 59 (13.66)
Gender* Male 230 (56.93) 34 (39.53) 190 (61.29) 201 (46.53)
Female 174 (43.07) 52 (60.47) 120(38.71) 231 (53.47)

*Statistically significant difference between leprosy per se patients and controls (P =
0.008, OR = 1.52, 95% Cl = 1.15-2.02); PB, Paucibacillary; MB, Multibacillary; N,
population size; n, number of individuals; %, percentage.

digestion, the amplification products were subjected to 2%
agarose gel electrophoresis.

Statistical Analysis

The sample size was calculated using the QUANTO software
(www.biostats.usc.edu/software), aiming to reach a power of
80%. The SNPStats software (https://www.snpstats.net/start.
htm) and OpenEpi program Version 3.01 (https://www.openepi.
com/Menu/OE_Menu.htm) were used to determine the allelic,
genotypic, and haplotypic frequencies of the VDR gene
polymorphisms, and to verify the statistical differences between
the groups. The association tests were performed for codominant,
dominant, recessive, over dominant, and log-additive genetic
inheritance models (36). Haplotype frequency estimates were
carried out using expectation-maximization algorithms. Odds
ratios with 95% confidence intervals were deemed necessary
only for significant P-values. All tests were carried out using a
significance level of 5%. Genotype frequency distributions were
evaluated to ensure Hardy-Weinberg equilibrium for all genes in
the populations.

RESULTS

In this case-control study, allele and genotype frequency
distributions of FokI T>C (rs2228570), Bsml G>A (rs1544410),
Apal G>T (rs7975232), and Tagql T>C (rs731236) SNPs were
analyzed in a total of 404 patients with leprosy per se (of
these, 310 were classified as multibacillary, 86 as paucibacillary,
and 8 individuals were not classified) and 432 controls.
The distribution of the genotype frequencies for all analyzed
genes was consistent with the Hardy-Weinberg equilibrium
(P > 0.05). To avoid bias, the gender was used as an
adjustment covariate between leprosy per se and the control
because of the non-pairing between the groups. Differences
in the allele and genotype frequency distributions were not
observed between patients (leprosy per se, MB, and PB
clinical forms) and controls in linear analyses in the recessive,
dominant or codominant inheritance models. There was also
no statistically significant difference when comparing the PB
and MB clinical forms. The Fokl, Bsml, Apal, and Taql
genotype and allele frequency distributions are summarized
in Table 2.

TABLE 2 | Genotype and allele frequency distributions for Fokl, Bsml, Apal, and
Taql polymorphisms in leprosy per se, PB, and MB clinical forms patients and
controls.

Leprosy per se PB MB Controls
N = 404 N =86 N=310 N =432
Genotype and alleles n (%) n (%) n (%) n (%)
Fokl (rs2228570)
F/F 176 (43.6) 42 (48.8) 127 (41) 191 (44.2)
F/f 168 (41.6) 32 (37.2) 135(43.5) 195 (45.1)
/f 60 (14.8) 12(13.9) 48(16.5) 46 (10.7)
F 520 (64.4) 116 (67.0) 389 (63.0) 577 (66.8)
f 288 (35.6) 56 (33.00 231 (37.0) 287 (33.2)
Bsml (rs1544410)
B/B 57 (14.1) 12(18.9) 44 (14.2)  52(12.0)
B/b 199 (49.3) 44 (51.2) 153 (49.4) 202 (46.8)
b/b 148 (36.6) 30(34.9 113(36.5) 178(41.2)
B 313(38.7) 68 (40.0) 241 (39.0) 306 (35.4)
b 495 (61.3) 104 (60.0) 379 (61.0) 558 (64.6)
Apal (rs7975232)
A/A 129 (31.9) 30(34.9 97(31.3) 131(30.3)
Aa 199 (49.3) 43 (50) 151 (48.7) 214 (49.5)
a/a 76 (18.9) 13(16.1)  62(20.00 87 (20.1)
A 457 (56.6) 103 (60.0) 345 (56.0) 476 (55.1)
a 351 (43.4) 69 (40.0) 275 (44.0) 388 (44.9)
Taql (rs731236)
T/T 153 (37.9) 32 (37.2) 115(37.1) 184 (42.6)
TH 203 (50.2) 44 (51.2) 158 (51) 198 (45.8)
tt 48 (11.9) 10(11.6) 37(11.9) 50(11.6)
T 509 (63.0) 108 (63.0) 388 (63.0) 566 (65.5)
t 299 (37.0) 64 (37.0) 232 (37.0) 298 (34.5)

PB, Paucibacillary; MB, Multibacillary; N, population size; n, number of individuals;
%, percentage.

The Bsml, Apal, and Tagl polymorphisms were in linkage
disequilibrium (D = 0.93, 0.83, and 0.92, respectively). When we
evaluated the influence of the haplotypes formed by the Bsml,
Apal, and Tagl polymorphisms of the VDR gene, the haplotype
bAt was associated with protection against leprosy per se and
the MB clinical form (P = 0.004, OR = 0.34, CI = 0.16-0.71;
P = 0.005, OR = 0.30, CI = 0.13-0.70, respectively), as shown
in Table 3. When the haplotype was associated with age, the
bAt haplotype showed protection against leprosy per se and MB
in individuals aged 40 or more years (OR = 0.26, CI = 0.09-
0.76; OR = 0.24, CI = 0.07-0.78, respectively). Whereas, the
BAt haplotype was a risk factor for leprosy per se in the same
age group (OR = 1.34, CI = 1.04-1.73). The haplotype and age
cross-classification interaction are shown in Table 4.

DISCUSSION

This case-control study investigated the genotypic and
allelic frequencies of certain VDR gene polymorphisms in
leprosy patients and controls without the disease, in order to
evaluate whether these polymorphisms could act as factors of
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TABLE 3 | Haplotypes formed by the Bsml, Apal, and Tagl polymorphisms of the VDR gene evaluated in all individuals (leprosy per se patients and controls) and MB

clinical form (MB patients and controls).

Bsml, Apal, and Taql All individuals frequencies P OR (95% CI) MB and controls frequencies P OR (95% CI)
Haplotypes N = 836 N =742

baT 0.4207 Ref. 0.4229 Ref.

BAt 0.3167 0.05 0.3137 0.09

bAT 0.1719 0.6 0.1686 0.38

BAT 0.0416 0.06 0.0414 0.036 0.53 (0.29-0.96)*
bAt 0.0279 0.004 0.34 (0.16-0.71) 0.0294 0.005 0.30 (0.13-0.70)
Rare 0.0213 0.001 0.13 (0.04-0.45) 0.0238

MB, Multibacillary; N, population size; P, P value; OR, odds ratio; Cl, confidence interval. *This result was disregarded because the Cl is so near to one.

TABLE 4 | Haplotypes formed by the Bsml, Apal, and Tagl polymorphisms of the VDR gene evaluated in all individuals (leprosy per se patients and controls) and MB

clinical form (MB patients and controls) and age cross-classification interaction.

All individuals frequencies

MB and controls frequencies

Bsml, Apal, and Taql Age < 40

Age > 40

Age < 40 Age > 40

Haplotypes (N = 836) OR (95% ClI) OR (95% ClI) (N =742) OR (95% ClI) OR (95% CI)
baT 0.4207 Ref. 0.4229 Ref.

BAt 0.3167 0.3138 1.34 (1.04-1.73)
bAT 0.1719 0.1686

TAB 0.0416 0.0414

bAt 0.0279 0.26 (0.09-0.76) 0.0294 0.24 (0.07-0.78)
rare 0.0213 0.0238

MB, Multibacillary; N, population size; R, P value; OR, odds ratio; Cl, confidence interval.

susceptibility or resistance to the disease or to a specific clinical
form. When analyzing differences in the allele and genotype
frequency distributions between patients (leprosy per se, MB,
and PB clinical forms) and controls, we found no statistically
significant association.

Consistent with our results, other studies have also found
no association between the Apal polymorphism and leprosy
(37). The Bsml polymorphism has also showed no statistically
significant association with leprosy in a couple of studies
(37, 38). A recent meta-analysis of this polymorphism and
tuberculosis showed that the b-allele was a risk factor for disease
development, but this was only observed in the Asian population
(39). Regarding Bsml, Apal, and Tagql polymorphisms, it is
not clear whether they have an individual effect on the
expression or function of the VDR. It is possible that the
associations found for these polymorphisms in the various
diseases studied, if they actually exist, occurred due to a linkage
disequilibrium with a polymorphism that has a functional
effect on these diseases (37). A recent systematic review of
VDR and leprosy suggests that such a large diversity of
results would be a consequence of ethnic heterogeneity, sample
size used, design of each study, and also influences from
other regions of the gene that have not been studied yet,
as well as the likelihood of bacillus virulence being distinct
in the different geographic regions where the studies took
place (40).

The results concerning haplotypes are in agreement with
the hypothesis that the Bsml, Apal, and Tagl polymorphisms
are not directly related to leprosy. However, it is a significant
result because it shows that these SNPs may be in linkage
disequilibrium with another functional polymorphism. We have
analyzed five haplotype alleles in our study, of which haplotypes
1 (baT; 42%), 2 (BAt; 32%), and 3 (bAT; 17%) were the
most frequent and were similar to the ones identified by
Uitterlinden et al. (41), haplotype 1 (baT; 48%), 2 (BAt; 39%),
and 3 (bAT; 11%). Despite our finding of an association of the
haplotype bAt with protection against leprosy per se and the
MB clinical form, there is no evidence in the literature about
the influence of this haplotype in any disease. Moreover, this
association could be due to the low frequency of this haplotype
in our individuals.

In contrast, the haplotype 2 (BAt) was associated with risk to
leprosy per se when the patients were divided by age. Although
studies do not agree on which VDR haplotypes are related to
susceptibility or protection for various diseases, the fact that
BAt shows susceptibility to leprosy can be explained due to a
strong linkage disequilibrium between the Bsml, Apal, and Tagl
haplotypes and the poly(A) variable number of tandem repeats
(VNTRs) in the 3'UTR of the VDR gene. The poly(A) VNTR
polymorphism can be characterized as bi-allelic, and subjects
can be classified as having alleles with short or long poly(A)
stretches. There is a strong linkage between the haplotype 1 (baT)
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and the long poly(A) stretch (n 18-24, long or L alleles),
while the haplotype 2 (BAt) is in linkage to the short poly(A)
stretch (n = 13-17, short or S alleles). There seems to be a
trend for the BAt haplotype to display overall somewhat higher
levels of mRNA expression than the baT haplotype. This could
be due to a slightly higher mRNA stability and half-life, which
would result in higher numbers of VDRs being present in the
target cell and better response to vitamin D. Although we can
assume that mRNA stability differences might be related to allelic
differences, the results are not consistent among the studies
(30, 41-43).

Low levels of expression, VDR stability and vitamin D3-VDR
interaction were related to leprosy and its complications (44).
It has been shown that some individuals with normal levels of
vitamin D3, but with low levels of VDR protein, had a high
bacilloscopic index and type 2 reaction (45). This fact reinforces
the results obtained in the present study, which relate both the
polymorphism that changes the interaction vitamin D3-VDR
(FokI) and the haplotype formed by the Bsml, Apal, and Tagl
polymorphisms. Although, the FokI polymorphism has a higher
consistency of results related to VDR and leprosy, the Bsml, Apal,
and Tagl polymorphisms, especially the haplotype formed by
them, should be further investigated in the immunopathogenesis
of leprosy.
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One of the most promising therapeutic approaches for numerous hematological
malignancies represents the allogeneic hematopoietic stem cell transplantation
(allo-HSCT). One major complication is the development of the life-threatening
graft-vs.-host disease (GvHD) which limits beneficial effects of graft-vs.-leukemia (GvL)
responses during allo-HSCT. Strengthening GvL effects without induction of severe
GvHD is essential to decrease the relapse rate after allo-HSCT. An interesting player
in this context is vitamin D3 since it has modulatory capacity in both preventing
GvHD and boosting GvL responses. Current studies claim that vitamin Ds induces
an immunosuppressive environment by dendritic cell (DC)-dependent generation of
regulatory T cells (Tregs). Since vitamin D3 is known to support the antimicrobial defense
by re-establishing the physical barrier as well as releasing defensins and antimicrobial
peptides, it might also improve graft-vs.-infection (Gvl) effects in patients. Beyond that,
alloreactive T cells might be attenuated by vitamin Dz-mediated inhibition of proliferation
and activation. Despite the inhibitory effects of vitamin Dz on T cells, anti-tumor
responses of GvL might be reinforced by vitamin Dz-triggered phagocytic activity and
antibody-based immunotherapy. Therefore, vitamin D3 treatment does not only lead to
a shift from a pro-inflammatory toward a tolerogenic state but also promotes tumoricidal
activity of immune cells. In this review we focus on vitamin D3z and its immunomodulatory
effects by enhancing anti-tumor activity while alleviating harmful allogeneic responses in
order to restore the immune balance.

Keywords: vitamin D, GvH, GvL, immune balance, macrophages, T cells, infection

INTRODUCTION

The most promising curative therapeutic strategy for a broad spectrum of hematological
malignancies remains the allogeneic hematopoietic stem cell transplantation (allo-HSCT) (1). Its
efficacy is mainly mediated by alloreactive donor-derived immune cells eliminating malignant host
cells, a process known as graft-vs.-leukemia (GvL) effect (2). However, infused donor cells can
also attack healthy host tissues due to histocompatibility mismatches, which leads to graft-vs.-host
disease (GvHD). This life-threatening complication limits the beneficial effects mediated by
GvL. Restoring the host’s immune balance during and after transplantation is one of the major
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challenging obstacles in clinical research (3). Alleviating GVvHD
responses while boosting anti-leukemia activities could be
the key to successful treatment in allo-HSCT. Since both
processes underlie more or less the same T cell activity, it is
very demanding to dissect GvHD from GvL effects (4). The
current standard treatment consists mainly of corticosteroids
and calcineurin inhibitors such as cyclosporine and tacrolimus
(5). Since these immunosuppressive drugs attenuate T-cell-
mediated inflammation (6) and the allo-stimulatory capacity of
DCs (7), they lead to alleviation of GvHD symptoms. However,
these immunosuppressive mechanisms might reduce GvL effects
as well. Recent studies have established promising strategies
for strengthening GvL responses without exacerbating GvHD.
Infusion of donor lymphocytes, CAR-T cells and checkpoint
inhibitors have gained pivotal interest in clinical studies over the
past years (8). However, none of these therapeutic approaches
target both GvHD and GvL.

Though vitamin D3 has been discovered as an important
regulator of calcium homeostasis in the early Twentieth century,
its putative immunoregulatory role remained undiscovered until
recently (9). Contrary to initial assumptions that vitamin D3 is
mainly produced in kidney and liver, vitamin D3 receptor (VDR)
and vitamin D3 metabolizing enzymes are also expressed in
various types of immune cells (10-12). The novel role of vitamin
D3 in regulating effector functions of human macrophages is
closely linked to the expression of the vitamin D-1-hydroxylase
CYP27B1. The precursor form of vitamin D3 is produced in the
epidermis upon ultraviolet B (UVB) irradiation or obtained from
dietary intake (13). Vitamin D3-binding protein (VDBP) binds
pre-vitamin D3 and is responsible for its transport into the liver.
Upon entering the cell, CYP27B1 catalyzes the conversion of 25-
hydroxy-vitamin D3 (25(OH)D3) into its bioactive form 1,25-
dihydroxy-vitamin D3 (1,25(0OH),Ds3, calcitriol) (14). Levels of
1,25(0OH);, D3 are regulated by the inactivating 1,25(OH),D3 24-
hydroxylase (CYP24A1). 1,25(OH),D3 binds intracellularly to
VDR and induces as a transcription factor the expression of a
broad variety of target genes which contain vitamin D3 response
elements (VDRE) within their promoters (15) (Figure 1).

Since vitamin D3 is well-known for exerting both anti-
tumoricidal and anti-inflammatory functions, it might be an
attractive target for preservation of the immune balance in
patients undergoing allo-HSCT (16). In this review, we seek to
elucidate mechanisms by which vitamin D3 might act as potential
immune regulator in GvL as well as GvHD while highlighting its
effects on both innate and adaptive immune system.

VITAMIN D3 AND GvHD

At the beginning of the Twenty-first century, vitamin D3 has
gained more attention in the field of allo-HSCT. Given that
vitamin D3 exerts “non-classical” actions besides sustaining
bone metabolism and calcium homeostasis, paved the way for
pioneering studies which proved that vitamin D3 deficiency
correlates directly with immune diseases such as multiple
sclerosis (MS) (17), systemic lupus erythematosus (18),
inflammatory bowel disease (IBD) (19), rheumatoid arthritis

(20), and autoimmune thyroid disease (21). Vitamin Dj3
supplementation has been shown to reduce severity and
incidence of such diseases not only in animal models but also
in clinical studies (22). Based on studies which show that
application of several vitamin D3 analogs has been effective
in some solid organ transplantations (23-25), Pakkala and
colleagues successfully achieved prevention of GVHD symptoms
in a rat transplantation model by a 1,25(OH);D3 analog
(MC1288) (26). Further investigations proved that certain VDR
polymorphisms are associated with higher risk of severe GYHD
(27-29). Since patients receiving HSCT are malnourished, less
exposed to sunlight and have an altered vitamin D3 metabolism
due to medications and impaired organ function, they are
predestined for vitamin D3 deficiency (30). In fact, Kreutz et al.
demonstrated that conversion of 25(OH)D3 into 1,25(0OH),D3
is impaired in GvHD patients and that 25(OH)D3 serum levels
were lower in grade III-IV than in grade I-II GvHD patients
(31). The high prevalence of low vitamin D3 levels in patients
undergoing HSCT is reported in other studies as well and might
also be associated with a higher incidence of GvHD (32-34).
These findings suggest a pivotal protective role of vitamin D3 in
GvHD pathogenesis. Recently, Chen and Mayne reviewed the
immunomodulatory effects of vitamin A and D in the context
of GVHD (35). In the following, vitamin D3 will be analyzed
briefly as an important modulator of both innate and adaptive
immune system.

Molecular Actions of Vitamin D3 in the

Innate Immune System of GvHD Patients
Antimicrobial Activities

Although the precise mechanisms of vitamin D3 remained
unclear for a long time, patients infected with Mycobacterium
tuberculosis (Mtb) have been treated with UVB irradation
and cod liver oil in the pre-antibiotic era (36, 37). In 1980,
Rook and colleagues could evidence that growth of Mtb was
impeded in vitro by 1,25(0OH),D3; in human monocytes and
macrophages (38, 39). Since then, it became increasingly clear
that vitamin D3 exerts anti-microbial effects (40). Subsequent
studies demonstrated that 1,25(OH),D3; leads to release of
anti-microbial peptides such as LL-37 and p-defensin (41—
43). LL-37 is the cleavage product of human cathelicidin
antimicrobial peptide (hCAP18, CAMP) and is known for its
antibacterial function by inducing bacterial lysis and death
(44). Upon infection, lung epithelial cells locally produce
1,25(0OH),D3 which in turn enhances LL-37 expression (45).
Cathelicidin-deficient mice have been shown to be more
susceptible to infections with Streptococcus, Pseudomonas, and
E. coli (46). Cathelicidin does not only increase phagocytic
activity of macrophages (47) but also promotes reactive
oxygen species (ROS) production (48, 49), leading to direct
antimicrobial effects. Moreover, cathelicidin triggers autophagy
and reactivates phagolysosomal fusion in macrophages, which
enhances degradation of intracellular pathogens such as Mtb,
Salmonella, and Coxiella (14, 50). Even viral infections with
influenza A (51) or fungal infections with Candida albicans
(52) in mice are reduced by cathelicidin. Accumulating data
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genes (e.g., LL-37). Adapted from Bruns and Stenger (14).

FIGURE 1 | Vitamin D3 metabolism. The precursor form of vitamin D3 25(0OH)D3 enters the cell and is then converted into the bioactive form 1,25(0OH).D3 by
CYP27B1. CYP24A1 regulates levels of 1,25(0H),D3 by converting it into the inactive 24,25(0OH),D3. Active 1,25(0H),D3 binds to the vitamin D3 receptor (VDR) in the
cytoplasm and this complex translocates into the nucleus. Finally, VDR binds to appropriate vitamin D response elements (VDRE) and triggers transcription of target

have revealed that the intestinal barrier is supported by vitamin
Ds3-dependent upregulation of tight junction proteins (53,
54), which is a fundamental requirement for efficient defense
against pathogens. The loss of intestinal barrier function is
also considered to be a driving factor for GVHD development
(55). Thus, vitamin Ds3-dependent release of cathelicidin and
the protection of epithelial barriers might improve graft- vs.-
infection (GVI) effects in allo-HSCT patients.

Recent studies have now discovered a novel role of LL-37 in
cancer (56) and inflammatory diseases (57). Strikingly, LL-37
does not only possess anti-microbial but also anti-inflammatory
features, since it has been shown to inhibit the release of
pro-inflammatory mediators such as TNF-a, IL-6, and IL-8 by
neutrophils (48). Additionally, cathelicidin reduces mortality in
mice infected with P. aeruginosa by neutralizing endotoxin-
mediated inflammation (58).

Hence, vitamin D3-triggered activity of cathelicidin links anti-
microbial and anti-inflammatory effects in the innate immune
system. Since GVHD patients have an increased risk for severe
infections due to immunosuppressive drugs (59), vitamin Ds-
mediated enhancement of antimicrobial defense mechanisms
might reduce co-morbidity by infectious diseases. Therefore, it

is conceivable that vitamin D3 might play an important and yet
unrecognized role in GVI.

Anti-inflammatory Effects

As already mentioned, vitamin Dj3 elicits not only antimicrobial
but also anti-inflammatory responses. Even though vitamin
D3 enhances the maturation of human macrophages and
their function as phagocytes (60), their capacity of antigen
presentation and consequently also the priming of T cells
is limited due to reduction of MHC-II expression (30, 61).
Instead, 1,25(0OH);D3 polarizes macrophages toward an anti-
inflammatory M2 subtype, which restrains colitis in mice (62).
In humans and mice, vitamin D3 generates a tolerogenic
phenotype and alters the cytokine and chemokine profile of
mature DCs (mDCs) in vivo and in vitro, which are inhibited in
differentiation, maturation and proliferation (63-65). In mixed
lymphocyte reactions, proliferation of T cells, co-cultured with
these 1,25(OH),D3-induced tolerogenic DCs, was indirectly
inhibited. Apart from preventing DCs to home into the lymph
node by reducing CCR7-expression, vitamin D3 also decreases
expression of the co-stimulatory molecules CD40, CD80 and
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CD86 and secretion of cytokines such as IL-6, IL-12, and TNF-
a (66). Recently, Saul and colleagues revealed that CD31 is
increasingly expressed on DCs, leading to impairment of cell-
cell contact, which is essential for T cell priming (67). Moreover,
secretion of immunosuppressive IL-10 is enhanced while IL-12
secretion by DCs is impaired, which leads to a weaker T helper
Thl-and Th17- cell immune response (68). As a result, activation
and differentiation of alloreactive CD4" T cells is reduced
in vitro (65). Furthermore, vitamin Dj3-treated DCs increase
the frequency of suppressive CD4"CD25" FoxP; regulatory T
cells (Treg) (69), which fosters peripheral tolerance to allografts
(70). One study indicated that vitamin D3-mediated increase of
CD4*FoxP{ Nrp-17 cells ameliorates collagen-induced arthritis
(71). Recently, Xu and colleagues established engineered DCs
to de novo produce calcitriol in order to generate more gut-
homing Tregs for efficient mitigation of intestinal inflammation
(72). These results proved that 1,25(OH), D3-induced tolerogenic
DCs modulate T cells toward a regulatory and anti-inflammatory
immune response in vivo and ameliorate acute GvHD (aGvHD)
in mice (64, 73). Coussens and colleagues suggest that vitamin
D3 supplementation in tuberculosis patients helps to restrict
inflammatory responses by reducing circulating concentrations
of chemokines such as CXCL9, CXCL10, and MMP-9 (74, 75).
Additionally, upregulation of chemokine receptor CXCR3 fosters
DC migration to inflammation spots (69). In vitro studies
showed that Janus kinase/signal transducers and activators of
transcription (JAK/STAT) signaling and inflammatory cytokines,
such as IFN-y, TNF-a, and Flt-3L, are significantly reduced in
NK-cells upon vitamin Dj-treatment or its analog seocalcitol
(EB1089) (76). Interestingly, JAK1/2 have already been identified
as potential therapeutic targets in GvHD since it was shown
to reduce GvHD in mice while GvI could be preserved
(77). Clinical trials verified that the JAK1/2 inhibitor Jakafi®
(Ruxolitinib) reduces efficiently steroid-refractory GvHD (78, 79)
and has recently been approved by the U.S. Food and Drug
Administration (FDA).

Altogether, vitamin D3 modifies the innate immune system
by exerting not only anti-microbial but also anti-inflammatory
functions. Since GvHD patients often show co-morbidity of
fungal, viral and bacterial infections (80, 81), increased infection
rate as well as exaggerated inflammation are key issues needed to
be combatted in this disease. Since persistence of APCs despite
the conditioning regimen is the major cause of generation of
alloreactive lymphocyte, manipulation of the innate immune
system toward tolerogenic host-DCs by vitamin D3 in order
to reduce their allo-stimulatory potential might help to prevent
GvHD (82).

Effects of Vitamin D3 on the Adaptive

Immune System

Apart from the above discussed indirect effects on T cells
by vitamin D3-dependent modulation of innate immune cells,
the hormone has also direct impacts on the adaptive immune
system since T cells are known to express VDR, which enables
them to respond to 1,25(OH),D3 (83). Although the VDR
appeared to be upregulated in activated alloreactive T cells

indicating a role of vitamin D3 in T cell activation (30), studies
proved that 1,25(0OH), D3 directly inhibits proliferation and IL-
2 production of CD4% T cells (84, 85). Similar to its effect
on APCs, 1,25(0OH),D3 reduces expression of homing receptors
such as CCR10 as well as secretion of IFN-y and IL-10 by
T cells (86). Especially Thl cell proliferation is inhibited via
the JAK/STAT signaling pathway (87), while Th2 cells are
increased directly (88, 89). Therefore, vitamin Dj alters the
T cell immunity by transforming Thl- and Thl17-responses
toward an anti-inflammatory Th2-activity. This mechanism is
even amplified since expression of CYP27B1 is also enhanced
in activated lymphocytes (30). CD8" T cells are inhibited in
proliferation in vitro and in vivo by vitamin D3 (90). It is
documented that vitamin D3 inhibits pro-inflammatory T cells
in IBD patients (91). Since IBD pathogenesis is driven by loss
of intestinal barrier function, clinical manifestations of IBD
resemble GvHD symptoms in the gastrointestinal tract (55). Such
parallels suggest that vitamin D3 might achieve similar effects
in allo-HSCT. However, 1,25(0OH),;D3 does not only affect T
cells but also modulates differentiation and antibody-production
of B cells (92). In addition, it induces apoptosis and cell cycle
arrest of proliferating B cells resulting in impaired plasma cell
differentiation and less autoantibody expression (93).
Altogether, vitamin D3 has an overall anti-microbial and anti-
inflammatory effect on both innate and adaptive immune system.
Therefore, vitamin D3 could be a potent supplementary agent in
GVvHD patients which might improve the patient’s life quality by
decreasing infectious- and inflammation-mediated co-morbidity.

POTENTIAL GvL-EFFECTS MEDIATED BY
VITAMIN D3

As mentioned earlier, it is pivotal to preserve the immune
balance by avoiding alloreactivity of donor T cells against
healthy tissue while still maintaining their anti-tumorigenic
effect. Interestingly, vitamin D3 does not only reduce harmful
GVHD effects but also exerts anti-tumor activity. So far, scientific
literature supporting this assumption in the transplantation
setting remains sparse. However, a few studies provide
indications for its hypothetical anti-cancer effects. In their
retrospective study, Radujkovic et al. could demonstrate that
pre-transplant vitamin D3 deficiency in patients diagnosed
with myeloid malignancies correlates with a higher risk of
relapse mortality (94). To our knowledge, only three other
studies have also investigated this association (90, 95, 96). So
far, only one study included few patients which underwent
autologous transplantation (97). However, they only figured out
that sufficient vitamin D3 levels are hard to achieve. In summary,
these data suggest that prospective randomized trials have to
prove whether vitamin D3 supplementation during stem cell
transplantation could enhance GvL effects.

Vitamin D3 and Cancer

The first correlation of solar radiation and cancer was initially
suggested by Apperly in 1941, who attributed sunlight radiation
a protective role against many types of cancer except skin
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cancer (98). Decades later, Colston et al. were the first ones
to show a dose-dependent inhibitory effect of 1,25(OH),D3
on melanoma cells (99, 100). Epidemiological studies provide
evidence that poor sunlight exposure and vitamin D3 deficiency
correlate directly with incidence as well as mortality rate of
several cancer types. These findings suggest a protective role
of vitamin D3 in carcinogenesis (101). Accumulating studies
have revealed that 1,25(OH),;D3 suppresses tumor growth (102-
104) and exhibits anti-proliferative activities in squamous cell
carcinoma (105), prostate (106), breast (107, 108), lung (109),
head and neck cancer (110) and hematologic malignancies such
as Hodgkin’s lymphoma (111) or chronic lymphocytic leukemia
(CLL) (112). In colorectal cancer, a clinical trial provides evidence
that 1,25(OH), D3 supplementation can efficiently reduce the risk
of tumor development (113). However, other epidemiological
studies report contradictory results (114-116), which might be
a result of using supra-physiological concentrations of calcitriol
(117), VDR gene polymorphisms (118), lack of control groups or
inappropriate dosage and administration of vitamin D3.

Apart from the discovery that sufficient vitamin Dj
supplementation could help to prevent cancer pathogenesis,
numerous in vitro and in vivo studies provide evidence that
1,25(0OH);D3 and its analogs could reduce tumor growth and
might be used as potential anticancer agent (15, 119-121).
Supporting this, animal studies report that VDR-deletion
in mice makes them more susceptible to chemical induced
carcinogenesis in epidermis, lymphoid and mammary tissue
(122). Interestingly, life expectancy of leukemic mice could
be prolonged by treatment with a 1,25(OH),D3 analog (123).
A chemoprevention study revealed that 1,25(OH),Dj3-treated
Nkx3.1;Pten mutant mice show retarded development of
neoplasias when it was administered during early-stage
carcinogenesis (124).

There is clear evidence that cancer cells exploit and
dysregulate the vitamin D3 metabolism enabling them to escape
its cancer protective role (15). CYP24A1 has been shown to
be overexpressed in cancer cells while activity of CYP27B1 is
reduced in human prostate cancer cells (125, 126). Furthermore,
CYP24A1 was identified as potential oncogene in breast cancer
and elevated expression of VDR in tissues of breast and prostate
cancer correlates with better prognosis of survival (127).

Mechanisms of Anti-tumorigenic Actions

Although the precise mechanisms of vitamin D3-mediated anti-
tumorigenic action are not yet fully understood, it has been
postulated that vitamin D3 modulates gene expression involved
in apoptosis, cell cycle and autophagy in tumor cells (128).
Apoptosis is initiated due to downregulation of anti-apoptotic
protein Bcl2 while expression of pro-apoptotic proteins increases
(129). Jiang et al. suggest that 1,25(OH),D3 induces cell death by
degrading telomerase reverse transcriptase (TERT) mRNA and
thus reduces telomerase activity (130). 1,25(OH),;D3-induced
upregulation of p21 and p27, which are cyclin-dependent kinase
(CDK) inhibitors, induces cell cycle arrest (121, 129, 131).
Furthermore, vitamin D3 mediates anti-proliferative activity
by enhancing expression of Dickkopf-1 (DKK-1), which is an
antagonist in the Wnt/p-catenin signaling pathway (132). In

vitro as well as in vivo studies report inhibition of proliferation
and angiogenesis by vitamin Ds3. It suppresses hypoxia-inducible
factor 1-alpha (HIF1A) leading to reduced expression of vascular
endothelial growth factor (VEGF) and thereby inhibition of
angiogenesis (133, 134). Autophagy is not only triggered in
infected macrophages, but also in tumor cells such as breast
cancer. Since autophagy appears to protect healthy tissue from
cancer initiation, vitamin Djs-treatment might contribute to
suppression of carcinogenesis (135). It also increases activity of
antioxidant enzymes such as superoxide dismutase 1/2 (SOD1/2)
and therefore protects DNA from ROS-induced damage (129).
Upon vitamin D3 administration, DNA damage repair proteins,
such as p53, are upregulated in vitro (15).

Strikingly, anti-tumor activity —of tumor-associated
macrophages (TAMs) against lymphomas has been shown
to be enhanced by vitamin Ds-triggered increase of antibody-
dependent cellular toxicity (ADCC) and antibody-dependent
cellular phagocytosis (ADCP) (136). Current observations
of Busch et al. reveal that combination of vitamin D3 with
immunomodulatory drugs (IMiDs), such as lenalidomide,
helps to restore the defective vitamin D3 metabolism in
myeloma-associated macrophages and improves cytotoxicity
against multiple myeloma cells mediated by specific anti-CD38
antibodies such as MOR202 (137, 138). Furthermore, exosomal
transfer of microRNAs, which induce tumor-promoting
myeloid-derived suppressor cells, was impeded by vitamin D3
(139). The previously mentioned cathelicidin, which is secreted
by human macrophages, has also been shown to mediate direct
anti-tumor efficacy against high-grade B cell lymphoma by
increasing ADCC (136). In summary, there is strong evidence
that vitamin D3 exerts direct anti-tumorigenic functions which
might be applicable in allo-HSCT patients in order to boost
GVL effects.

Mediation of Anti-inflammation to

Antagonize Carcinogenesis

In 1863, Virchow postulated for the first time that tissue
proliferation and hence tumor progression might be provoked
by an inflammatory microenvironment connecting cancer with
inflammation (140, 141). Since inflammatory tissue provides
ideal conditions for genetic mutations, it seems obvious that
tumor progression occurs more frequently in inflammatory
environment than in healthy tissue. Clinical studies proved
that localized persistent inflammation is a risk factor for
the development of cancer in adjacent organs, e.g., patients
with ulcerative colitis have a higher incidence of colorectal
cancer (142). Given that inflammation promotes carcinogenesis,
vitamin D3-dependent anti-inflammatory activity could reduce
tumor progression. In esophageal squamous cell carcinoma,
1,25(0H);D3; impedes tumor growth by inhibition of IL-6
signaling (117). Accumulating data report that 1,25(OH),;D3
inhibits prostaglandin (PG) (143), p38 MAPK (144) and nuclear
factor kappa B (NFkB) signaling pathways (15). Although there is
increasing evidence for inflammation-driven carcinogenesis, not
every type of chronic inflammation evokes tumor development,
which appears to be contradictory.
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FIGURE 2 | Positive effects of vitamin D3 in the allo-HSCT setting. Vitamin Dj affects a broad variety of cells of the adaptive and innate immune system which play an
important role in boosting GvL responses while alleviating GvHD. On side of GvHD, proliferation of T cells is inhibited and anti-inflammatory differentiation is favored.
Vitamin D3 enhances autophagy, phagocytic activity and tolerogenic capacity of macrophages. Vitamin Dz-dependent release of antimicrobial peptides by
macrophages fortifies Gvl effects, increases cell integrity, and induces cell death of bacteria. DCs are inhibited in proliferation and reduce Th1 and Th17 responses
while the Treq population increases. Vitamin D3 triggers apoptosis and cell cycle arrest of B cells and inhibits antibody secretion. Vitamin D3 reduces cytotoxic activity
of NK cells and impedes neutrophils to secrete pro-inflammatory cytokines. In case of GvL, apoptosis, autophagy and differentiation of cancer cells are directly
enhanced by vitamin D3, whereas inflammation and angiogenesis are reduced. Vitamin D3 enhances ADCC and ADCP of cancer cells by macrophages directly or by
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Despite the well-founded evidence of anti-tumorigenic effects
of vitamin D3 in solid tumors, studies on hematological
malignancies remain elusive. Given that vitamin D3 deficiency
correlates with worse relapse-free survival (94-96) and the
known anti-tumorigenic effects of vitamin D3, one might think
that it could also enhance GvL. By using mice fed with low
and high vitamin D3 doses or by performing clinical trials with
vitamin D3 supplementation, the actual effect on GvL could
be investigated.

CONCLUSION/PERSPECTIVES

In summary, we assume that vitamin D3 could be a potential
immune modulating agent for supplementation before and
during allo-HSCT. It is conceivable that vitamin D3 might be
able to maintain and improve the patient’s immune balance
and epithelial barrier function. Mounting evidence indicates
that vitamin D3 could alleviate GvHD by enhancing anti-
inflammatory responses while it might coincidently ameliorate
GVl effects due to its anti-microbial activities. Moreover, GvL
might be boosted because vitamin D3 could at least reinforce
anti-tumorigenic responses of myeloid cells (Figure 2).

Besides its easy availability, economy and role in preserving
the intestinal barrier integrity (53), vitamin D3 helps to
maintain calcium and bone homeostasis and hence prevents
osteoporosis. Given that allo-HSCT patients often suffer from
bone loss upon conditioning regimens, immunosuppressive
treatment and immobilization, it might also improve GvHD
by preventing osteoporosis (34). Cholecalciferol can usually
be administered safely in high doses without occurrence
of abnormal calcium metabolism (145). However, sufficient
vitamin D3 levels cannot be achieved in all patients despite
high-dose supplementation (97). Therefore, treatment with
1,25(0OH), D3 might be the more efficient version. However, the
probably greatest restraining factor of 1,25(0OH),Dj3 is its dose-
limiting toxicity causing hypercalcemia and hypercalciuria. One
possible solution might be the administration of 1,25(0OH),D3
analogs, some of which have already been shown to be less
calcemic (146, 147).

Until now, only few clinical trials with vitamin D3 in
the allo-HSCT setting have been conducted and have shown
effective outcomes (90). The most recent study of Carillo-
Cruz et al. suggests that universal vitamin D3 medication
remains challenging due to VDR polymorphisms (29). Our
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hypothesis that vitamin D3 could improve GvL might seem
controversial due to its known anti-inflammatory activities on
T cells. However, it was shown by Essen et al. that TCR
signaling in naive human T cells induces VDR expression
(148). This in turn results in upregulated PLC-y1 expression
and thus higher activation and priming of naive T cells.
Although there is evidence that vitamin Dj attenuates IL-
6 signaling in human esophageal squamous cell carcinoma
(SCC) cell lines (117), the in vivo study of Bendix-Struve and
colleagues demonstrated that T cells of vitamin D3-supplemented
Crohn’s disease (CD) patients produced more IL-6 (149).
Proliferation of CD4+ T cells was higher in vitamin Dj-treated
patients compared to the placebo group. Additionally, VDR
was shown to be important for the development of CD8wo+
TCRaf+ cells, which help to maintain tolerance in the gut and
suppress intestinal inflammation (150). Expression of the gut-
homing receptor CCR9 is suppressed in T cells upon vitamin
D3 stimulation, which might prevent homing of potential
alloreactive T cells into the gut. However, these data provide
only indications that vitamin D3 might promote GvL despite its
anti-inflammatory properties.
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In addition to its role in calcium homeostasis and bone formation, a modulatory
role of the active form of vitamin D on cells of the immune system, particularly T
lymphocytes, has been described. The effects of vitamin D on the production and action
of several cytokines has been intensively investigated in recent years. In this connection,
deficiency of vitamin D has been associated with several autoimmune diseases,
including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), antiphospholipid
syndrome (APS), Hashimoto Thyroiditis (HT), and multiple sclerosis (MS). In a successful
pregnancy, the maternal immune response needs to adapt to accommodate the
semiallogeneic fetus. Disturbances in maternal tolerance are implicated in infertility
and pregnancy complications such as miscarriages (RM) and preeclampsia (PE). It is
well-known that a subset of T lymphocytes, regulatory T cells (Tregs) exhibit potent
suppressive activity, and have a crucial role in curtailing the destructive response of the
immune system during pregnancy, and preventing autoimmune diseases. Interestingly,
vitamin D deficiency is common in pregnant women, despite the widespread use of
prenatal vitamins, and adverse pregnancy outcomes such as RM, PE, intrauterine growth
restriction have been linked to hypovitaminosis D during pregnancy. Research has shown
that autoimmune diseases have a significant prevalence within the female population,
and women with autoimmune disorders are at higher risk for adverse pregnancy
outcomes. Provocatively, dysregulation of T cells plays a crucial role in the pathogenesis
of autoimmunity, and adverse pregnancy outcomes where these pathologies are also
associated with vitamin D deficiency. This article reviews the immunomodulatory role of
vitamin D in autoimmune diseases and pregnancy. In particular, we will describe the role
of vitamin D from conception until delivery, including the health of the offspring. This
review highlights an observational study where hypovitaminosis D was correlated with
decreased fertility, increased disease activity, placental insufficiency, and preeclampsia in
women with APS.

Keywords: vitamin D, autoimmunity, antiphospholipid antibodies, pregnancy, placenta, fetal origin of adult disease

INTRODUCTION

First, we will briefly summarize the enzymes and precursors involved in the synthesis of the active
form of vitamin D (Figure 1). Vitamin D3 (cholecalciferol) is taken in the diet or is synthesized in
the epidermis from 7-dehydrocholesterol by exposure to ultraviolet irradiation (UV) (1). In order
to be biologically active, vitamin D must be converted to its active form.
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FIGURE 1 | Synthesis of active form of vitamin D (1,25(OH)2D3).

Vitamin D is transported in the blood by the vitamin D
binding protein (DBP). In the liver vitamin D is hydroxylated
at C-25 by cytochrome P450 vitamin D 25 hydroxylases,
resulting in the formation of 25-hydroxyvitamin D3 (25(OH)D3).
CYP2R1 is the key enzyme required for 25 hydroxylation of
vitamin D (1). 25(OH)D3 is then hydroxylated in the A ring
at carbon 1, resulting in the biological active form of vitamin
D, 1,25-dihydroxyvitamin D3 (1,25(OH),D3). The cytochrome
P450 monooxygenase 25(OH)D la hydroxylase (CYP27BI;
la(OH)ase) is present in the kidney and other extrarenal sites
such as the placenta, macrophages, lungs, and brain. Despite
normal dietary vitamin D intake, mice with mutations in the
la(OH)ase gene develop vitamin D dependency rickets (VDDR)
type 1, highlighting the importance of this enzyme. In this review,
we will use the term vitamin D to describe the active molecule
1,25 (OH);D3 unless we specify the vitamin D metabolite or
precursor particularly investigated.

EFFECTS OF VITAMIN D ON THE IMMUNE
SYSTEM

Historical Evidence of the Role of Vitamin

D on the Immune System

A hundred years ago, the observations of Mellanby suggested
a relationship between vitamin D and the immune system. An
increase incidence of respiratory infections in rachitic children
and dogs was reported in his study (2). Interestingly, vitamin D
has been empirically used to treat infections such as tuberculosis
(TB) before the discovery of antibiotics. Sunlight exposure and
being outdoors was recommended for patients with TB based on
the ability of UV to kill bacteria (3). Vitamin D-rich fish liver
oil has also been used to treat TB patients. At the time, these
observations were attributed to vitamin D deficiency leading to
weakness and malnutrition instead of the effect of vitamin D
on the immune system. The mechanism of action of vitamin
D on the immune system was better understood with the help
of molecular biology. We now know that the protective role

of vitamin D on the immune system played an important
role behind these old therapies to treat TB (4). In this line,
present data favor ultraviolet (UV) irradiation and consequent
suppression of local and systemic immune responses to reduce
the severity of some inflammatory and immune diseases such as
psoriasis, multiple sclerosis and asthma (5-7).

Interestingly, recent data demonstrate a link between
vitamin D and TB. In this line, patients suffering from TB
have shown either vitamin deficiency or vitamin D receptor
(VDR) polymorphisms. Furthermore, vitamin D can suppress
intracellular growth of M. tuberculosis in vitro (8, 9). In addition,
the vitamin D-stimulated expression of antimicrobial peptides
such as cathelicidin, involved in the first line of defense in TB
patients, might be responsible for its protective effect in TB (10).

Immunoregulatory Effects of Vitamin D

The expression of vitamin D receptor (VDR) in immune cells has
highlighted an interesting role of vitamin D in immunity. Today a
compelling body of experimental evidence indicates that vitamin
D plays a fundamental role in regulating both innate and adaptive
immune systems (11). Vitamin D displays a local immune effect
via intracellular vitamin D receptors (VDR), that are known to
be present in monocytes/macrophages, T cells, B cells, natural
killer cells (NK), and dendritic cells (DCs). After binding to
its receptor VDR (a member of nuclear receptor superfamily),
vitamin D forms a heterodimer with retinoid X receptor (RXR).
This complex engages vitamin D Response Element (VDRE) and
recruits activators and enzymes with histone acetylation activity.
Therefore, the structural changes in chromatin induced by this
complex results in the regulation of targeted gene (12).

Vitamin D and Innate Immunity

The innate immune system is differentially regulated by vitamin
D signaling, where it modulates the synthesis of antimicrobial
peptides (AMPs) including, cathelicidin and defensins (13). In
this line, promoters of the human genes for cathelicidin, and
defensin B2 contain VDRE. NKT cells are thymically derived
cells of the innate immune system that produce high amounts
of cytokines including IL-4 and IFN-y. Vitamin D through
its interaction with VDR regulates the normal development
and function of NKT cells. In this line, NKT cells isolated
from VDR knock out mice exhibited diminished secretion of
IL-4 and IFN-y. In addition, vitamin D induced activation
in NK cells (14). Recently, Chen et al. studied the effect of
vitamin D supplementation on innate immune cells. They
observed an enhanced production of IL-1beta and IL-8 by both
neutrophils and macrophages, whereas the phagocytic capacity
was suppressed in these cells (15) (Figure 2). Other studies have
similarly revealed that vitamin D suppresses the activation of
macrophages resulting in an anti-inflammatory M2 macrophage
phenotype (16). Notably, activation of human monocytes
using CD40 ligand and interferon gamma (IFN-y) have been
found to induce VDR and CYP27B1-hydroxylase expression,
resulting in enhanced autophagy and antimicrobial peptide
synthesis (17). Whereas, vitamin D increases phagocytosis and
bactericidal activity of pathogens such as M. tuberculosis and P.
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aeruginosa by macrophages (8, 18). Furthermore, the immune-
modulating effects of vitamin D and its analogs have been
well-characterized in dendritic cells (DCs), which are known
to stimulate lymphocytes through antigen presentation. Recent
research showed a robust vitamin D-dependent inhibition of
maturation, differentiation, and survival of DCs (19). Several
in vitro and in vivo studies have demonstrated a decreased
expression level of costimulatory molecules (CD80, CD40,
CD86), major histocompatibility complex (MHC) class II, and
other maturation-induced surface markers, resulting in impaired
maturation of DCs (20) (Figure 2). In response to inflammatory
signals, vitamin D strongly impairs the migration and maturation
of DCs, which culminates in reduced antigen presentation
capacity and activation of T cells. Furthermore, cytokine shift
with reduced interleukin-2 (IL-2) production, and increased IL-
10 expression, leads to suppression of T helper 1 (Th1) phenotype
(Figure 2). Therefore, by maintaining DCs in an immature
phenotype, vitamin D and its analogs contribute to an induction
of a tolerogenic state (21, 22).

Vitamin D and Adaptive Immunity

Early studies have shown that the VDR is highly expressed post-
activation in both B and T lymphocytes (23). Among the main
functions of vitamin D in the adaptive immune system, the effects
of vitamin D on T cells deserve special attention. By binding to
the VDR on T cells, vitamin D modulates the differentiation and
activation of CD4" lymphocytes (24).

Tregs, a subset of CD41 lymphocytes suppress the immune
response and mediate immune tolerance. Several studies have
shown that vitamin D promotes proliferation and effector
functions of immunosuppressive Foxp3™ Tregs (25-27). In
humans, vitamin D mediates regulation of suppressive T

cells in complicated pregnancies (28). In addition, vitamin D
signaling enhances the numbers of Tregs both in patients with
inflammatory diseases and healthy controls (29). Interestingly,
Vitamin D suppresses T lymphocytes proliferation by reducing
IL-2 gene transcription, and inhibiting the production of
pro-inflammatory ~ Th-cytokines including, IFN-y, IL-2,
and IL-17 (30) (Figure2). In agreement with prior studies,
immunophenotyping of naive and memory T lymphocytes
in children has revealed an association between vitamin
D and risk of infections. In this line, higher vitamin D
levels were associated with protection due to increased
number of memory T lymphocytes (31). Similarly, a recent
study has demonstrated that reduced levels of vitamin D
were associated with altered activation of T-lymphocytes
in neonates. In particular, measurement of neonates and
mothers’ cord blood had revealed lower levels of naive CD4™
T cells, CD4" T-helper, and CD8" cytotoxic T lymphocyte
in the vitamin D deficient group. In addition, one out of
every six infant that presented with sepsis was deficient
in vitamin D, suggesting a higher risk of infection in this
group (32). Additionally, single-nucleotide polymorphism
(SNP) analysis has identified T cell activation RhoGTPase
activating protein (TAGAP) and IL-2RA as vitamin D
responsive genes of CD4? T cells in patients with multiple
sclerosis (33).

It also appears that vitamin D suppresses proliferation and
immunoglobulin production in B cells. In addition, it also
suppresses the differentiation of B cells into plasma cells (34, 35).
Naive B cells express very low levels of VDR. However, following
activation VDR expression in B cells is increased. Vitamin D
signaling potentiates apoptosis of activated B cells in presence
of relevant stimuli. Moreover, vitamin D inhibits memory B cell
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formation and secretion of immunoglobulins IgG and IgM in
activated B cells (36).

Vitamin D and Autoimmunity

Autoimmunity

In view of the immunomodulatory effects of vitamin D on the
adaptive immune response, we will discuss next the significance
of vitamin D levels in autoimmune disorders. Autoimmune
diseases are characterized by self-tissue destruction via the
adaptive immune responses which evade immune regulation. As
described above, vitamin D has been defined as a natural immune
modulator. Vitamin D regulates the differentiation and activity of
CD4* T cells, resulting in a more balanced Th1/Th2 response
that limits development of self-reactive T cells preventing
inflammation and autoimmunity (37-39). Therefore, a role for
vitamin D deficiency in the pathogenesis of autoimmune diseases
has been proposed. Several population-based and molecular
studies reinforced this observation (34, 40, 41).

As previously described (Figure2), vitamin D modulates
adaptive immune cell functions explaining the significant
association between vitamin D deficiency and autoimmune
diseases, such as rheumatoid arthritis (RA), systemic
lupus erythematosus (SLE), antiphospholipid syndrome
(APS), Hashimoto’s thyroiditis (HT), and multiple sclerosis
(MS) (42-49).

In animal models for MS and SLE, administration of
vitamin D either prevented or improved autoimmunity
(50). Furthermore, studies performed in mouse models with
abrogated vitamin D signaling (dietary or genetic manipulation)
demonstrated increased susceptibility to autoimmunity (51-53).

Rheumatoid arthritis (RA)

Rheumatoid arthritis (RA) is an autoimmune disorder with a
very complex pathophysiology. It is believed to be initiated
by a Thl type response resulting in joint destruction by
immune cells (54). The presence of la hydroxylase and VDR
on macrophages, chondrocytes, and synovial cells in the joints
suggest that vitamin D might have a role in RA pathogenesis (55).
Accordingly, it has been shown that vitamin D downregulates
the production of proinflammatory cytokines IL-1f8, IL-6, and
TNF-a in macrophages in synovial tissue (42). Therefore, it
has been suggested that vitamin D deficiency may increase the
risk for the development of RA (56, 57). Consistent with this
hypothesis, an inverse correlation between the risk to develop
RA and vitamin D levels was described in a large population-
based study comprising of almost 30 thousand women (58).
Furthermore, evidence continues to accumulate supporting a role
of VDR polymorphisms in the pathogenesis of RA (59). TaqI and
FokI vitamin D receptor polymorphisms have been associated
with an increase RA risk (60).

Systemic lupus erythematosus (SLE)

Among patients with autoimmune diseases, a higher prevalence
of vitamin D deficiency was observed in systemic lupus
erythematosus (SLE) (61). Patients with SLE have multiple risk
factors for vitamin D deficiency. Increased photosensitivity,
responsible for lower sun exposure, leads to a diminished

production of vitamin D in the skin. In patients with lupus
nephritis, the affected kidney may fail to carry out effective
hydroxylation step of 25(OH)D. On the other hand, vitamin D’s
ability to modulate the immune suggests that hypovitaminosis D
might lead to loss of tolerance and production of autoantibodies
by B cells (62). In addition, vitamin D insufficient levels
exacerbate autoantibody production and disease activity in
SLE (63).

Antiphospholipid syndrome

Antiphospholipid syndrome (APS) is a systemic autoimmune
disease characterized by thrombosis and obstetric complications.
Thirty to forty percent of patients with SLE develop
antiphospholipid antibodies. These antibodies may activate
a cross talk between inflammation and thrombosis leading
to adverse clinical events (64). An active crosstalk between
inflammation and coagulation involving the complement system
and tissue factor (TF), showed to be directly involved in APS-
associated pregnancy complications in both mice and women
(65-67). Vitamin D has shown not only immunomodulatory but
also anti-thrombotic properties. In a study by Agmon-Levine
et al, vitamin D deficiency was documented in almost 50%
of APS patients vs. one third of controls and was significantly
associated with thrombosis (68). In in vitro studies, vitamin
D inhibited the expression of TF induced by antiphospholipid
antibodies. A recent in vitro study in vascular smooth muscle
cells demonstrated that vitamin D modulates tissue factor
and protease-activated receptor 2 (PAR-2) expression (69).
Provocatively, TF/PAR-2 signaling has been involved in the
pathogenesis of adverse pregnancy outcomes in a murine model
of APS (65).

As previously mentioned, complement activation plays a
crucial role in adverse pregnancy outcomes in APS in mice
and women (70-75). Interestingly vitamin D showed to increase
expression of complement inhibitor CD55 (decay accelerating
factor) in human monocytes and the associated inhibition
of complement activation led to the prevention of preterm
birth, adverse pregnancy outcome observed in APS (76).
Reinforcing the role of vitamin D in pregnancy in APS,
pravastatin that prevented pregnancy complications in APS
in mice and women (65, 77) was shown to increase plasma
concentrations of 25(OH)D and vitamin D in a rat model (78).
Therefore, indicating that vitamin D might also contribute to
the protective effects of pravastatin in obstetric APS (OAPS).
Vitamin D deficiency is common among APS patients (52)
and is also associated with placental dysfunction and adverse
pregnancy outcomes (79). Therefore, vitamin D deficiency
might contribute to the abnormal placental development and
to the adverse pregnancy outcomes observed in OAPS [see
Observational Study: Vitamin D levels in Women With Obstetric
Antiphospholipid Syndrome (OAPS)].

Autoimmune thryroiditis—hashimoto thyroiditis (HT)

Vitamin D serum levels has been associated with the onset
and progression of several autoimmune diseases including HT
(80). In this line, higher serum 250HD levels were associated
with decreased risk of Hashimoto thyroiditis (HT). In this
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study, the authors found that vitamin D supplementation leads
to a significant decrease in the risk of developing HT (81).
Interestingly, a meta-analysis showed a significant correlation
between certain VDR gene polymorphisms and HT (82).
Animal studies have shown a protective role of vitamin D
in the development of experimental autoimmune thyroiditis
(83). Vitamin D supplementation, improved inflammation
of the thyroid gland by suppressing autoantibodies and
proinflammatory cytokines production in mice (83, 84).
Interestingly, several studies reported a significant association
between vitamin D deficiency with the risk of HT (85, 86). On the
other hand, a few studies did not find any link between vitamin
D deficiency and the risk of Hashimoto thyroiditis (87, 88).

Multiple sclerosis

Multiple sclerosis (MS) is a demyelinating autoimmune
condition targeting the central nervous system (CNS) (89).
There is a large body of evidence suggesting an association
between lack of vitamin D early in life and development
of MS (90). Furthermore, a nearly two-fold increased risk
of MS was reported in the offspring of mothers that were
vitamin D deficient (<30 nmol/L) during early pregnancy (90).
Interestingly, UVB-induced vitamin D has shown protective
effects in MS patients by upregulating Tregs and tolerogenic
DCs (91). Similarly, these effects have also been observed in the
experimental autoimmune encephalitis (EAE) mouse model of
MS in which vitamin D induces tolerance via Tregs and IDO-+
dendritic cells leading to reduced disease severity (92). Notably,
vitamin D showed protective effects in a mouse model through
the modulation of tight junction proteins in the BBB and nuclear
factor kappa B (NFkB) activation (93). The anti-inflammatory
effects of vitamin D toward a Th2 immune response may also
contribute to its protection of the CNS (37). It is still debatable
if the immunomodulatory effects of vitamin D can be used for
clinical benefit in MS.

ROLE OF T CELLS IN PREGNANCY AND
ITS COMPLICATIONS

In the last decade, an integrated mechanism, acknowledging
both the innate and adaptive immune systems have been
described to explain the maternal immune tolerance required
to avoid rejection of the conceptus (94). It is established
that during implantation, an active immune suppression is
required to prevent an immune response against developing
embryo. In this context, Tregs play a central role by repressing
cytotoxic T cells, Thl cells, macrophages, DC and NK cells
leading to immune quiescence (95). Hence, both a maternal
and fetal immune symbiotic relationship is created to allow
a conducive environment for fetal growth and development.
Several mechanisms support the maternal immune tolerance
at the fetal-maternal interface. First, the adaptive immune
response is curtailed by immune suppressive pathways or
skewed toward immune tolerance. Second, the immune system
contributes to the tissue remodeling necessary for placental
development and function. In this context, uterine NK cells

(uNK) have a special role facilitating trophoblast migration and
the consequent development of the spiral arteries in contrast with
peripheral cytotoxic NK cells (96). These uNK cells developed
under the influence of IL-15 signaling that is expressed widely
in the decidua and placenta (97). Furthermore, macrophages
and DCs contribute to the immune tolerance in the gravid
uterus. This unique immunological environment, important in
maintaining a tolerant maternal-fetal interface is sustained by
soluble molecules such as cytokines, chemokines, hormones,
and prostaglandins (97). Crucial cell surface proteins, involved
in induction of tolerance, are immune checkpoint inhibitors
such as programmed death-1 (PD-1) and PDI ligand (PD-
L1). The importance of PD-1/PD-L1 has been demonstrated
with an augmentation of this immunosuppressive pathway
in normal pregnancies (98). The cytotoxic capacity of CD8"
T subset in the decidua is significantly lower compared to
peripheral CD8" T cells (99). In line with the importance of
immune checkpoint inhibitors in favorable pregnancy outcomes,
increased Tregs, have been observed in mouse models (100).
In addition to expression of immune checkpoint inhibitors,
Tregs secrete immuno-suppressive cytokines TGF-f and IL-
10 (101). Complete abrogation of TGFf signaling leading to
Tregs deficiency results in non-viable mice (102). Restoring
TGEp signaling rescues this phenotype (103). In addition, partial
TGEp signaling leads to recurrent pregnancy loss (102). Decidual
cytotoxic CD8% T cells are regulated in part via Tregs and
relative expression of immune checkpoints (98). The loss of these
regulatory mechanisms lead to enhanced CD8™" T cell responses
and adverse pregnancy outcomes (104).

THE ROLE OF VITAMIN D IN PREGNANCY:
FROM CONCEPTION TO PARTURITION

In recent years, “pleiotropic” effects of vitamin D beyond its
skeletal regulator functions have been demonstrated. Vitamin
D autocrine, paracrine and endocrine functions have been
described in numerous organs and systems, in particular the
reproductive system. Several studies underscore the role of
vitamin D in conception, placentation, progression of pregnancy
and pregnancy outcomes including the offspring’s health.

Vitamin D deficiency is common in women of reproductive-
age (105). In a recent cohort study performed in Norway
pregnant women from different ethnic groups showed
hypovitaminosis D. Circulating vitamin D levels (<25 nmol/L)
were found during pregnancy in women from South Asia
(45%), Middle East (40%) and Sub-Saharan Africa (26%)
(106). Hypovitaminosis D is a risk factor for infertility and
several adverse pregnancy outcomes (107, 108). Furthermore,
pre-pregnancy vitamin D levels higher than 75 nmol/L were
associated with increased likelihood of pregnancy, reduced
pregnancy loss and increased number of livebirths (109).

For many decades it was thought that metabolism of
25(OH)D3 only took place in the kidney. However, metabolism
of 25(0OH)D3; was demonstrated in many other organs including
the reproductive tract. 25(OH)D3 and VDR are present in a
variety of female reproductive organs such as pituitary glands,
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hypothalamus, uterus, oviducts, ovaries, mammary glands, and
the placenta (110). In this line, a-hydroxylase expressed in the
decidua and placenta highlights the role of vitamin D synthesis
in the fetomaternal interface (111, 112). Altogether, vitamin
D supports placental development and function by regulating
placental calcium transport, and by exerting immunomodulatory
effects, critical for pregnancy maintenance (113, 114).

Role of Vitamin D in Fertility

Vitamin D in Female Fertility

Reduced mating success and fertility was observed in female rats
with vitamin D deficiency. Vitamin D-deficient diet caused a
reduction of up to 70% in the ability to conceive and a significant
reduction in the number of viable pups (115). In agreement with
the role of vitamin D in mammalian fertility, synergistic effects
of vitamin D and progesterone have been observed in ovum
implantation in rabbits (116).

While the diminished fertility in mice can be attributed to
inadequate calcium levels to induce oocyte maturation, direct
effects of vitamin D on the ovaries and hypothalamic-pituitary
axis, including brain neurotransmitters such as serotonin,
dopamine, and endogenous opioids should be acknowledged
(108). In this line, vitamin D biosynthesis and signaling systems
were demonstrated in primate ovarian follicles (117). A recent
study demonstrated that vitamin D supplementation promoted
survival and growth of antral follicles as well as oocyte maturation
(117). Correlations between fertility, seasonal variations and
geographical regions, have also been observed. It is now clear that
these variations are due to changes in vitamin D-levels dependent
on UV exposure (118).

Therefore, it is tempting to speculate that vitamin D deficiency
might play a role in infertility, a common and distressing issue
that affects around 10% of all couples. Consistent with this, a
recent systematic review showed an association between serum
vitamin D levels and the number of live births in women
undergoing assisted reproductive technology (ART) (119). This
study suggests that deficiency and insufficiency of vitamin D
could be important factors to treat, particularly in women with
compromised fertility to improve ART outcomes.

Vitamin D and Male Reproductive Physiology

The male reproductive tract is among the widespread systems
affected by vitamin D. Expression of VDR, activating enzymes
(CYP2R1, CYP27A1, CYP27B1), and inactivating enzymes
(CYP24A1) have been demonstrated in the spermatozoa, seminal
vesicle, prostate, epididymis including the human testis (120,
121). In addition, vitamin D deficiency has been associated
with abnormal spermatogenesis and fertility in animal studies
(122). In rats, a significant diminution (73%) was observed
in the pregnancy rate when wild type females were mated
with diet-induced vitamin D deficient males compared to
females mated with vitamin D sufficient-males (122). In support
of the observation that vitamin D is required for male
fertility, oligoasthenospermia was described in a-hydroxylase
CYP27B1 null mice. In this connection, men with vitamin
D deficiency also exhibited altered sperm motility (123).
Moreover, these a-hydroxylase CYP27B1 null mice also showed

hypergonadotrophic hypogonadism suggesting a modulatory
role for vitamin D signaling in gonadal function (124).
Hypocalcemia has been shown to compromise capacitation
and acrosomal reactions, crucial steps in fertilization (125).
Therefore, hypocalcemia and hypophosphatemia secondary to
vitamin D deficiency may also play an important role in male
infertility. Furthermore, diets rich in calcium and phosphorous
rescue male fertility in VDR knock-out mice and in male rats on
a vitamin D deficient diet (126).

Role of Vitamin D in Conception

The rapid induction of VDR and a-hydroxylase CYP27B1
in decidua and placenta early in pregnancy highlights a
fundamental role of vitamin D in conception, including
implantation and the development of the placenta itself
(110, 127).

It has been demonstrated that vitamin D binding to VDR
upregulates key target genes, such as HoxAIO crucial for
endometrial development, uterine receptivity and implantation
(128). The importance of vitamin D in the process of
implantation has been further highlighted by studies using
knockout mouse models. Both VDR and a-hydroxylase
CYP27B1 knock out female mice present with uterine hypoplasia
and infertility (129, 130). Injection of vitamin D has been shown
to increase uterine weight and promote decidualization of the
endometrium in pseudo-pregnant rats suggesting that vitamin D
contributes to a crucial step in blastocyst implantation (131).

In addition to its direct role in the decidualization and
placentation, vitamin D may also influence implantation and
placentation indirectly via its immunomodulatory actions. The
immunosuppressive effects of vitamin D during pregnancy and
in particular during implantation were postulated many year ago
and might contribute to preventing a maternal immune response
against the paternal genes-carrying embryo (127). Therefore,
throughout pregnancy, decidual synthesis of vitamin D has the
potential to modulate uNK cells, DCs, macrophages and T-cells
leading to immune tolerance (132, 133). It is well-established that
vitamin D inhibits Th1 cytokines while promoting Th2 cytokines,
therefore it may favor the process of implantation (133).

Pregnancy Complications and Vitamin D
Preeclampsia (PE)
Fetal cytotrophoblast and differentiated extravillous trophoblasts
(EVT) invasion of the maternal decidua and myometrium in the
first trimester of pregnancy is key for placentation and successful
pregnancy. Interactions between trophoblasts, decidual stromal,
and immune cells facilitate implantation and maintenance of
pregnancy. Importantly, defective invasion of EVT can cause
abnormal placentation and important pregnancy disorders such
as miscarriage, PE, intrauterine growth restriction (IUGR),
preterm birth (PTB) and stillbirth. Vitamin D deficiency has been
associated with increased incidence of pregnancy complications
(134). A recent meta-analysis demonstrated an increased risk of
PE in women with hypovitaminosis D (135).

Abnormal expression of 1a-hydroxylase has been observed in
syncytiotrophoblastic cells from preeclamptic pregnancies (136).
Even more, low levels of vitamin D have been found in women
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that developed severe early onset preeclampsia and vitamin D
supplementation showed a protective effect against recurrent PE
(137, 138). That PE is characterized by defective placentation
at early stages of pregnancy and that hypovitaminosis D is
frequently found in women with PE, suggest a potential role
for vitamin D as a crucial molecule in normal placentation. An
association between VDR FokI polymorphism and the risk of
PE has also been reported, suggesting that the interaction of
vitamin D with its receptor is required for placenta development
and function (139). It has also been suggested that low levels
of vitamin D may disrupt the immune balance leading to
overexpression of Thl cytokines and failure of immunological
tolerance toward embryo implantation (133). In this line, higher
expression of Th1 cytokines have been described in placentas of
preeclamptic pregnancies, suggesting a protective role of vitamin
D at the feto-maternal interface (140).

That both abnormal trophoblast invasion and maternal
hypovitaminosis D are associated with abnormal placentation
and adverse pregnancy outcomes, suggests a link between
vitamin D and EVT migration. Interestingly, vitamin D has
been described as a modulator of cellular motility and invasion
in cancerous cells (141). In this line, ex vivo studies have
shown that vitamin D promotes migration and invasion of
human EVT isolated from first trimester pregnancies, through
enhanced expression of matrix metalloproteinases MMP2 and
MMP9 (142).

The molecular mechanisms behind the regulatory effects of
vitamin D on cell migration and invasion are not completely
understood. Vitamin D has been shown to regulate the actin
cytoskeleton in numerous cell types, including trophoblasts
(143). In addition, vitamin D restored mobility in umbilical vein
endothelial cells (HUVEC) derived from pregnancies affected
by PE and gestational diabetes (144). Vitamin D may also
exert indirect effects on trophoblast invasion by stimulating
the secretion of human chorionic gonadotrophin (hCG) and
progesterone (145).

In addition to the detrimental effects in placentation and
potential causative effects in PE development, vitamin D
deficiency might also contribute to hypertension, a characteristic
sign of PE. It is known that suboptimal levels of vitamin D
are associated with unfavorable effects on the cardiovascular
system. Vitamin D deficiency has been shown to activate the
renin-angiotensin-aldosterone system (RAAS) and to induce
endothelial dysfunction, both contributing to hypertension
(146). In support of the role of vitamin D on the RAAS
system, VDR knockout mice displayed disrupted renin
expression and angiotensin II production (147). Vitamin D
deficiency might also play a role in endothelial dysfunction,
a crucial feature in the pathogenesis of PE. la-hydroxylase
is present in the endothelial and vascular smooth muscle
cells protecting the vascular walls through generation of
vitamin D (148). Furthermore, vitamin D inhibits endothelial
cell activation by cytokines as well as adhesion molecules
expression that involves TNF-a (149, 150). Therefore, it has been
hypothesized that vitamin D supplementation might help protect
endothelial function and control blood pressure in preeclamptic
patients (151).

Vitamin D in Obesity in Pregnancy

Obesity is a major contributing factor to vitamin D status in
pregnancy. While there is no difference between non-obese
and obese individuals regarding the synthesis of vitamin D
in the skin, the vitamin D concentration in plasma is 57%
less in the obese than in the non-obese subjects (152). In this
line, it has been demonstrated that excessive adipose tissue
causes a decrease in the release of endogenously synthesized
vitamin D into the circulation (152). Obesity, a health issue
with serious cardiovascular risk also results in higher incidence
pregnancy complications associated with increased maternal
and fetal morbidity. Studies performed in a large cohort of
Chinese couples of reproductive age showed that increases
in pre-pregnancy maternal and paternal body mass index
(BMI), both independently and combined, increases the risk of
adverse pregnancy outcomes such as PTB, low weight birth,
and stillbirth (153). The likelihood of conception decreases in
a linear fashion with increases in BMI (4% decrease per 1
kg/m? weight gain, starting from a BMI of 29 kg/m?) (154).
Diminished bioavailability of vitamin D in obese pregnant
women leading to reduced immunomodulatory effects at the
fetal-maternal interface might explain the adverse pregnancy
outcomes in these women. Limited sunlight exposure and
nutrient-poor but hypercaloric diets might exacerbate the
vitamin D deficiency observed in obese pregnant women,
affecting both the mother and the developing fetus. It has
been suggested that supplementation with vitamin D might be
beneficial in obese patients (155).

Preterm Birth (PTB)

PTB, is a major public health concern as it is the main cause of
neonatal morbidity and mortality, with an estimated prevalence
of 10.6% of live births (156). Epidemiologic studies suggested
an association between maternal hypovitaminosis D during
pregnancy and PTB (157). It has been suggested that low levels of
maternal circulating vitamin D could increase PTB risk and that
vitamin D supplementation during pregnancy might help reduce
this risk (158).

The onset of labor is caused by an inflammatory response
that not only involves the resident immune cells but also the
recruitment of inflammatory cells into the reproductive tissues.
Of note, there is a significant amount of cytokines/chemokines
released at the feto-maternal interface (159). Untimely,
premature activation of these inflammatory pathways leads to
preterm labor, which can result in PTB. It has been suggested that
T cell activation participates in these proinflammatory responses
at the fetomaternal interface and cervix during preterm labor.
Moreover, T cells with a Thl phenotype were found in the
cord blood of preterm but not in term infants (160). That
lower levels of vitamin D are observed in women that delivered
preterm, suggests that vitamin D may play an important role in
suppressing the maternal immune response and Thl-mediated
inflammatory pathways that lead to the onset of labor. In
line with vitamin D effects on Tregs, a significant correlation
between Tregs and blood vitamin D levels was observed in
term and preterm parturition (161). A recent meta-analysis that
included 15 trials and 2,833 pregnant women, concluded that
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supplementation with vitamin D reduced the risk of PTB by
65%, PE by 48% and low birthweight (lower than 2,500 g) by 60%
compared with no intervention or placebo (162).

MATERNAL VITAMIN D DEFICIENCY
ASSOCIATION WITH FETAL ORIGIN OF
ADULT DISEASE (FOAD)

The surrounding environment affects our health in countless
ways. Provocatively, the effects of the environment begin early
in life; the maternal womb being the first environment to
which the organism is exposed. During the intra-uterine life, the
developing fetus is particularly vulnerable to insults, not limited
to malnutrition (163).

The placenta is formed at gestational week 4 allowing
nutrients to reach the developing fetus. From this time
until delivery 25(OH)Ds3 easily crosses the placenta reaching
concentrations in fetal cord blood equivalent to 87% of the
maternal blood levels (164). The biological active vitamin D does
not cross the placenta (Figure 3). Interestingly, the placenta and
fetal tissues express la-hydroxylase leading to bioactive vitamin
D in the fetal circulation. Therefore, the fetus depends fully
on maternal 25(OH)D3 supply and hypovitaminosis D during
pregnancy may affect fetal development and future health of
the offspring in agreement with the concept of fetal origins of
adult disease (FOAD), that Dr. David Barker first popularized
(165). The FOAD hypothesis proposes that “events during
early development have a profound impact on one’s risk for
development of future adult disease.” Low birth weight resulting
from poor fetal growth and nutrition, is associated to several
adult diseases such as, hypertension, obesity, coronary artery
disease and insulin resistance (163). It is now well-recognized
that the phenotype of an individual can be determined by
the nutritional status of the mother. Poor nutrition can lead
to hypovitaminosis D. In this context, during “developmental
programming” lack of vitamin D during a critical window of
development can lead to permanent alterations in physiological
processes. In addition, obesity, that is also characterized by
diminished vitamin D availability has been associated with
adverse health effects not only in the mother but the developing
child and offspring later in life (166). Several prospective
birth cohort studies followed long-term health outcomes after
complicated pregnancies (167).

Epigenetic modification, defined as non-heritable changes
in gene expression that are not mediated by alterations in
DNA sequence may occur in utero (168). In utero epigenetic
fetal programming may activate specific genes that control
fetal development increasing disease risk. Recent studies
demonstrated that epigenetic changes of vitamin D catabolism
play an important role in increasing vitamin D bioavailability
at the fetomaternal interface (169). In addition, it has been
shown that maternal vitamin D modifies the expression of the
genes encoding placental calcium transporters, influencing bone
mineral accrual in the neonate (170). Maternal supplementation
with vitamin D during pregnancy significantly reduces the risk of
infantile rickets and hypocalcemia (171).

Vitamin D Deficiency During Pregnancy
and the Health of the Offspring—Does
Fetal Vitamin D Compromise the

Offspring’s Immune Function?

Vitamin D and Asthma

According to the World Health Organization (WHO), “asthma
is the most common chronic disease among children” (172).
Several studies demonstrated that prenatal vitamin D status plays
a role in the offspring’s susceptibility to develop asthma later
in life (173, 174). Recent data has suggested a crucial role for
vitamin D in reprogramming CD8' T-cells to induce an IL-
13-secreting signature, suggesting vitamin D as a promising
regulator in asthma (175). That VDRs are present in immune
cells and the airways, support this hypothesis (176). Interestingly,
polymorphisms in VDR and vitamin D metabolism genes are
associated with childhood asthma susceptibility (177).

An association between reduced risk of wheeze in the offspring
and high dietary vitamin D intake during pregnancy have
been shown by two meta-analyses (178, 179). However, the
conclusions of these observational studies are still controversial
and randomized control clinical trials are necessary to determine
the appropriate levels of vitamin D supplementation during
pregnancy on maternal, fetal and perinatal outcomes.

Vitamin D, Fetal Neurodevelopment, and
Neurocognitive Function

VDR and la-hydroxylase have been identified in the fetal brain
highlighting the role of vitamin D in brain development (180).
In the fetus, serum 25(0OH)D3 and vitamin D can cross the BBB
(Figure 3) bind to VDR and stimulate a wide range of responses,
genomic and non-genomic. Furthermore, activated microglial
cells in vitro have been shown to actively synthesize the active
metabolite, 1,25(OH),D3 (181). In addition, in vitro studies
demonstrated that activated microglia increased the expression
of the VDR and la-hydroxylase, enhancing their responsiveness
to vitamin D. Furthermore, activated microglia incubated with
vitamin D showed a reduced expression of pro-inflammatory
cytokines, IL-6, IL-12, and TNFaq, and increased expression of IL-
10, indicative of a immunosuppressive effects of vitamin D in the
CNS (182).

Vitamin D has also been shown to regulate neurotrophic
signaling, including glial derived neurotrophic factor (GDNF)
and nerve growth factor (NGF), critical for the survival
and migration of developing neurons in the brain (183).
Low concentrations of 25(OH)D3 during critical stages of
development have the potential to affect the reprogramming
of the brain tissue structure and function. It has been shown
that vitamin D-deficiency leads to fetal mouse brain abnormal
morphology and expression of genes related to neuronal survival
(184). The ability of vitamin D to regulate neurotrophic factors
and modulate inflammation has led to the suggestion that
vitamin D is indeed neuroprotective (185). Furthermore, pre-
treatment with vitamin D can decrease glutamate-mediated cell
death in cultures of cortical, hippocampal and mesencephalic
neurons (186). These neuroprotective effects have been recently
highlighted in a study showing the inhibitory effect of vitamin
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D on reactive oxygen species (ROS) toxicity by increasing the
synthesis of antioxidant molecules in both glia and neurons (187).

In line with the neuroprotective effects of vitamin D,
hypovitaminosis D during the fetal life was associated with
greater susceptibility to MS and greater severity of MS symptoms
later in life (89). In vitro studies in cell culture demonstrated that
vitamin D protects neurons from injury induced by modulating
T cell activity (188).

On a tissue level, maternal hypovitaminosis D in rats alters
the fetal brain morphology leading to psychological disorders in
the developing offspring (189). The changes in brain morphology
observed in the offspring born to vitamin D-deficient mothers,
thinning of neocortex, and ventricle overgrowth, are similar
to the ones observed in brains of schizophrenic children
suggesting that maternal hypovitaminosis D may be a risk factor
for schizophrenia (190). Epidemiological evidence supporting
the association between vitamin D exposure in early life and
schizophrenia has also been described (191).

Recent studies suggest that maternal vitamin D insufficiency
during early pregnancy is also associated with attention-
deficit / hyperactive disorder (ADHD)-like symptoms in
offspring at age 4 (192). An association between lower first
trimester maternal circulating concentration of 25(OH)Dj3

and an increased risk of developing autism in offspring
at age 3-7 has been reported in the Chinese population
(193). A positive association between lower levels of serum
25(0OH)D3 (<25 nmol/L) and risk of autism spectrum disorder
(ASD) in children was also described in studies performed
in Sweden and Iran (194, 195). Moreover, a recent study
demonstrated a correlation between mid-gestation vitamin
D deficiency and the risk of developing clinical ASD with
severe intellectual impairment (196). While results from
the latest epidemiological studies support the concept that
prenatal vitamin D status impacts the neuropsychological
development of children, further research is needed to confirm
these observations.

Taking into consideration the important protective effects
of vitamin D in fetal development and the future health
of the offspring, screening of vitamin D levels during the
preconception period and the first trimester of pregnancy should
be recommended in women with high risk of hypovitaminosis
D, such as women with high body max index, dark skin or
autoimmune diseases in order to implement appropriate
treatment to prevent adverse pregnancy outcomes, fetal
developmental abnormalities and future compromise of the
offspring’s health in general.
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OBSERVATIONAL STUDY: VITAMIN D
LEVELS IN WOMEN WITH OBSTETRIC
ANTIPHOSPHOLIPID SYNDROME (OAPS)

The association between hypovitaminosis D and dysregulation
of the immune system, in particular T cells, leading to
autoimmunity and adverse pregnancy outcomes prompted us
to investigate the levels of vitamin D in women with OAPS.
Knowing that T cells play a crucial role in conception and
maintenance of pregnancy, we hypothesized that there is a
correlation between vitamin D levels and fertility and pregnancy
outcomes in women with OAPS. We also determined the
association between vitamin D levels and markers of disease
activity (presence of flares and complement C3 consumption)
in women with OAPS. Co-presence of autoimmune disease
Hashimoto thyroiditis (HT) was also investigated.

Patients and Laboratories Determinations
This observational study, was performed at the Perigenesis,
Institute of Obstetric Hematology, Thessaloniki, Greece. All
studies in women were performed in strict agreement with the
Greece National Bioethics Commission. All patients gave written
informed consent.

Antiphospholipid syndrome (APS) was defined by the
presence of clinical and laboratory criteria described in the
“International consensus statement on an update of the
classification criteria for definite antiphospholipid syndrome”
(APS) (197). Clinical criteria included one or more clinical
episodes of thrombosis and pregnancy morbidity. Pregnancy
morbidity was defined as one or more unexplained fetal deaths
at or beyond the 10th week of gestation or one or more
premature births before the 34th week of gestation due to
placental insufficiency such as PE or three or more unexplained
consecutive spontaneous abortions before the 10th week of
gestation. The laboratory criteria for APS includes the presence
of lupus anticoagulant (LA) and/or anticardiolipin (aCL) and/or
B2 glycoprotein-I IgG or IgM antibody in plasma or serum on
two or more occasions, at least 12 weeks apart (197).

Seventy-six women met the criteria for OAPS before the
current pregnancy. All women received conventional low dose
aspirin plus low molecular weight heparin (LDA+LMWH)
treatment since the beginning of pregnancy (198). Median age
for the patients was 37.5 years (IQR 33-40.5).

Vitamin D levels were measured in all women during the first
trimester of pregnancy using ELISA tests. Testing for vitamin
D is part of standard patient care in Greece. Vitamin D levels
were classified as normal (>30ng/mL) and hypovitaminosis
D (<30ng/mL). Hypovitaminosis D was further classified as
deficiency (20.1-29.9ng/mL) and insufficiency (<20ng/mL).
None of the 76 women received vitamin D supplementation.

Complement activation plays a key role the
pathophysiology of OAPS (70-75). In addition, measuring
complement C3 serum levels is a routine practice to monitor
disease activity in patients with autoimmune diseases. Therefore,
levels of C3 in OAPS women were determined by ELISA.
The values of complement component C3 were grouped in

in

three categories (normal: 60-150 mg/dl, low and high). All
laboratory tests were performed in the first trimester of the
current pregnancy.

Pregnancy complications were classified as follows:

Preeclampsia (PE) was classically defined as a systemic
syndrome characterized by new-onset of hypertension and
proteinuria in pregnancy. Early onset PE was defined as PE
that develops before 34 weeks of gestation. Preterm birth
was defined as any birth before 37 completed weeks of
gestation. Placental insufficiency refers to placental dysfunction
characterized by increased resistance of uteroplacental blood
vessels resulting in increased uterine arteries pulsatility
index (>95thcentile).

Implantation failure was defined as the inability to achieve
a clinical pregnancy after transfer of at least four good-quality
embryos in a minimum of three fresh or frozen cycles.

Flares were defined as the relapse of symptoms that
can compromise the skin, the joints, or any other
compromised organ.

Hashimoto’s disease diagnosis was based on blood tests
showing lower serum T3 (triiodothyronine) and T4 (thyroxine)
levels (<10% of the reference values) with normal thyroid-
stimulating hormone levels and the presence of antithyroid
antibodies [anti-TPO (anti-thyroid peroxidase) and anti-Tg
(anti-thyroglobulin) antibodies].

Statistical Analysis

All analysis were conducted with GraphPad Prism statistical
software (GraphPad Software Inc.). Absolute and relative
frequencies were calculated. Fisher’s exact test was performed.
Two tailed p-values were calculated. P < 0.05 was considered
statistically significant.

Exploratory Data Analysis

Data from seventy-six pregnant women with OAPS were
analyzed. In agreement with the literature (45, 84, 199,
200), a high percentage (77.6%) of these patients showed
hypovitaminosis D (Table 1). Within this group, 64.4% of
the women were vitamin D deficient and 35.6% vitamin D
insufficient in the first trimester of pregnancy. Only 17 out of
the 76 patients (22.4%) showed vitamin D levels within the
normal range. Of note, wearing sunscreen, limited exposure to
sun light, dark skin and dairy products not supplemented with
vitamin D in Greece might contribute to hypovitaminosis D in
this geographic area.

Around 50% of women with hypovitaminosis D conceived
after IVF (57.1% in the deficient group and 39.5 in the insufficient
group) and a higher incidence, though not statistically significant,
of implantation failure was also observed in this group,
suggesting an association between lower levels of vitamin D and
compromised fertility in OAPS patients.

In accordance with previous studies, low levels of
complement C3 were observed in 28% of all OAPS patients
(45, 199, 200). Interestingly, 39.5% of the patients in the
vitamin D deficient and 57.1% in the vitamin D insufficient
presented low levels of C3, suggesting an association between
lower levels of vitamin D and lower levels of C3, indicative
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TABLE 1 | Vitamin D levels, fertility and pregnancy outcomes, complement levels,
disease activity and co-presence of Hashimoto Thyroiditis in OAPS patients.

OAPS patients (N = 76)

Vitamin D Normal Hypovitaminosis D N = 59 (77.6%)
levels N =17 (24.3%)
Deficiency Insufficiency
N = 38 (64.4%) N = 21 (35.6%)
Implantation 1(6.9%) 8(21%)p =0.2469 6 (28.6%) p = 0.2204
failure
14 (23.7%), p = 0.1669
IVF 2 (11.8%) 15 (39.5%) p = 0.0584 12 (57.1%)*p = 0.0063
27 (45.8%)*, p = 0.0116
Low C3 levels 1(5.8%) 12 (31.6%)* p = 0.0452 8 (38%)*p = 0.0263
20 (33.9%)* p = 0.0297
Flares 0 8 (21%)"p = 0.0479 14 (66.7%)"p = 0.001
**p = 0.0008
22 (37.3%)*, p = 0.0020
Hashimoto 0 17 (44.7%)*p = 0.0005 10 (47.6%)*p = 0.0008
thyroiditis
27 (45.8%)* p = 0.003
Placental 0 6(15.8%) p =0.1615 8(38.1%) *p = 0.0047
insufficiency
14 (23.7%), *p = 0.0308
PE (%) 0 6(15.8%) p =0.1615 6 (28.6%)"0 = 0.0241
12 (20.3%), p = 0.0531
PTB (%) 0 3(7.9%)p =1.000 2 (13.3%)p = 0.4922

5 (8.5%), p = 0.5812

Conception after IVF and the presence of implantation failure (inability to achieve a clinical
pregnancy after transfer of at least four good-quality embryos in a minimum of three
fresh or frozen cycles) were investigated as signs of compromised fertility. Placental
insufficiency, preeclampsia and preterm birth were used to evaluate pregnancy outcomes.
Presence of flares, defined as the relapse of symptoms that can compromise the skin, the
Jjoints, or any other compromised organ and complement C3 consumption were used to
evaluate disease activity.

N, number of patients; %, percentage of patients; IVF in vitro fertilization; PE,
preeclampsia; PTB, preterm birth.

*Different from patients with normal levels of vitamin D.

**Different from patients with deficient levels of vitamin D. P < 0.05 is considered
statistically significant.

of complement consumption/activation by autoantibodies.
While lower C3 levels could be caused by complement
C3 deficiency, none of these patients showed increased
susceptibility to infection, characteristic of the rare, genetic
C3 deficiency.

Monitoring serum levels of C3 to assess for disease activity
is recommended in patients with autoimmune diseases, in
particular APS. In this study, we found a correlation between
decreased levels of C3 and flares in pregnant women with
antiphospholipid antibodies. Thirty-seven percent of the OAPS
patients with hypovitaminosis D showed disease flares in contrast
to none in the group with normal vitamin D levels, emphasizing
the link between hypovitaminosis D and immune dysregulation
previously described.

Strikingly, autoimmune hypothyroidism (Hashimoto disease,
HT) associated with anti-TPO and anti-Tg antibodies was

detected in almost 50% of the patients with hypovitaminosis
D (44.7% in the vitamin D deficient group and 47.6% of
the vitamin D insufficient women). The 17 OAPS patients
with normal vitamin D values were euthyroid. While
several studies have shown a correlation between vitamin
D deficiency and thyroid autoimmunity (84, 201). It is still
unclear whether the hypovitaminosis D is the result of HT
disease or a part of its cause. One patient in the vitamin
D deficient group and one in the vitamin D insufficient
group were also diagnosed with autoimmune disorder
Sjogren syndrome.

Provocatively, knowing the role of the immune system, in
placentation and placental development, the number of cases
of placental insufficiency, determined by decreased uterine
artery flow, was significantly higher in the OAPS women
with hypovitaminosis D compared to vitamin D sufficient
OAPS-women. A bigger number of PE cases was observed in
the vitamin D insufficient group. Abnormal placentation and
pregnancy complications such as PE were not observed in the
OAPS patients with normal vitamin D values. 8.5% of OAPS
women with hypovitaminosis D delivered preterm in contrast
with 0% of the OAPS women with normal vitamin D levels.
However, the difference did not reach statistical significance.
There were no significant associations between lower levels of
vitamin D and other variables such as age, parity and type of
aPL autoantibodies.

In conclusion, hypovitaminosis D (<30ng/mL) was
documented in almost 80% of OAPS patients during
the first trimester of pregnancy and was associated with
complement activation, increased incidence of flares, presence
of autoimmune thyroiditis, placental insufficiency, and
a higher incidence of preeclampsia. If hypovitaminosis
is the cause or the consequence of autoimmunity and
adverse pregnancy outcomes needs to be addressed in
further studies.

CONCLUSIONS OF THE OBSERVATIONAL
STUDIES

While numerous clinical and experimental evidence suggest
that vitamin D deficiency is an important factor in the
pathogenesis of adverse pregnancy outcomes in APS and
the proven immunomodulatory effects of vitamin D and its
analogs, as previously described, the effects of vitamin D
supplementation in the prevention and treatment of pregnancy
disorders are not completely understood. Only small and non-
controlled studies have been performed in humans; however,
they seem to indicate there is a potential beneficial effect
of vitamin D supplementation in modulating the immune
system, preventing inflammation and protecting maternal
and fetal health. Our small observational study suggests
that subnormal vitamin D levels is another contributing
factor to adverse pregnancy outcomes in women with
APS. The cause-consequence effects and the risks and
benefits of vitamin D supplementation in autoimmunity, in
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particular APS and HT, and high-risk pregnancies needs to be
further investigated.
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In cutaneous Leishmaniasis the parasitic control in human host macrophages is still
poorly understood. We found an increased expression of the human cathelicidin
CAMP in skin lesions of Ethiopian patients with cutaneous leishmaniasis. Vitamin D
driven, Cathelicidin-type antimicrobial peptides (CAMP) play an important role in the
elimination of invading microorganisms. Recombinant cathelicidin was able to induce
cell-death characteristics in Leishmania in a dose dependent manner. Using human
primary macrophages, we demonstrated pro-inflammatory macrophages (hnMDM1) to
express a higher level of human cathelicidin, both on gene and protein level, compared
to anti-inflammatory macrophages (hMDM2). Activating the CAMP pathway using
Vitamin D in hMDM1 resulted in a cathelicidin-mediated-Leishmania restriction. Finally, a
reduction of cathelicidin in h(MDM1, using a RNA interference (RNAI) approach, increased
Leishmania parasite survival. In all, these data show the human cathelicidin to contribute
to the innate immune response against Leishmaniasis in a human primary cell model.

Keywords: Leishmania, human macrophages, vitamin D, cathelicidin (LL-37), human primary immune cells,
antimicrobial activity

INTRODUCTION

The disease Leishmaniasis is still affecting 12 million people worldwide, of which up to 30,000
cases die yearly (1, 2). Up to date, no vaccine is available and treatment is not always evident
due to the socioeconomic conditions in the affected countries (3, 4). Our knowledge regarding the
interaction of Leishmania with its human host cell, the macrophage, is still fragmentary, as little is
known with respect to antimicrobial mechanisms restricting Leishmania growth in human primary
macrophages. Moreover, few data is available demonstrating which macrophage phenotype is the
most superior for Leishmania survival or killing. The human body comprises a broad spectrum
of different macrophage phenotypes, related to distinct functional properties (5). Herein, the
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Vitamin D Can Restrict Leishmania Infection

M1/M2 polarization has been the main framework for years in
the field of immunology. In the murine system, “alternatively
activated” type 2 macrophages are shown to support Leishmania
parasite replication and persistence via an increased arginase I
activity, which negatively correlates to the expression of nitric
oxide synthase II (6-10). In contrast, “classically activated” M1
inflammatory macrophages enhance the production of free nitric
oxide (NO) radicals, hereby eliminating intracellular parasites
(11, 12). In human macrophages however, NO-mediated killing
of Leishmania is still under debate, underlying the controversy of
extrapolating immunological aspects from mouse to man (13-
16). Nevertheless, antimicrobial peptides (AMPs), comprising
defensins and cathelicidins, are key players in the human host’s
immune defense. In humans, only the cathelicidin antimicrobial
protein hCAP18, encoded by the gene CAMP, has been identified.
The CAMP gene product is cleaved to form the amphipathic,
active LL37 peptide. LL37 can be found in various cell types, body
fluids and tissues, such as the skin, where an increased production
has been described to correlate with disease pathologies (17, 18).
As a key molecule in host defense, LL37 exerts antimicrobial
properties toward bacteria (Staphylococcus spp., Pseudomonas
spp., Mycobacteria spp.), viruses, fungi, as well as parasites (19—
26). Dos Santos et al. could demonstrate cathelicidin to exert
anti-leishmanial activity in L. donovani infected macrophages, in
line with data of Dos Santos et al. showing an IL-32/cathelicidin-
mediated control of L. braziliensis in THP-1 cells (27). This
AMP, LL37, able to create pores, hereby disrupting membranes.
Although the exact mode of action is unknown, two models
have been widely accepted being the “carpet” and “toroidal”
model (17, 28). The toroidal model defines a pore architecture,
formed by peptide channels, whereas the carpet model describes
a more severe membrane perturbation, as seen for detergent-
induced membrane destruction (29). In this study, we aimed
to identify a role for the human cathelicidin during Leishmania
infection. We could demonstrate CAMP to be upregulated
in lesion material from Ethiopian individuals suffering from
cutaneous Leishmaniasis. Using a human primary macrophage
in vitro model, we identified CAMP to be upregulated specifically
in pro-inflammatory macrophages and rLL37 was demonstrated
to kill Leishmania in a dose dependent manner. By modulating
the vitamin D pathway, we demonstrated CAMP expression
to be upregulated, enhancing the macrophage’s parasite killing
capacity. In contrast, using a RNA interference (RNAi) approach
in human primary macrophages targeting CAMP mRNA,
the expression of hCAP18 was strongly reduced, enabling
Leishmania parasites to survive better. In all, these data suggest
an anti-parasitic activity of cathelicidin in a human primary
in vitro cell model for cutaneous leishmaniasis and patient
skin lesions.

RESULTS

An Increased Expression of Cathelicidin in
Skin Biopsies of African Patients With

Cutaneous Leishmaniasis
In search for antimicrobial mechanisms in self-healing cutaneous
Leishmaniasis (CL), we investigated the expression of human

cathelicidin hCAP18. In Addis Ababa, Ethiopia, clinical samples
from patients with CL and controls were collected and tested
using RT-PCR. Patients varied in age, ethnicity, disease duration,
and wound location, as depicted (Figures 1A,B). All patients
were tested positive for the presence of Leishmania aethiopica by
PCR. Interestingly, a significantly higher transcript abundance of
the human cathelicidin hCAP18 was detected in skin biopsies of
patients with CL, compared to control samples (Figure 1C).

Dose Dependent Killing of Leishmania

Parasites by Recombinant LL37

LL-37 and its precursor, hCAP18, are found in different tissue
and cell types, playing an important role in innate immunity
against diverse pathogens, e.g., S. aureus, Mpycobacterium
tuberculosis, L. monocytogenes (17). To define whether the
hCAP18-derived peptide, LL37, is contributing to clearance of
Leishmania parasites, we treated the promastigote and amastigote
life stage of both Leishmania major (Lm) and L. aethiopica
(Lae) with human recombinant LL37 (hrLL37). After treatment
with hrLL37, DNA fragmentation and phosphatidylserine (PS)
exposure, two hallmarks of apoptosis, were assessed. Treatment
with increasing concentrations of hrLL37 resulted in a dose-
dependent increase in TUNEL positivity for both Lae (15.5
+ 8.3%; 21.1 £ 2.3%) and Lm (20.2 £ 0.7%; 22.9 £+ 3.1%),
compared to untreated Lae (13.3 = 1.2%) and Lm (6.24 £ 1.9%)
promastigotes (Figures 2A,B). In addition, hrLL37 treatment
induced a round-shaped morphology, as was described for
apoptotic parasites (Figure 2C) (30). In line, hrLL37 treatment
of promastigotes resulted in significant increase in AnnexinA5-
binding parasites, in a dose-dependent manner, for Lae (27.1
+ 14.3%; 31.3 £ 26%) and Lm (51.5 £ 20.5%; 74.8 £ 23.2%),
compared to untreated Lae (8.0 &= 4.5%) and Lm (14.7 £ 11.1%)
(Figures 2D,E).

Treatment of Lae amastigotes also resulted in a significant
increase in AnnexinA5 binding (71.3 + 12.6%) and TUNEL
positivity (87.0 &£ 6.1%) compared to the untreated controls (18.7
=+ 6.1%; 32.3 £ 13.3%) (Figures 2F-H). Interestingly, treatment
of Lm amastigotes with rhLL37, resulted in only a minor but
significant increase of AnnexinA5 binding (8.3 = 3.0%), however
TUNEL positivity (12.1 £ 2.1%) did not significantly increase,
compared to the respective controls (3.3 & 2.3%; 12.0 £ 6.6%)
(Figures 2G-I). In all, we demonstrated hrLL37 to induce cell
death characteristics, restricting parasites viability in a dose-
dependent manner.

Expression of Cathelicidin Is More
Prominent in Pro-inflammatory Than in

Anti-inflammatory Human Macrophages

Human macrophages are key players during Leishmania
infection. In a next step, the suitability of both human primary
monocyte derived macrophages type 1 (hMDMI1) and type
2 (hMDM2) as host for Leishmania parasites was assessed.
From human blood, monocytes were isolated and differentiated
using rhGM-CSF (10ng/ml) or rhM-CSF (30ng/ml), to
generate hMDMI1 or hMDM2, respectively. The hMDMI1
were characterized by their fried-egg shaped morphology and
CD14"MHCI*tCD163~ phenotype (Figure 3A, upper lane).
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A Code Sex Age Reason for surgery Location of skin biopsy Duration of problem before surgery  Other systemic diseases
H1 | F |24 post burn contracture release Groin area 3 years None
H2 | M | 60 post burn contracture release Posterior t(? ear nearto several years None
mastoid bone
H3 | M | 15 post burn contracture release Groin area 5 years None
H4 | M | 20 | post traumatic contracture release Groin area 2 years None
H5 | F | 16 Syndactyly release/cleft hand Groin area congential/inborn None
H6 | F | 50 post burn contracture release Groin area 6 years None
H7 | F | 18 post burn contracture release Groin area since child hood None
H8 | M | 12 post burn contracture release Groin area 5 years None
H9 | F | 60 post burn contracture release Groin area 3 years None
H10| F [ 15 post burn contracture release Groin area 2 years None
Code Age Sex Ethnicity Type and # of lesion Duration Location
P1L |19 (M Ambhara CL-1 12 months Tip of nose
P2 | 25| F Oromo CL-1 6 months Tip of nose
P3 (33| M Oromo CL-1 2 months Ear lobe
P4 (23| M SNNP CL-1 12 months Forehead
P5 [ 58 | M Awi CL-3 12 months Hand & nose
P6 |13 (M Awi CL-2 4 months Right cheek & forehead
P7 [57 | M Awi CL-1 3 months Tip of nose
P8 [ 60| F Awi CL-2 12 months Left cheek
P9 | 35| F Awi CL-1 19 months Right cheek
P10 | 12| F Awi CL-1 09 months Left side of nose
B C CAMP
gene expression
100
*
£ 80 °
2 °
§ _ 60
%’ g 40
) |
24 F
NN
& 0 m%lﬁs

FIGURE 1 | Increased expression of cathelicidin in skin biopsy of patients with cutaneous Leishmaniasis (CL). (A,B) Samples were collected from CL patients, with
cutaneous lesions (B), derived from people with a different ethnicity (A). (C) Skin biopsies, from healthy (n = 10) or CL patients (n = 10), were collected from which
CAMP gene expression was assessed by qRT-PCR. Relative gene expression was normalized against GAPDH and presented as mean + SD. Statistical analysis
(Mann-Whitney test) was used to compare groups using GraphPad statistical software (p < 0.05).

Healthy CL

In contrast, anti-inflammatory hMDM?2 have more elongated
cell bodies and were phenotyped as CD14TMHCIITCD163"
(Figure 3A, lower lane). Interestingly, gene expression analysis
demonstrated the gene CAMP, which encodes cathelicidin,
to be significantly higher expressed in hMDM1, compared to
hMDM?2 (Figure 3B). Also a significant elevated cathelicidin
protein amount was present in hMDMI1 (0.25 + 0.85)
compared to hMDM2 (0.01 £ 0.04) (Figure 3C). In a next
step, both hMDM phenotypes were infected with transgenic
Lm promastigotes or axenic amastigotes, after which parasite
infection rate (LmdsRed™ hMDM) was assessed. Of note,
the dsRed protein is constitutively expressed, in viable
Leishmania parasites, as described previously (31). At early
(24-48 hpi) and late time points (6-7 dpi) after promastigote

infection, a significantly higher infection rate was observed
in hMDM2 (52.7 + 15.6%; 57.4 £ 16.4%), compared to
hMDM1 (40.8 + 11.5%; 504 = 13.4%) (Figures3D,E).
Infection with amastigotes resulted in a high infection rate,
which however did not differ significantly between early and
late time points in hMDMI1 (83.2 £ 19.5%; 75.0 + 22.4%)
and hMDM2 (829 =+ 10.8%; 742 £ 16.6%), respectively
(Figure 3F). Of note, the transgenic Lm promastigotes
transformed into amastigotes in vitro, as the expression of
dsRed increased (increase in mean fluorescent intensity,
MFI) (Figure 3G). Altogether, pro-inflammatory human
macrophages were demonstrated to express cathelicidin
to a higher extent, which may contribute to an impaired
parasite survival.
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FIGURE 2 | Dose dependent killing of Leishmania by human recombinant LL-37. Both logarithmic phase Lm and Lae promastigotes and axenic amastigotes were
treated with different concentrations of rLL-37 or 25 WM staurosporine (+). After 24-72 h, DNA fragmentation was assessed by flow cytometry (A,B) for Lae and Lm
promastigotes, respectively, and microscopy (C) and for Lae and Lm amastigotes (H,l). Using flow cytometry Annexin binding was assessed by promastigotes (D,E)
and axenic amastigotes (F,G) from Lae and Lm, respectively. Data are presented as mean + SD of at least 3 independent experiments (paired t-test; *p < 0.05; “*p <
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Vitamin-D Derivatives Induce
Cathelicidin-Mediated-Leishmania
Restriction in Human Primary

Macrophages

To investigate the role of cathelicidin in Leishmania restriction
further, we increased expression of cathelicidin using Vitamin
D derivatives. Upon activating the Vitamin-D pathway in
hMDM]1, using la, 25-dihydroxyvitamin D3 (calcitriol, CCT,
100nM) and calcipotriol (CPT, 100nM), a synthetic VitD3
analog, we assessed Leishmania parasite survival (32). Already
24 h post infection (early), assessment of CAMP gene expression
showed Lm-infected hMDM1 to have a slightly increased CAMP
expression (2.1 & 1.8-fold), compared to the uninfected control
(normalized to 1; dashed line) (Figure4A). Treatment with
CCT and CPT resulted in a 199- (£ 41.1) fold and 181- (£
164) fold increase of CAMP. After 6 days (late), an even higher
expression of CAMP was detectable after treatment with CCT

(587 £ 173-fold), CPT (282-fold) or during Lm infection (3.2 &
2.1-fold) (Figure 4A). In line, protein expression was assessed by
Western blot, demonstrating an increased cathelicidin protein
expression during Leishmania infection (early: 1.8 4 1.0-fold;
late: 4.8 £ 4.0-fold). Furthermore, both CCT and CPT induced
a significant increase in cathelicidin protein expression at
early (25.5 £+ 22.2-fold; 101.9 + 125.4-fold) and at late time
points (152.5 £ 149.6-fold; 101.9 £ 125.4-fold), respectively
(Figure 4B). In a next step, hMDMI1 were pretreated with CCT
or CPT, followed by infection with transgenic dsRed-expressing
L. major or L. aethiopica. Using flow cytometry, infection rates
and parasite survival, as mean fluorescent intensity (MFI),
were assessed. Remarkably, treatment with CCT and CPT
significantly reduced L. major parasite survival (0.60 = 0.25; 0.74
=+ 0.23) compared to the control (1.00 & 0.46) (Figures 4C,D).
However, the percentage of hMDMI1 infected cells, indicated
as infection rate, did not change significantly (Figure 4E).
Regarding L. aethiopica, similar findings were acquired (data not
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FIGURE 3 | Expression of cathelicidin is more prominent in pro-inflammatory hMDM1 then in anti-inflammatory hMDM2. (A) Live cell imaging DIC micrographs of
inflammatory hMDM1 and anti-inflammatory hMDM2, characterized by flow cytometry for CD14, CD1683, and MHC-II surface expression (black line) in line with the
isotype controls (gray). (B,C) CAMP gene expression (n = 17) (B) and cathelicidin protein expression (n = 21) (C) were assessed in hMDM1 and hMDM2 by gRT-PCR
and western blot. CAMP expression was normalized against the house keeping gene GAPHD. Western blots were analyzed by densitometry (Imaged analysis),
normalizing cathelicidin against 3-actin protein expression. (D-F) Both h(MDM1 and hMDM2 were infected with either transgenic Lm pro (n = 22-24) (D,E) or ama (n
= 3-4) (F) (MOI of 10). After 3 h, extracellular parasites were removed by washing following incubation at 37°C, 5% CO.,. After 24-48 hpi (early infection) or 6-7 dpi
(late infection) infection rate was assessed by flow cytometry. (G) Lm dsRed pro transform into ama over time, indicated by an increased fluorescent intensity.
Micrographs, histograms and data, presented as mean + SD, are representative for at least 3 independent experiments (Wilcoxon matched-pairs signed rank test;
*0 < 0.05; **p < 0.01; **p < 0.001; ns, not significant; pro, promastigotes; ama, amastigotes).

shown). These data demonstrate that targeting the Vitamin D
pathway strongly compromises Leishmania parasite survival, as

cathelicidin is strongly upregulated.

Reduction of Endogenous Cathelicidin in
Human Primary Macrophages Promotes

Leishmania Infection
The human cathelicidin is expressed by monocytes, macrophages
as well as neutrophils (17, 33). We already demonstrated

(i) cathelicidin to be higher expressed in skin biopsies of
patients with the self-healing cutaneous leishmaniasis compared
to healthy controls, (ii) hrLL37 to facilitate apoptosis among
promastigotes and amastigotes and (iii) hMDMI1 to express
cathelicidin to a higher extent comparted to hMDM2. To
demonstrate a role for the intracellular, endogenous cathelicidin
of macrophages in the elimination of Leishmania parasites,
knockdown (KD) experiments were performed. Using an RNAi
approach, we could significantly reduce CAMP gene expression
(0.15 % 0.13), compared to the control (1.0 % 0.0) and non-sense
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FIGURE 4 | Vitamin-D derivatives induce LL37 mediated Leishmania restriction in human primary macrophages. hMDM-1 were generated and treated with calcitriol
(CCT) or calcipotriol (CPT) for 24 h, or left untreated. Subsequently, h(MDM-1 were infected with transgenic dsRed expressing Lm or Lae (MOI10). After 3h,
extracellular parasites were removed by washing, following incubation at 37°C, 5% CO,. After 24 h (early; black bars) or 6 d (late; white bars) CAMP gene (n = 1-5)
(A) and cathelicidin protein expression (n = 5-7) (B) were by gRT-PCR and western blot analysis. CAMP expression was normalized against the house keeping gene
GAPHD. Western blots were analyzed by densitometry (Imaged analysis), normalizing cathelicidin against B-actin protein expression. Gene and protein expression
were normalized to the untreated control, which was set to 1 (dashed line). In addition, parasite survival (C,D) and infection rates of Lm dsRed (E), analyzed by the
mean fluorescent intensity (MFI) of the dsRed protein, was assessed by flow cytometry. Western blots, FACS histograms and data, presented as mean =+ SD, are
representative for at least 3 independent experiments (Wilcoxon matched-pairs signed rank test; “o < 0.05; *p < 0.01).

siRNA control (1.04 £ 0.74) (Figure 5A). We were not able to  cathelicidin to play a role in the restriction of Leishmania
show a clear cathelicidin protein decrease in siRNA treated cells ~ promastigote survival.

by western blot (data not shown), as cathelicidin is expressed at

low levels under steady state conditions. Therefore, we assessed

cathelicidin protein expression in knockdown cells by triggering  DISCUSSION

the Vitamin-D pathway first with CPT and CCT, including p-

actin as loading control, demonstrating a strong reduction of In the present study, we were able to define a role for
cathelicidin protein amount, upon CCT and CPT treatment, the human cathelicidin in human leishmaniasis, based on
in the KD cells compared to the control cells (Figure5B). data from clinical samples. In addition, a human primary in
Next, KD and control cells were infected with Leishmania  vitro cell model was designed to better mimic the in vivo
promastigotes, after which intracellular survival was investigated  interaction between Leishmania parasites and their host cell,
using an end-point titration assay. We could demonstrate that ~ the human macrophage. The two phenotypes of macrophages
the number of viable Leishmania in control (284 £ 228 Lm)  were demonstrated to interact differently with Leishmania
and non-sense siRNA treated cells (421 £ 303 Lm) did not  parasites, as in anti-inflammatory macrophages are more
significantly differ. However, KD of CAMP resulted in a higher  susceptible compared to pro-inflammatory human macrophages.
parasite survival (544 & 388 Lm) (Figure 5C), although the  Furthermore, the latter pro-inflammatory phenotype expressed
level of significance was not reached. In all, these data show  the cathelicidin CAMP gene transcript and protein more
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FIGURE 5 | Knockdown of CAMP in human primary macrophages promotes Leishmania infection. Human pro-inflammatory macrophages, hMDM-1, were treated
with non-sense or anti-CAMP siRNA for 7 h. After 2 d cells were harvested and CAMP gene expression and protein expression was assessed by gRT-PCR (n = 9-15)
(A) and western blot upon inducing cathelicidin expression using calcitriol (CCT) or calcipotriol (CPT) (B). CAMP expression was normalized against the house keeping
gene GAPHD. Western blots were analyzed by densitometry (ImageJ analysis), normalizing cathelicidin against B3-actin protein expression. (C) Subsequently, cells
were infected with Lm (MOI10) for 48 h followed by an end-point titration assay (see methods) to assess parasite survival (1 = 8-13). Data are presented as mean +
SD and are representative for at least 3 independent experiments (Wilcoxon matched-pairs signed rank test; *o < 0.05; **p < 0.01; **p < 0.001; ns, not significant).

strongly, which we demonstrated to contribute in controlling
Leishmania infection.

Cathelicidin’s Antimicrobial Activity
Cathelicidins have already been described to play a role during
infection with e.g., M. tuberculosis, Candida albicans, and
Cryptosporidum parvum (34). For Leishmania infection animal
studies, numerous reports are present. Ramos et al. demonstrated
a reduced disease spreading in Leishmania mexicana infected
BALB/c mice, which were supplemented with calcitriol (35).
Ehrchen et al. reported vitamin D receptor KO mice to be more
susceptible to infection then control mice (36). In line, CAMP
was demonstrated to be crucial for the local control of cutaneous
lesion development and parasite growth, using CAMP KO mice
(25). Furthermore, progression of visceral Leishmaniasis was
demonstrated to be associated with vitamin D deficiency in dogs
(37). Few data however, evaluate the effect of cathelicidin and/or
the vitamin D pathway in human patients and/or a human
cell model. Das et al. could show cathelicidin to augment anti-
leishmanial macrophage activating properties of Amphotericin
B (38). In line, we identified a strong upregulation of the
human CAMP mRNA transcript in clinical samples from African
patients with cutaneous Leishmaniasis, suggesting cathelicidin to
play a role in human CL in vivo.

Cathelicidin-Induced Apoptotic Death of

Leishmania

We could demonstrate the human cathelicidin to induce
an apoptosis-like phenotype in Leishmania parasites, in a
dose dependent manner in both L. major and L. aethiopica
promastigotes as well as in L. aethiopica amastigotes. Although
the underlying mode of action remains elusive, rLL37 was
demonstrated to induce phosphatidylserine exposure, a

round shaped cell morphology and DNA fragmentation, all
characteristics of apoptosis (39). Presumably, the amphipathic
a-helical peptide LL37 interacts with the negatively charged
phospholipids within the parasitic membrane by electrostatic
forces, as described for the carpet and toroidal-pore model (17).
Surprisingly, recombinant LL37 did not exert apoptosis-inducing
effect on the L. major amastigote life stage, when looking at
TUNEL positivity and DNA degradation. Of note, Kulkarni et al.
could show antimicrobial peptides to differently induce parasitic
cell death, by means of non-apoptotic (class I) or apoptotic (class
IT) mediated killing (26). One could speculate these mechanisms
to be also applicable in our model, which will be the focus of
future research.

Amastigotes also differ in their surface charge compared to
promastigotes, as Pimenta et al. could show transformation of
Leishmania mexicana amazonensis promastigotes to amastigotes
to be associated with a shift in the electrophoretic mobility (40).
Of general acceptance, is the fact that cationic antimicrobial
peptides strongly bind negatively charged phospholipid moieties.
Due to the different surface charge between Leishmania life
stages, we speculate LL37 to only bind Lm promastigotes
resulting in killing, whereas LL37 to be ineffective in binding Lm
amastigotes. Overall, our data indicate rLL37 to induce cell death
in Leishmania promastigotes.

Cathelicidin in Mammalian Innate Immune

Defense

Cathelicidins have gained increasing attention, as being
an important mediator during innate immunity. Although
cathelicidins are primarily present in human neutrophils,
also keratinocytes, monocytes and macrophages harbor this
antimicrobial peptide (17, 33, 41-43). These cells may indicate
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where the cathelicidin is originating from upon Leishmania
infection. Whether macrophages and keratinocytes exert
synergistic effects with regard to cathelicidin production and
Leishmania elimination is yet to be defined. Focusing on
human primary macrophages, we could demonstrate different
macrophage phenotypes to express cathelicidin to a different
extent. The human cathelicidin is more abundant in pro-
inflammatory macrophages, which may not be surprising as
it drives macrophages polarization to a pro-inflammatory
phenotype (44). The anti-inflammatory macrophages were
more susceptible for infection, a finding in agreement with
previous data and studies (45, 46). To define an active role
for cathelicidin during Leishmania infection, we modulated
its expression. In concordance with previous studies, we could
show CAMP expression to be highly enhanced upon activating
the vitamin D pathway, using calcitriol or calcipotriol (47-50).
Interestingly, the intracellular survival of Leishmania parasites
was significantly impaired. The group of Agerberth could show
LL37 induced expression to be associated with the control of
M. tuberculosis in human macrophages (51). Furthermore,
phenyl butyrate/vitamin D3 treatment, induced LL37-mediated
elimination of M. tuberculosis by macrophages, strengthening
the data of the Modlin’s group, showing cathelicidin to be
required for the 1,25D(3)-triggered antimicrobial activity against
intracellular M. tuberculosis (52, 53). In all, triggering the vitamin
D pathway in human macrophages, hereby inducing cathelicidin
expression, restricts Leishmania survival.

Cathelicidin Contributes to a Reduced
Parasite Survival

Vitamin D derivatives induce expression of diverse immune
modulators, such as cathelicidin, IL-18, etc. (54). To target
the CAMP gene more specifically, a RNA interference (RNAI)
approach was chosen. Our data showed Leishmania parasite
survival to be enhanced. Of note, no significant difference was
observed between non-target and anti-CAMP siRNA treatment.
One should keep in mind, that all human macrophages
were derived from human blood donors, which may differ
in gender, immune status, etc., having an impact on host
pathogen interactions (55). Furthermore, also transfection
as a treatment, may result in RNAi associated immune
stimulation through activation of IFN signaling cascades (31).
Both aspects, might “bias” our results, with regard to the
comparison to the untreated control, as type I interferons have
been demonstrated to increase superoxide dismutase (SOD)
expression in macrophages, favoring parasite survival (56).
Besides the restrictions of the employed methodology, a stronger
tendency toward parasite survival, upon CAMP RNAi was
observed, suggesting cathelicidin to contribute in restricting
Leishmania parasite survival. Indeed, McGwire’s group could
show the corresponding murine cathelicidin (CRAMP) to control
Leishmania parasite infection in a mouse infection model
(25). Knockout mice for CRAMP were reported to develop
exacerbated lesions combined with a higher parasites distribution
upon L. major infection as compared to wild type mice (25).
Of note, Gombart et al. showed a vitamin D response element

(VDRE) to be conserved in the CAMP promotor of primates.
The absence of the VDRE region in the genomes of mouse,
rat and canine makes the expression of CRAMP not tunable
by the vitamin D pathway (57). In humans, the great potential
of cathelicidin is also highlighted in other disease pathologies.
A deficiency of cathelicidin may impede the outcome of
inflammation in the lungs of patients with severe sarcoidosis
(58). Furthermore, Searing et al. propose an increased production
of LL37 to prevent patients with atopic dermatitis from herpes
infection (59).

CONCLUSION

In the current study, we revealed the CAMP transcript to be
strongly upregulated in skin lesion material from cutaneous
leishmaniasis patients. Using an in vitro model, we demonstrated
pro-inflammatory human macrophages to be able to control
Leishmania infection more efficiently compared to anti-
inflammatory macrophages, to which cathelicidin expression
is contributing. In addition to the NO-based anti-leishmanial
mouse effector mechanism, we propose that vitamin D-inducible
cathelicidin expression in combination with GM-CSF polarized
macrophages to be a unique mechanism, which contributes to
the restriction of Leishmania in human macrophages.

MATERIALS AND METHODS

Leishmania Strains

L. major (Lm, MHOM_IL_81_FEBNI), L. aethiopica (Lae,
MHOM/ET/72/L100 Z14), and the transgenic Lm dsRed
(construct pSSUint-DsRed was a kind gift from Dr. Toni
Aebischer, Robert Koch Institute, Berlin, Germany) and Lae
dsRed promastigotes were cultured at 27°C in biphasic Novy-
Nicolle-McNeal blood agar medium as described (60). Of note,
all viable promastigotes express the transgenic dsRed protein.
Upon transformation into the amastigote life stage, a 1 log-
scale higher dsRed fluorescence is present, due to the high-
level expression in the amastigote life stage (31). Logarithmic-
phase or stationary-phase promastigotes were obtained after 2
(log-phase) or 7 (stat-phase) days of culture, respectively. Lm
and Lae axenic amastigotes were generated by incubating log-
phase promastigotes in pH 5.5 at 33°C and isolated using a
discontinuous Histopaque® 1119 (Sigma Aldrich, Germany)
density gradient as described (61).

Assessing Apoptosis

To assess apoptosis, Lm and Lae promastigotes, which resided
in a logarithmic growth phase, were treated with 30 and
60 ng/ml hrLL37 (PeptaNova GmbH, Sandhausen, Germany)
for 72h. Leishmania axenic amastigotes were treated with
10 and 100ng/ml hrLL37 or 25uM staurosporine for 24h.
Subsequently, DNA fragmentation was assessed by flow
cytometry or immunofluorescence imaging using an in situ
cell-death detection kit, based on terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL), as described (30).
Exposure of phosphatidylserine (PS) was assessed by AnnexinA5
binding using flow cytometry.
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Ethics Approval and Consent to Participate
The study was approved by National Ethical Clearance
Committee at Federal Democratic Republic of Ethiopia
Ministry of Science and Technology with ethical approval No.
310/227/2007, approved on 30/05/2011. The ethical approval
was renewed by the National Ethical Clearance Committee
at Federal Democratic Republic of Ethiopia Ministry of
Science and Technology on 26/03/2016 with Ref. number
3.10/003/2015. Written informed consent was obtained from
study participants.

Sample Collection

Clinically suspected CL patients, who visited the Ankesha and
Kela health centers consented to participate in the study,
were clinically examined for CL. Ankesha and Kela health
centers are found in the leishmaniasis endemic regions in
East Gojam Zones of Amhara region and in Gurage zone
of Southern regional state of Ethiopia, respectively. Patients,
diagnosed for active CL, were recruited to this study prior to
treatment. Diagnosis was confirmed by microscopy or culture
from skin lesion scraping. After the skin lesion was cleaned,
the boarder of lesion was collected for microscopy analysis.
Healthy controls were recruited from patients admitted for
minor surgery ALERT hospital. All study participants were
seronegative for HIV. Skin biopsies from CL patients were
taken from the border site of the lesion, using a disposable
punch (3 mm in diameter). Local anesthesia with 2% lidocaine
was applied. Control skin biopsies were obtained from the
leftover samples taken for skin graft of selected individuals
(without infection or immunological disorder) visiting the
ALERT hospital surgery department.

In addition, from skin samples Leishmania promastigotes
were cultivated. DNA was extracted from culture and
biopsy samples using QIAamp® DNA Mini Kit according
to manufacturer’s procedure. PCR amplification was performed
with 100 ng template and the HotStarTaq Plus Master Mix
Kit (Qiagen, Hilden, Germany) using the primers Lae species-
specific primers V5F 5-GGTGATGTGCCCGAGTGCA-3" and
V10R 5'-CGTGCACATCAGCACATGGG-3'.

Generation of Human Monocyte-Derived

Macrophages

Human peripheral mononuclear cells (PBMCs) were isolated
from buffy coats (DRK-Blutspendedienst Hessen GmbH) by
passage over a Leukocyte Separation Medium gradient as
described previously (30). Monocytes, obtained by plastic
adherence or CD14 selection were incubated either with 10 ng/ml
rthGM-CSF (Leukine® Sanofi-Aventis, Bridgewater, US) or
30 ng/ml rhM-CSF (R&D Systems, Abingdon, UK) for a period
of 5to 7 d at 37°C, 5% CO; to generate hMDM1 or hMDM2,
respectively. Cells were generated in 6w plates or in 25 cm?
culture flasks and were detached by cooling cells down on ice,
following detachment with a cell scraper. Experimental data,
conducted with monocytes obtained from human donors, are
depicted as dot plots, in which each dot presents data from a
single donor.

Infection of hMDM With Leishmania

Parasites

HMDM were harvested and transferred into 1.5ml micro-
centrifuge tubes, to which cells do not attach. The cells were
co-incubated with stationary phase Lm or Lae promastigotes
or axenic amastigotes at a MOI ratio of 1:10 in RPMI 1640
supplemented with 10% heat inactivated fetal calf serum, 50 uM
B-mercaptoethanol (all from Sigma Aldrich), 2 mM L-glutamine,
100 U/ml penicillin and 100 wg/ml streptomycin, 10 mM
HEPES (all from Biochrom) for 3h at 37°C in a humidified
atmosphere in a CO; incubator. Extracellular parasites were
removed by centrifugation and washing the cells. During
infection experiments, cathelicidin expression was induced by
incubation of hMDM with 100 nM calcitriol or calcipotriol for
24 h. For transgenic LmdsRed flow cytometry was used to analyze
infection rates. These transgenic parasites can also be used as
a model to follow the parasite propagation, which is based on
the development and replication of amastigotes. The LmdsRed
promastigotes increase their fluorescence intensity when
transforming into amastigotes, which enables the quantification
of the parasite propagation by measuring the dsRed mean
fluorescence intensity using FACS (62, 63).

Flow Cytometry

(i) FACS analysis of Leishmania parasites was performed as
described Wenzel et al. (61). Apoptosis, among parasites,
was assessed by staining with AnnexinA5-Alexa Fluor 647
using a Ca* rich buffer.

For phenotyping hMDM by flow cytometry, hMDM were
washed in FACS-Buffer (PBS supplemented with 1% FCS,
1% human serum and 1% BSA) and incubated with anti-
CD14-FITC (1:100, IgG2b), anti-CD163-PE (1:50, 1gGl,
GHI/61), or anti-MHC II-PerCP (1:100, IgG2a, L243) for
30 min on ice in the dark. Corresponding isotype controls
were used in the same dilution (all antibodies and isotype
controls were from BD Pharmingen, Heidelberg, Germany).
The cells were washed in FACS-Buffer and analyzed by
flow cytometry.

To assess parasite survival, Leishmania (dsRed™) infected
hMDM were washed in FACS-buffer and infection rate (%
of dsRed™ hMDM) and the parasite load (mean fluorescent
intensity) were assessed by flow cytometry. Upon analyzing,
at least 10,000 events (human cells) or 20,000 (parasites)
were recorded using a BD LSR II flow cytometer (BD
Bioscience, Heidelberg, Germany). Data were analyzed by
BD FACS Diva or FlowJo software (Treestar).

(ii)

(iii)

Transfection of Primary Human Cells With

siRNA

CD14 selected monocytes were differentiated into hMDMI1 by
addition of hrGM-CSF over a period of 6 days. On day 3,
the medium was refreshed with new growth factors. At day 6,
cells were washed with RPMI, without supplements, and 1 ml
prewarmed RPMI was given to the hMDM. For transfection
80 pmole of 20 uM siRNA (LL-37-siRNA: ON-TARGET plus
SMART pool Human CAMP (LL-37) from Thermo Scientific
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Dharmacon, Bonn, Germany; nonsense siRNA: Stealth RNAi
siRNA Negative Control from Invitrogen, Darmstadt, Germany)
were mixed with 20 Ll of Stemfect Buffer and 4.6 1 of Stemfect
Reagent were mixed with 20 pl Stemfect Buffer (Stemfect RNA
Transfection kit from Stemgent, San Diego, USA). Within 5 min,
both compounds were mixed and subsequently incubated for
20 min at room temperature. The transfection mixture was added
to the cells for 7h at 37°C. Cells were subsequently washed
and further incubated 2 days at 37°C in Complete Medium
before harvesting.

RNA Isolation, Reverse-Transcription PCR,
and qRT-PCR

RNA extraction and reverse-transcription, of either human
primary cells or skin tissue, were performed using the RNeasy
Plus Mini kit (Qiagen, Hilden, Germany) and the ImProm-II
Reverse Transcription system (Promega, Mannheim, Germany),
respectively, according to the manufacturers’ instructions.
Differential gene expression in primary macrophages was
analyzed by quantitative real-time PCR using the LightCycler®
2.0 instrument (Roche Diagnostics GmbH, Mannheim,
Germany) and LightCycler® FastStart DNA MasterPLUS
SYBR Green I kit (Roche Applied Science, Mannheim, Germany)
according to the manufacturer’s instructions. Differential gene
expression in skin tissue was analyzed by quantitative real-
time PCR using the Rotor Gene-3000 system and Rotor-Gene
SYBR Green I kit (Qiagen) according to the manufacturer’s
instructions. The LL-37 gene (5-GGA CCC AGA CAC GCC
AAA-3’; 3-GCA CAC TGT CTC CTT CAC TGT GA-5)
expression was normalized to the housekeeping gene GAPDH
(5"-GAG TCA ACG GAT TTG GTC GT-3'; 3-TTG ATT TTG
GAG GGA TCT CG-5') using the A ACT-method.

Western Blot

A total number of 0.5 x 10° hMDM were lysed in Limmli-
Buffer (A. bidest supplemented with 0.7M Glycerol, 1.7%
SDS, 0.1 M DTT and 30 oM Bromphenol blue), denaturated at
95°C for 10 min and loaded onto a 15% SDS-polyacrylamide
gel. The separated proteins were blotted onto a nitrocellulose
transfer membrane at 145mA constant voltage for 1h.
The membrane was blocked with WB-Block-Solution (GE
Healthcare, Buckinghamshire, United Kingdom) washed with
WB-Wash-Buffer (A. bidest supplemented with 0.5% Tween,
0.14 M NaCl, 10 mM Tris, 1 mM NaN3; pH 8) and subsequently
incubated with an anti-LL37 primary antibody (kindly provided
by Prof. B. Agerberth) overnight at 4°C. After extensive washing,
the membrane was incubated with a HRP-conjugated secondary
antibody (1:1000, from Cell Signaling, Danvers, USA) for 1h at
room temperature. The membrane was washed once more and
the protein bands were detected using an ECL substrate (GE
Healthcare, Buckinghamshire, United Kingdom). Using Image],
densitometry analysis was performed to quantify the intensities
of the protein bands.

End-Point Titration Assay
The amount of viable intracellular parasites inside hMDM1

(control, non-sense siRNA or anti-CAMP treated) was

determined. After 3h of infection, MOI10, cells were washed
to remove extracellular parasites. After 48h of infection, the
end-point titration assay was carried out. Therefore, cell scraper
detached hMDM1 were counted and 2000 hMDM1 were seeded,
in quadruplicates, in a 96w plate containing biphasic Novy-
Nicolle-McNeal blood agar medium. Wells were serial diluted
(factor 1.5) for 24 times. Plates were incubated for 7-10 days at
27°C. By microscopical analysis, plates were analyzed to assess
at which dilution growth was seen. Based on the dilution factor
and the amount of hMDMI1 that were seeded in the first well, the
amount of parasites per 1,000 hMDM1 was calculated (63). The
formula applied to calculate the amount of parasites per 1,000
macrophages is 1.5*/2 were x is the dilution step in which still
parasite growth was observed.

Statistical Analysis

Numerical data are presented as the mean =+ standard deviation
(SD). For statistical analysis, data were tested for their normal
distribution, using the D’Agostino and Pearson omnibus
normality test. If passed, statistical analysis was determined by
a paired Student t-test. If data were not normally distributed
or in case to few biological replicates were present to test
normal distribution, a non-parametric test (Mann-Whitney
test or Wilcoxon matched-pairs signed rank test) was used.
The software Graph-Pad Prism version 4 was used, by which
* indicates statistically difference at p < 0.05, **p < 0.01,
#p < 0.001.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

The study was approved by National Ethical Clearance
Committee at Federal Democratic Republic of Ethiopia
Ministry of Science and Technology with ethical approval No.
310/227/2007, approved on 30/05/2011. The ethical approval
was renewed by the National Ethical Clearance Committee
at Federal Democratic Republic of Ethiopia Ministry of
Science and Technology on 26/03/2016 with Ref. number
3.10/003/2015. Written informed consent was obtained from
study participants.

AUTHOR CONTRIBUTIONS

GZ, PC, EB, BW, UW, MC, and MA helped with substantial
contributions to the conception or design of the work, or the
acquisition, analysis or interpretation of data for the work. GZ,
PC, BA, RK, NR, and UR helped drafting the work or revising it
critically for important intellectual content.

FUNDING

Our research was supported by grants from the German
Research Foundation ZA533 5-1 (GZ) the Carl Zeiss

Frontiers in Immunology | www.frontiersin.org

November 2019 | Volume 10 | Article 2697


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Crauwels et al.

Vitamin D Can Restrict Leishmania Infection

Foundation (GZ) and was
Center

supported by the LOEWE

DRUID [Novel Drug Targets against Poverty-

Related and Neglected Tropical Infectious Diseases (project
D3 GZ)].

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Iniesta V, Carcelén J,

. Dietze R, Carvalho SF, Valli LC, Berman J, Brewer T, Milhous W, et al. Phase

2 trial of WR6026, an orally administered 8-aminoquinoline, in the treatment
of visceral leishmaniasis caused by Leishmania chagasi. Am | Trop Med Hyg.
(2001) 65:685-9. doi: 10.4269/ajtmh.2001.65.685

. WHO. WHO 2014 Leishmaniasis. Fact sheet N°375. (2014). Available online

at: http://www.who.int/mediacentre/factsheets/fs375/en/

. Kumar R, Engwerda C. Vaccines to prevent leishmaniasis. Clin Transl

Immunol. (2014) 3:e13. doi: 10.1038/cti.2014.4

. Boelaert M, Meheus F, Robays ], Lutumba P. Socio-economic aspects of

neglected diseases: sleeping sickness and visceral leishmaniasis. Ann Trop Med
Parasitol. (2010) 104:535-42. doi: 10.1179/136485910X12786389891641

. Benoit M, Desnues B, Mege J-L. Macrophage polarization in bacterial

infections. J Immunol. (2008) 181:3733-9. doi: 10.4049/jimmunol.181.6.3733

. Green §J, Meltzer MS, Hibbs JB, Nacy CA. Activated macrophages destroy

intracellular Leishmania major amastigotes by an L-arginine-dependent
killing mechanism. J Immunol. (1990) 144:278-83.

Molano I, Peixoto PM, Redondo E, Parra
P, et al. Arginase I induction during Leishmania major infection
mediates the development of disease. Infect Immun. (2005) 73:6085-90.
doi: 10.1128/1A1.73.9.6085-6090.2005

. Wanasen N, Soong L. L-arginine metabolism and its impact on host

immunity against Leishmania infection. Immunol Res. (2008) 41:15-25.
doi: 10.1007/512026-007-8012-y

. El-Gayar S, Thiiring-Nahler H, Pfeilschifter ], Réllinghoff M, Bogdan C.

Translational control of inducible nitric oxide synthase by IL-13 and arginine
availability in inflammatory macrophages. J Immunol. (2003) 171:4561-8.
doi: 10.4049/jimmunol.171.9.4561

Rutschman R, Lang R, Hesse M, Ihle JN, Wynn TA, Murray PJ. Cutting
edge: Stat6-dependent substrate depletion regulates nitric oxide production.
J Immunol. (2001) 166:2173-7. doi: 10.4049/jimmunol.166.4.2173

Liew FY, Millott S, Parkinson C, Palmer RM, Moncada S. Macrophage killing
of Leishmania parasite in vivo is mediated by nitric oxide from L-arginine. J
Immunol. (1990) 144:4794-7.

Green SJ, Nacy CA, Meltzer MS. Cytokine-induced synthesis of nitrogen
oxides in macrophages: a protective host response to Leishmania
and other intracellular pathogens. J Leukoc Biol. (1991) 50:93-103.
doi: 10.1002/j1b.50.1.93

Mestas J, Hughes CCW. Of mice and not men: differences between
mouse and human immunology. J Immunol. (2004) 172:2731-8.
doi: 10.4049/jimmunol.172.5.2731

Mossalayi MD, Arock M, Mazier D, Vincendeau P, Vouldoukis I. The human
immune response during cutaneous leishmaniasis: NO problem. Parasitol
Tdy. (1999) 15:342-5. doi: 10.1016/S0169-4758(99)01477-5

Amorim FM, Rodrigues YK, Barbosa TP, Néris PL, Caldas JP, Sousa
SC, et al. Morita-Baylis-Hillman adduct shows in vitro activity against
Leishmania (Viannia) braziliensis associated with a reduction in IL-6 and
IL-10 but independent of nitric oxide. Parasitology. (2013) 140:29-38.
doi: 10.1017/50031182012001291

Lima-Junior DS, Costa DL, Carregaro V, Cunha LD, Silva AL, Mineo TW,
et al. Inflammasome-derived IL-1p production induces nitric oxide-mediated
resistance to Leishmania. Nat Med. (2013) 19:909-915. doi: 10.1038/nm.3221
Diirr UH, Sudheendra US, Ramamoorthy A. LL-37, the only human member
of the cathelicidin family of antimicrobial peptides. Biochim Biophys Acta.
(2006) 1758:1408-25. doi: 10.1016/j.bbamem.2006.03.030

Schittek B, Paulmann M, Senyiirek I, Steffen H. The role of antimicrobial
peptides in human skin and in skin infectious diseases. Infect Disord Drug
Targets. (2008) 8:135-43. doi: 10.2174/1871526510808030135

ACKNOWLEDGMENTS

The authors would like to thank K. Strele and S. Diebold for
excellent technical assistance.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Bals R, Wang X, Zasloff M, Wilson JM. The peptide antibiotic LL-37/hCAP-18
is expressed in epithelia of the human lung where it has broad antimicrobial
activity at the airway surface. Proc Natl Acad Sci USA. (1998) 95:9541-6.
doi: 10.1073/pnas.95.16.9541

Hancock RE, Lehrer R. Cationic peptides: a new source of antibiotics. Trends
Biotechnol. (1998) 16:82-8. doi: 10.1016/S0167-7799(97)01156-6

Travis SM, Anderson NN, Forsyth WR, Espiritu C, Conway BD, Greenberg EP,
et al. Bactericidal activity of mammalian cathelicidin-derived peptides. Infect
Immun. (2000) 68:2748-55. doi: 10.1128/1A1.68.5.2748-2755.2000

Dorschner RA, Pestonjamasp VK, Tamakuwala S, Ohtake T, Rudisill J, Nizet
V, et al. Cutaneous injury induces the release of cathelicidin anti-microbial
peptides active against group A Streptococcus. ] Invest Dermatol. (2001)
117:91-7. doi: 10.1046/j.1523-1747.2001.01340.x

Howell MD, Jones JE Kisich KO, Streib JE, Gallo RL, Leung DY. Selective
killing of vaccinia virus by LL-37: implications for eczema vaccinatum. J
Immunol. (2004) 172:1763-7. doi: 10.4049/jimmunol.172.3.1763

Sonawane A, Santos JC, Mishra BB, Jena P, Progida C, Sorensen
OE, et al. Cathelicidin is involved in the intracellular killing of
mycobacteria in macrophages. Cell Microbiol. (2011) 13:1601-17.
doi: 10.1111/.1462-5822.2011.01644.x

Kulkarni MM, Barbi J, McMaster WR, Gallo RL, Satoskar AR,
McGwire BS. Mammalian antimicrobial peptide influences control
of cutaneous Leishmania infection. Cell Microbiol. (2011) 13:913-23.
doi: 10.1111/j.1462-5822.2011.01589.x

Kulkarni MM, McMaster WR, Kamysz W, McGwire BS. Antimicrobial
peptide-induced apoptotic death of leishmania results from calcium-
dependent, caspase-independent mitochondrial toxicity. J Biol Chem. (2009)
284:15496-504. doi: 10.1074/jbc.M809079200

Dos Santos JC, Heinhuis B, Gomes RS, Damen MS, Real F, Mortara RA, et al.
Cytokines and microbicidal molecules regulated by IL-32 in THP-1-derived
human macrophages infected with New World Leishmania species. PLoS Negl
Trop Dis. (2017) 11:¢0005413. doi: 10.1371/journal.pntd.0005413

Ramos R, Domingues L, Gama M. LL37, a human antimicrobial peptide
with immunomodulatory properties. In: Science Against Microbial Pathogens:
Communicating Current Research and Technological Advances. (2011). p.
915-25.

Zeth K, Sancho-Vaello E. The human antimicrobial peptides dermcidin and
LL-37 show novel distinct pathways in membrane interactions. Front Chem.
(2017) 5:86. doi: 10.3389/fchem.2017.00086

Crauwels P, Bohn R, Thomas M, Gottwalt S, Jickel F Krimer S, et al.
Apoptotic-like Leishmania exploit the host’s autophagy machinery to
reduce T-cell-mediated parasite elimination. Autophagy. (2015) 11:285-97.
doi: 10.1080/15548627.2014.998904

Meng Z, Lu M. RNA Interference-induced innate immunity, off-
target effect, or immune adjuvant? Front Immunol. (2017) 8:331.
doi: 10.3389/fimmu.2017.00331

Kulkarni NN, Yi Z, Huehnken C, Agerberth B, Gudmundsson GH.
Phenylbutyrate induces cathelicidin expression via the vitamin D receptor:
linkage to inflammatory and growth factor cytokines pathways. Mol Immunol.
(2015) 63:530-9. doi: 10.1016/j.molimm.2014.10.007

Xhindoli D, Pacor S, Benincasa M, Scocchi M, Gennaro R, Tossi
A. The human cathelicidin LL-37-A pore-forming antibacterial peptide
and host-cell modulator. Biochim Biophys Acta. (2016) 1858:546-66.
doi: 10.1016/j.bbamem.2015.11.003

Nizet V, Gallo RL. Cathelicidins and innate
invasive bacterial infection. Scand ] Infect Dis.
doi: 10.1080/00365540310015629

Ramos-Martinez E, Villasefior-Cardoso MI, Lopez-Vancell MR, Garcia-
Vazquez FJ, Pérez-Torres A, Salaiza-Suazo N, et al. Effect of 1,25(0OH)2D3

defense  against
(2003) 35:670-6.

Frontiers in Immunology | www.frontiersin.org

November 2019 | Volume 10 | Article 2697


https://doi.org/10.4269/ajtmh.2001.65.685
http://www.who.int/mediacentre/factsheets/fs375/en/
https://doi.org/10.1038/cti.2014.4
https://doi.org/10.1179/136485910X12786389891641
https://doi.org/10.4049/jimmunol.181.6.3733
https://doi.org/10.1128/IAI.73.9.6085-6090.2005
https://doi.org/10.1007/s12026-007-8012-y
https://doi.org/10.4049/jimmunol.171.9.4561
https://doi.org/10.4049/jimmunol.166.4.2173
https://doi.org/10.1002/jlb.50.1.93
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.1016/S0169-4758(99)01477-5
https://doi.org/10.1017/S0031182012001291
https://doi.org/10.1038/nm.3221
https://doi.org/10.1016/j.bbamem.2006.03.030
https://doi.org/10.2174/1871526510808030135
https://doi.org/10.1073/pnas.95.16.9541
https://doi.org/10.1016/S0167-7799(97)01156-6
https://doi.org/10.1128/IAI.68.5.2748-2755.2000
https://doi.org/10.1046/j.1523-1747.2001.01340.x
https://doi.org/10.4049/jimmunol.172.3.1763
https://doi.org/10.1111/j.1462-5822.2011.01644.x
https://doi.org/10.1111/j.1462-5822.2011.01589.x
https://doi.org/10.1074/jbc.M809079200
https://doi.org/10.1371/journal.pntd.0005413
https://doi.org/10.3389/fchem.2017.00086
https://doi.org/10.1080/15548627.2014.998904
https://doi.org/10.3389/fimmu.2017.00331
https://doi.org/10.1016/j.molimm.2014.10.007
https://doi.org/10.1016/j.bbamem.2015.11.003
https://doi.org/10.1080/00365540310015629
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Crauwels et al.

Vitamin D Can Restrict Leishmania Infection

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

on BALB/c mice infected with Leishmania mexicana. Exp Parasitol. (2013)
134:413-21. doi: 10.1016/j.exppara.2013.05.009

Ehrchen J, Helming L, Varga G, Pasche B, Loser K, Gunzer M, et al. Vitamin
D receptor signaling contributes to susceptibility to infection with Leishmania
major. FASEB J. (2007) 21:3208-18. doi: 10.1096/1j.06-7261com
Rodriguez-Cortes A, Martori C, Martinez-Florez A, Clop A, Amills M,
Kubejko J, et al. Canine leishmaniasis progression is associated with vitamin
D deficiency. Sci Rep. (2017) 7:3346. doi: 10.1038/541598-017-03662-4

Das S, Sardar AH, Abhishek K, Kumar A, Rabidas VN, Das P. Cathelicidin
augments VDR-dependent anti-leishmanial immune response in Indian Post-
Kala-Azar Dermal Leishmaniasis. Int Immunopharmacol. (2017) 50:130-8.
doi: 10.1016/j.intimp.2017.06.010

Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol.
(2007) 35:495-516. doi: 10.1080/01926230701320337

Pimenta PF, de Souza W. Leishmania mexicana amazonensis: surface charge
of amastigote and promastigote forms. Exp Parasitol. (1983) 56:194-206.
doi: 10.1016/0014-4894(83)90063-2

Braff MH, Zaiou M, Fierer J, Nizet V, Gallo RL. Keratinocyte production of
cathelicidin provides direct activity against bacterial skin pathogens. Infect
Immun. (2005) 73:6771-81. doi: 10.1128/IA1.73.10.6771-6781.2005

Braff MH, Di Nardo A, Gallo RL. Keratinocytes store the antimicrobial
peptide cathelicidin in lamellar bodies. ] Invest Dermatol. (2005) 124:394-400.
doi: 10.1111/j.0022-202X.2004.23443.x

Agier ], Efenberger M, Brzezinska-Blaszczyk E.  Cathelicidin
impact on inflammatory cells. Cent ] Immunol. (2015) 40:225-35.
doi: 10.5114/ceji.2015.51359

van der Does AM, Beekhuizen H, Ravensbergen B, Vos T, Ottenhoff
TH, van Dissel JT, et al. LL-37 directs macrophage differentiation toward
macrophages with a proinflammatory signature. J Immunol. (2010) 185:1442-
9. doi: 10.4049/jimmunol. 1000376

Neu C, Sedlag A, Bayer C, Forster S, Crauwels P, Niess JH, et al.
CD14-dependent monocyte isolation enhances phagocytosis of listeria
monocytogenes by proinflammatory, GM-CSF-derived macrophages. PLoS
ONE. (2013) 8:e66898. doi: 10.1371/journal.pone.0066898

Bayer C, Varani S, Wang L, Walther P, Zhou S, Straschewski S, et al.
Human cytomegalovirus infection of M1 and M2 macrophages triggers
inflammation and autologous T-cell proliferation. J Virol. (2013) 87:67-79.
doi: 10.1128/JVI1.01585-12

Wang TT, Nestel FP, Bourdeau V, Nagai Y, Wang Q, Liao J, et al
Cutting edge: 1,25-dihydroxyvitamin D3 is a direct inducer of
antimicrobial peptide gene expression. J Immunol. (2004) 173:2909-12.
doi: 10.4049/jimmunol.173.5.2909

Segaert S. Vitamin D regulation of cathelicidin in the skin: toward a
renaissance of vitamin D in dermatology? J Invest Dermatol. (2008) 128:773-5.
doi: 10.1038/jid.2008.35

Gombart AF, O’Kelly J, Saito T, Koeffler HP. Regulation of the CAMP gene by
1,25(0OH)2D3 in various tissues. J Steroid Biochem Mol Biol. (2007) 103:552-7.
doi: 10.1016/j.jsbmb.2006.12.095

Gombart AF. The vitamin D-antimicrobial peptide pathway and its
role in protection against infection. Future Microbiol. (2009) 4:1151-65.
doi: 10.2217/fmb.09.87

Bowdish DM, Davidson DJ, Scott MG, Hancock RE. Immunomodulatory
activities of small host defense peptides. Antimicrob Agents Chemother. (2005)
49:1727-32. doi: 10.1128/AAC.49.5.1727-1732.2005

Mily A, Rekha RS, Kamal SM, Akhtar E, Sarker P, Rahim Z, et al. Oral intake of
phenylbutyrate with or without vitamin D3upregulates the cathelicidin LL-37

in human macrophages: a dose finding study for treatment of tuberculosis.
BMC Pulm Med. (2013) 13:23. doi: 10.1186/1471-2466-13-23

53. Liu PT, Stenger S, Tang DH, Modlin RL. Cutting edge: vitamin D-
mediated human antimicrobial activity against Mycobacterium tuberculosis is
dependent on the induction of cathelicidin. J Immunol. (2007) 179:2060-3.
doi: 10.4049/jimmunol.179.4.2060

54. Verway M, Bouttier M, Wang TT, Carrier M, Calderon M, An BS,
et al. Vitamin D induces interleukin-1p expression: paracrine macrophage
epithelial signaling controls M. tuberculosis infection. PLoS Pathog. (2013)
9:¢1003407. doi: 10.1371/journal.ppat.1003407

55. Garelnabi M, Taylor-Smith LM, Bielska E, Hall RA, Stones D, May RC.
Quantifying donor-to-donor variation in macrophage responses to the human
fungal pathogen Cryptococcus neoformans. PLoS ONE. (2018) 13:e0194615.
doi: 10.1371/journal.pone.0194615

56. Rossi M, Fasel N. How to master the host immune system? Leishmania
parasites have the solutions! Int Immunol. (2018) 30:103-11.
doi: 10.1093/intimm/dxx075

57. Gombart AF, Borregaard N, Koeffler HP. Human cathelicidin antimicrobial
peptide (CAMP) gene is a direct target of the vitamin D receptor and is
strongly up-regulated in myeloid cells by 1,25-dihydroxyvitamin D3. FASEB
J. (2005) 19:1067-77. doi: 10.1096/£].04-3284com

58. Barna BP, Culver DA, Kanchwala A, Singh RJ, Huizar I, Abraham §, et al.
Alveolar macrophage cathelicidin deficiency in severe sarcoidosis. J Innate
Immun. (2012) 4:569-78. doi: 10.1159/000339149

59. Searing DA, Leung DY. Vitamin D in atopic dermatitis, asthma and
allergic diseases. Immunol Allergy Clin North Am. (2010) 30:397-409.
doi: 10.1016/j.iac.2010.05.005

60. van Zandbergen G, Bollinger A, Wenzel A, Kamhawi S, Voll R,
Klinger M, et al. Leishmania disease development depends on the
presence of apoptotic promastigotes in the virulent inoculum. Proc
Natl Acad Sci USA. (2006) 103:13837-42. doi: 10.1073/pnas.06008
43103

61. Wenzel UA, Bank E, Florian C, Forster S, Zimara N, Steinacker J,
et al. Leishmania major parasite stage-dependent host cell invasion
and immune evasion. FASEB . (2012) 26:29-39. doi: 10.1096/fj.11-
184895

62. Misslitz A, Mottram JC, Overath P, Aebischer T. Targeted
integration into a TrRNA locus results in uniform and high
level expression of transgenes in Leishmania amastigotes. Mol
Biochem  Parasitol. (2000) 107:251-61. doi: 10.1016/S0166-6851(00)0
0195-X

63. Stenger S, van Zandbergen G. Measuring the killing of intracellular pathogens:
Leishmania. Curr Protoc Essent Lab Tech. (2011) 2011:Chapter 14:Unit14.23.
doi: 10.1002/0471142735.im1423s93

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Crauwels, Bank, Walber, Wenzel, Agerberth, Chanyalew, Abebe,
Konig, Ritter, Reiling and van Zandbergen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

90

November 2019 | Volume 10 | Article 2697


https://doi.org/10.1016/j.exppara.2013.05.009
https://doi.org/10.1096/fj.06-7261com
https://doi.org/10.1038/s41598-017-03662-4
https://doi.org/10.1016/j.intimp.2017.06.010
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1016/0014-4894(83)90063-2
https://doi.org/10.1128/IAI.73.10.6771-6781.2005
https://doi.org/10.1111/j.0022-202X.2004.23443.x
https://doi.org/10.5114/ceji.2015.51359
https://doi.org/10.4049/jimmunol.1000376
https://doi.org/10.1371/journal.pone.0066898
https://doi.org/10.1128/JVI.01585-12
https://doi.org/10.4049/jimmunol.173.5.2909
https://doi.org/10.1038/jid.2008.35
https://doi.org/10.1016/j.jsbmb.2006.12.095
https://doi.org/10.2217/fmb.09.87
https://doi.org/10.1128/AAC.49.5.1727-1732.2005
https://doi.org/10.1186/1471-2466-13-23
https://doi.org/10.4049/jimmunol.179.4.2060
https://doi.org/10.1371/journal.ppat.1003407
https://doi.org/10.1371/journal.pone.0194615
https://doi.org/10.1093/intimm/dxx075
https://doi.org/10.1096/fj.04-3284com
https://doi.org/10.1159/000339149
https://doi.org/10.1016/j.iac.2010.05.005
https://doi.org/10.1073/pnas.0600843103
https://doi.org/10.1096/fj.11-184895
https://doi.org/10.1016/S0166-6851(00)00195-X
https://doi.org/10.1002/0471142735.im1423s93
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

l" frontiers
in Immunology

ORIGINAL RESEARCH
published: 04 December 2019
doi: 10.3389/fimmu.2019.02783

OPEN ACCESS

Edited by:
Francesca Granucci,
University of Milano Bicocca, Italy

Reviewed by:
Johanna Hol Fosse,
Norwegian Veterinary
Institute, Norway
Chaofeng Han,

Second Military Medical
University, China

*Correspondence:
Yunzi Chen
chenyunzi@njmu.edu.cn
Shuo Yang
shuoyang@njmu.edu.cn

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 29 May 2019
Accepted: 13 November 2019
Published: 04 December 2019

Citation:

Rao Z, Chen X, Wu J, Xiao M,
Zhang J, Wang B, Fang L, Zhang H,
Wang X, Yang S and Chen Y (2019)
Vitamin D Receptor Inhibits NLRP3
Activation by Impeding Its
BRCC3-Mediated Deubiquitination.
Front. Immunol. 10:2783.

doi: 10.3389/fimmu.2019.02783

Check for
updates

Vitamin D Receptor Inhibits NLRP3
Activation by Impeding Its
BRCC3-Mediated Deubiquitination

Zebing Rao 2, Xin Chen "2, Junxian Wu "2, Mengjun Xiao "2, Jing Zhang?®, Binghao Wang*,
Lei Fang*, Hongjie Zhang®, Xiaoming Wang "2, Shuo Yang #* and Yunzi Chen"%*

" Key Laboratory of Immune Microenvironment and Disease, Department of Immunology, Nanjing Medical University, Nanjing,
China, ? Key Laboratory of Antibody Techniques of Ministry of Health, Nanjing Medical University, Nanjing, China, ° The State
Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University, Nanjing, China, * Jiangsu Key
Laboratory of Molecular Medicine, Medical School of Nanjing University, Nanjing, China, ° Department of Gastroenterology,
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The NLRP3 inflammasome is a multiprotein oligomer responsible for activation
of the inflammatory response by promoting the maturation and secretion of the
pro-inflammatory cytokines IL-1p and IL-18. Dysregulation of this inflammasome has
been linked to several autoimmune diseases, indicating that NLRP3 is tightly regulated
to prevent aberrant activation. The regulation of NLRP3 activation remains unclear. Here,
we report the identification of vitamin D receptor (VDR) as a negative regulator of NLRP3
oligomerization and activation. VDR can physically bind NLRP3 and block the association
of NLRP3 with BRCC3. When BRCC3-mediated deubiquitination of NLRP3 is inhibited
by VDR, NLRP3 activation is subsequently inhibited. In the absence of VDR, caspase-1
activation and IL-1B release are increased in response to LPS-induced inflammation
or alum-induced peritoneal inflammation, indicating that VDR is a negative regulator
of NLRP3 inflammasome activation in vivo. In addition, vitamin D negatively regulates
the NLRP3 inflammasome via VDR signaling to effectively inhibit IL-18 secretion. These
studies demonstrate that VDR signaling constrains NLRP3 inflammasome activation and
might be a potential treatment target for NLRP3 inflammasome-related diseases.

Keywords: VDR, NLRP3 inflammasome, BRCC3, deubiquitinating, cytokines

INTRODUCTION

Pyroptosis is a highly inflammatory form of programmed cell death that promotes the rapid
clearance of various bacterial and virus infections. The inflammasome is a multiprotein
oligomer that serves as a platform for caspase-1-dependent activation of the maturation of the
pro-inflammatory cytokines IL-1f and IL-18; the secretion of these cytokines results in pyroptosis
(1). The NLRP3 inflammasome can be triggered by many different stimuli, such as amyloid-f,
extracellular ATP, alum, nigericin (an antibiotic from Streptomyces hygroscopicus), and crystals
(2, 3). Upon activation, NLRP3 assembles a typical multimeric inflammasome complex comprising
the adaptor ASC and the effector pro-caspase-1; this complex mediates the proteolytic cleavage of
pro-caspase-1 into active caspase-1 and converts the cytokine precursors pro-IL-18 and pro-IL-18
into biologically active IL-18 and IL-18 (4). Dysregulation of the inflammasome has been linked
to several autoimmune diseases, such as types I and II diabetes, inflammatory bowel disease
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(IBD), gouty arthritis, multiple sclerosis, and vitiligo, as well as
auto-inflammatory disorders (5-8). These diseases and disorders
have been connected to the increased or decreased secretion
of pro-inflammatory cytokines regulated by the inflammasome,
indicating that NLRP3 inflammasome activation is tightly
controlled in the normal state.

The regulation of NLRP3 inflammasome activation has been
extensively investigated. Accumulating evidence indicates that
the modification of NLRP3 occurs at the transcriptional and post-
translational levels, with particular focus on ubiquitination, and
phosphorylation (9). NLRP3 is poly-ubiquitinated with mixed
Lys-48 and Lys-63 ubiquitin chains in resting macrophages
(10, 11). A decrease in ubiquitinated NLRP3 can be induced
by inflammasome activation signals (10). Inhibition of NLRP3
deubiquitination almost completely blocks NLRP3 activation in
both mouse and human cells (10). BRCC3, a deubiquitinase, is
crucial for NLRP3 activation at the post-transcriptional level due
to its role in NLRP3 deubiquitination (10, 11). Although many
studies have examined the regulation of NLRP3, the regulatory
mechanism of NLRP3 activation remains unclear and requires
further investigation.

To understand the signaling mechanism of NLRP3
inflammasome activation, we sought to identify proteins
that interact with NLRP3. Using protein mass spectrometry
analysis, we identified that NLRP3 can interact with vitamin
D receptor (VDR). Beyond its well-established role in
calcium-phosphorus homeostasis and bone metabolism,
VDR plays anti-inflammatory roles in both innate and adaptive
immunity (12, 13). VDR deficiency is associated with increased
inflammation and deregulation in several inflammatory diseases,
such as inflammatory bowel disease, sepsis, diabetes and
asthma (14, 15). Vitamin D and VDR have anti-inflammatory
effects and play an immunosuppressive role in autoimmunity.
Together, they increase the phagocytic ability of monocytes
to modulate the innate immune system (16, 17) and promote
the ability of dendritic cells to modulate regulatory T cell
differentiation (12, 14, 18, 19). Recent studies on vitamin
D and VDR in inflammation-related diseases have received
increasing attention.

Here, we demonstrate that VDR acts as an endogenous
suppressor of NLRP3 inflammasome assembly to modulate
NLRP3 activation. VDR directly interacts with NLRP3
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