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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 (α1,25
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 inflammation 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-1β, which is induced via inflammasome
activation. Rao et al. showed that VDR inhibited NALP3-inflammasome activation leading to
reduction in IL-1β release. To confirm the inhibitory effect of VDR on NLP3 inflammasome
activation, authors used VDR-deficient mice and showed that IL-1β 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

5

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.596611
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.596611&domain=pdf&date_stamp=2020-09-29
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:szughaier@qu.edu.qa
https://doi.org/10.3389/fimmu.2020.596611
https://www.frontiersin.org/articles/10.3389/fimmu.2020.596611/full
https://www.frontiersin.org/research-topics/9039/immune-modulatory-effects-of-vitamin-d
https://doi.org/10.3389/fimmu.2019.01042
https://doi.org/10.3389/fimmu.2019.02211
https://doi.org/10.3389/fimmu.2019.02783
https://doi.org/10.3389/fimmu.2020.00820


Zughaier et al. Editorial: Immune-Modulatory Effects of Vitamin D

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-γ, and modulate
cellular proliferation of B-cells, Th1, 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 β-cells are attacked by T cell-mediated
autoimmunity (12, 16). Stem cell transplantation has emerged
as regenerative treatment for T1DM 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 T1DM. One group received
ASC and vitamin D (cholecalciferol 2,000 UI/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 vitaminD exerted anti-inflammatory
effects by reducing Th17 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,

Frontiers in Immunology | www.frontiersin.org 2 September 2020 | Volume 11 | Article 5966116

https://doi.org/10.3389/fimmu.2019.02739
https://doi.org/10.3389/fimmu.2019.02586
https://doi.org/10.3389/fimmu.2020.01477
https://doi.org/10.3389/fimmu.2020.00993
https://doi.org/10.3389/fimmu.2019.03157
https://doi.org/10.3389/fimmu.2019.02697
https://doi.org/10.3389/fimmu.2019.02094
https://doi.org/10.3389/fimmu.2020.00602
https://doi.org/10.3389/fimmu.2019.02157
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Zughaier et al. Editorial: Immune-Modulatory Effects of Vitamin D

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 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 illnesses 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.
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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 1α,25-
dihydroxyvitamin D3 [1α,25(OH)2D3 or simply 1,25(OH)2D],
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 Alzheimer’s 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 withMonocytes 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
(GCC) 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
D2) (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
D3. Vitamin D-binding protein (VDBP) carries the Vitamin D3

synthesized in the skin and Vitamin D2/Vitamin D3 absorbed via
intestine from the dietary sources to the liver (45). In the liver,
Vitamin D2/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(OH)2D
by the 1α-hydroxylase enzyme (CYP27B1) (48). Finally,
1,25(OH)2D 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 ≥30 ng/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(OH) D2 + 25(OH) 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(OH)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 (1α,25(OH)2D). 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).

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 >20 ng/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
by several studies (53, 54). Various causes of the discrepancies
have been noted (55) including the cross-reactivities of various
Vitamin D metabolites (56). Therefore, the assays for Vitamin
D testing need to be standardized so there is less variability in
the results, the Vitamin D Standardization Program (VDSP), was
launched in 2010 in collaboration with the National Institutes of
Health, the Centers for Disease Control and Prevention (CDC),
the National Institute for Standards and Technology (NIST), and
Ghent University in Belgium to correct the disparity and ensure
reliable VitaminDmeasurement. However, we are still a long way
to go to attain the goal of standardization of assay and results, till
then we have to rely on the judgement of physicians and experts
in the field. The researchers who publish in this area will likely
continue to point toward such disparities.

To overcome the deficiency, Vitamin D supplementation
is usually advised, however there is no consensus on the
optimal dose to be prescribed, as many factors such as age and
serum levels of 25(OH)D must be taken into account before
recommending the best possible dose for instance for obese
people (BMI > 30 kg/m2), a daily Vitamin D dose was set as
“three times” greater than the recommended dose for subjects
with normal body weight (51). The most common form of
Vitamin D supplementation is Cholecalciferol and Ergocalciferol
with both considered highly effective and safe (57). Vitamin D
toxicity generally results from having serum levels of 25(OH)D
> 150 ng/ml, which in most cases is attributed to prolonged and
unintended daily intakes of >40,000 IU of supplementation (58).
Table 1 details the group-wise recommendations for daily dose of
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

(IU/day)

Endocrine society

(IU/day)

Food and nutrition

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). VitaminD 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 T1DM (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 TaqI and BsmI 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/.

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 recommended 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 Table 2 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 1014 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 Figure 5, 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

Component)

4q13.3 4:71743681 Intron variant Vitamin D levels (96)

2 rs4588-T GC (Group Specific

Component)

4q13.3 4:71752606 Missense_variant Vitamin D levels (97)

3 rs2282679-T GC (Group Specific

Component)

4q13.3 4:71742666 Intron_variant Vitamin D levels (dietary

vitamin D intake interaction)

(96)

4 rs705117-G GC (Group Specific

Component)

4q13.3 4:71742398 Intron_variant Serum vitamin D-binding

protein levels

(98)

5 rs7041-T GC (Group Specific

Component)

4q13.3 4:71752617 Missense_variant Serum vitamin D binding

protein levels

(98)

6 rs2282679 GC (Group Specific

Component)

4q13.3 4:71742666 Intron_variant Vitamin D insufficiency (92)

7 rs1607741-C GC (Group Specific

Component)

4q13.3 4:71853316 Intergenic_variant Vitamin D levels (97)

8 rs2282679-C GC (Group Specific

Component)

4q13.3 4:71742666 Intron_variant Vitamin D levels (99)

9 rs79761689-C GC (Group Specific

Component)

4q13.3 4:72005565 Intergenic_variant Vitamin D levels (97)

10 rs2282679-? GC (Group Specific

Component)

4q13.3 4:71742666 Intron_variant Vitamin D levels (100)

11 rs17467825-A GC (Group Specific

Component)

4q13.3 4:71739800 Downstream_gene_variant Vitamin D levels (101)

12 rs1155563-C GC (Group Specific

Component)

4q13.3 4:71777771 Intron_variant Vitamin D levels (101)

13 rs4588-A GC (Group Specific

Component)

4q13.3 4:71752606 Missense_variant Serum 25-Hydroxyvitamin D

levels

(102)

14 rs116970203-A CYP2R1 (Vitamin D

25-hydroxylase)

11p15.2 11:14855172 Intron_variant Vitamin D levels (97)

15 rs10741657-A CYP2R1 (Vitamin D

25-hydroxylase)

11p15.2 11:14893332 Upstream_gene_variant Vitamin D levels (96)

16 rs10741657-? CYP2R1 (Vitamin D

25-hydroxylase)

11p15.2 11:14893332 Upstream_gene_variant Vitamin D insufficiency (92)

17 rs2060793-A CYP2R1(Vitamin D

25-hydroxylase)

11p15.2 11:14893764 Upstream_gene_variant Vitamin D levels (99)

18 rs117913124-A CYP2R1 (Vitamin D

25-hydroxylase)

11p15.2 11:14879385 Synonymous_variant Serum 25-Hydroxyvitamin D

levels

(102)

19 rs17216707-T CYP24A1

(1,25-dihydroxyvitamin D(3)

24-hydroxylase)

20q13.2 20:54115823 Regulatory_region_variant Vitamin D levels (96)

20 rs6127099-T CYP24A1

(1,25-dihydroxyvitamin D(3)

24-hydroxylase)

20q13.2 20:54114863 Intergenic_variant Vitamin D levels (97)

21 rs12785878-T NADSYN1/DHCR7

(7-dehydrocholestrol reductase)

11q13.4 11:71456403 Intron_variant Vitamin D levels (96)

22 rs12785878-? NADSYN1 (7-dehydrocholestrol

reductase)

11q13.4 11:71456403 Intron_variant Vitamin D insufficiency (92)

23 rs4423214-T NADSYN1(7-dehydrocholestrol

reductase)

11q13.4 11:71462208 Intron_variant Vitamin D levels (97)

24 rs4944062-T NADSYN1(7-dehydrocholestrol

reductase)

11q13.4 11:71476248 3_prime_UTR_variant Vitamin D levels (dietary

vitamin D intake interaction)

(96)

25 rs3829251-A NADSYN1 (7-dehydrocholestrol

reductase)

11q13.4 11:71483513 Intron_variant Vitamin D levels (99)

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

27 rs12287212-A RRAS2 (RAS related 2) 11p15.2 11:14428315 Intergenic_variant Vitamin D levels (101)

28 rs11023332-C PDE3B (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

Related Polypeptide Beta)

11p15.2 11:15097429 Intergenic_variant Vitamin D levels (97)

31 rs55665837-T COPB1(Coatomer Protein

Complex Subunit Beta 1)

11p15.2 11:14473503 Intron_variant Vitamin D levels (97)

32 rs148189294-A SLC4A4(Sodium bicarbonate

cotransporter 1)

4q13.3 4:71575200 Downstream_gene_variant Vitamin D levels (97)

33 rs117865811-G SPON1(Spondin 1) 11p15.2 11:14180763 Intron_variant Vitamin D levels (97)

34 rs138485827-T NPFFR2/ADAMTS3

(Neuropeptide FF Receptor2)/(A

disintegrin and

metalloproteinase with

thrombospondin motifs 3)

4q13.3 4:72166226 Intergenic_variant Vitamin D levels (97)

35 rs78862524-A ADAMTS3 (A disintegrin and

metalloproteinase with

thrombospondin motifs 3)

4q13.3 4:72305473 Intron_variant Vitamin D levels (97)

36 rs8018720-C SEC23A 14q21.1 14:39086981 Missense_variant Vitamin D levels (96)

37 rs3819817-T HAL (Histidine ammonia-lyase) 12q23.1 12:95984993 Intron_variant Vitamin D levels (97)

38 rs185378533-G FLJ42102 (Uncharacterized

LOC399923)

11q13.4 11:71422087 Intron_variant Vitamin D levels (97)

39 rs2207173-G CYB5AP4(Cytochrome B5 Type

A Pseudogene 4)

20p11.21 20:22824423 Intergenic_variant Vitamin D levels (103)

40 rs2277458-G GEMIN2 (Gem Nuclear

Organelle Associated Protein 2)

14q21.1 14:39114277 5_prime_UTR_variant Vitamin D levels (97)

41 rs10745742-T AMDHD1(Amidohydrolase

Domain Containing 1)

12q23.1 12:95964751 Intron_variant Vitamin D levels (dietary

vitamin D intake interaction)

(96)

42 rs12868495-A VDAC1P12(Voltage dependent

anion channel 1 pseudogene

12)

13q13.2 13:34067425 Intergenic_variant Vitamin D levels (101)

43 rs12144344-T ST6GALNAC3(ST6

N-Acetylgalactosaminide

Alpha-2,6-Sialyltransferase 3)

1p31.1 1:76373851 Intron_variant Serum Vitamin D-binding

protein levels

(98)

44 rs11586313-G IVL (Involucrin) 1q21.3 1:152917994 TF_binding_site_variant Vitamin D levels (103)

45 rs6730714-A PAX3 (Paired box gene 3) 2q36.1 2:222184302 Intergenic_variant Vitamin D levels (101)

46 rs156299-G NPY (Neuropeptide Y) 7p15.3 7:24185113 Intergenic_variant Vitamin D levels (101)

47 rs2302190-C MTMR4(Myotubularin Related

Protein 4)

17q22 17:58507147 Missense_variant Vitamin D levels (101)

48 rs10508196-A FAM155A (Family with

sequence similarity 155

member A)

13q33.3 13:107827618 Intron_variant Vitamin D levels (101)

49 rs4751058-A MKLN1 (Muskelin 1) 10q26.3 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)2D 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 Figure 6) (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 VitaminDmetabolism 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 ApaI,
TaqI, 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
associatedmolecules 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(OH)2 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(OH)2D (120). Macrophages and dendritic cells also express the CYP27B1 that synthesizes

1,25(OH)2D 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(OH)2D inhibits the surface

expression of MHC-II-complexed antigen. In addition, 1,25(OH)2D directly affects T cell responses, by inhibiting the production of Th1 cytokines (IL-2 and IFN-γ), Th17

cytokines (IL-17 and IL-21), and by stimulating Th2 cytokine production (IL-4) and Treg cell development (123–129). Finally, 1,25(OH)2D blocks plasma-cell

differentiation, IgG and IgM production and B-cell proliferation (130). The above factors can trigger inflammatory immune responses such as TNF-α and IFN-γ 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
innate immunity, Vitamin D stimulates the differentiation of
precursor monocytes to mature phagocytic macrophage, the
high expression of VDR by monocytes ensures sensitivity of
these cells to the differentiating effects of active Vitamin D
(120). Mature macrophages sense pathogen-associated molecular
patterns (PAMPs) by means of pattern-recognition receptors,
such as Toll-like receptors (TLRs). The presence of CYP27B1
(Vitamin D activating enzyme) in macrophages is important
for the physiological action of host defense against infection,
activation of 25(OH) D to 1, 25(OH)2 D via CYP27B1 in
macrophages leads to regulation of TLR2 (121), enhanced
production of defensin β2, cathelicidin antimicrobial peptide
(CAMP) (49) leading to induction of autophagy (122). The ability
of 1,25(OH)2D to increase the production of other antimicrobial
peptides, has been demonstrated both in vitro by monocytes
stimulation (156) and in vivo in pediatric patients’ blood (157).

At the same time, the active Vitamin D can inhibit the
dendritic cell (DCs) differentiation and maturation. In human
and murine DC cultures, the activation of VDR signaling
pathways inhibited DC-maturation as shown by downregulation

of DC markers, MHC-class II, co-stimulatory molecules (CD40,
CD80, and CD86), and other maturation molecules (e.g.,
CD1a, CD83), chemokine (CXCL10) which is involved in the
recruitment of T helper 1 (Th1) cells. Furthermore, active
Vitamin D also modulates DC-derived cytokine and chemokine
expression, by inhibiting the production of pro-inflammatory
cytokine (IL-12 and IL-23) and enhancing the release of anti-
inflammatory cytokine (IL-10) and the chemokine [CCL22,
involved in the recruitment regulatory T cells (Tregs)] (123–125).

However, this interaction between active Vitamin D and cells
from innate immunity also have downstream effects on cells from
the adaptive immune system. The adaptive immune system or
acquired immune system is the second line of defense against
infection. It comes into action upon exposure to pathogens
and uses immunological memory to learn about the pathogens
and enhance the immune response accordingly. The adaptive
immune system is composed of T and B cells and is also
responsible for autoimmune reaction. 1,25(OH)2 D suppresses
the immune responses mediated by Type 1 T helper (Th1) cells,
by inhibiting the inflammatory cytokines IL-2 and interferon
gamma (IFNγ) (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(OH)2 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 Th1, 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(OH)2 D (129). 1,25(OH)2 D prevents the
activation of nuclear factor kappa-B (NF-κB), a component of
proinflammatory signaling pathway at the level of transcription
[VDR/RXR has been reported to bind to NF-κB 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

population residing in GCC countries. These genetic variations
may also impact the response to Vitamin D supplementation in
these populations.

Originally known to cure rickets, our understanding on how
Vitamin D impacts human health has broadened. The discovery
of VDRs and Vitamin D associated enzymes in a variety of cells
including cells of the innate and adaptive immune system was
crucial in appreciating its role as a potent immunomodulator.
Immune cells are not only a target for Vitamin D, but are also able
to activate the hormone locally, thus postulating for an autocrine
and paracrine role for the active Vitamin D (160). Inadequate
amounts of Vitamin D could be linked to defective functioning of
the associated autocrine and paracrine circuits eventually leading
to various immune abnormalities.

Among other extra-skeletal effects, we have also come to
realize its role in maintaining a healthy gut microbiota. The GI
tract is home to a plethora of microorganisms that program the
immune system preventing colonization by harmful bacteria and
viruses. Several studies referenced in this review have suggested
that Vitamin D signaling influences the microbial load and
composition and ensures adequate innate and adaptive immune
responses to pathogenic threats; though the questions still linger
about the bidirectional and multidirectional interaction between
these intricate systems. Vitamin D deficiency may result in
abnormal immune functions causing inflammation, which, when
unresolved, may lead to chronic conditions.

In conclusion, Vitamin D signaling mediated by key
players, such as VDR, VDBP, and Cyp27B1, has a diverse
physiological impact, enhancing the intestinal barrier function
and contributing to enteric homeostasis. Studies have shown
that low serum Vitamin D levels might be linked to several
diseases and given the fact that the Vitamin D status is a
modifiable factor, the potential therapeutic benefits fromVitamin
D supplementation in the prevention of various diseases and
maintenance of a healthy microbiota are undeniable. Therefore,
the widespread Vitamin D deficiency in the GCC countries
demands discussion about including Vitamin D testing as part
of routine clinical care practices.
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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-γ. 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-10−/−

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; HPF,

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; SPF, specific pathogen free; Th, T

helper cell; TLR, toll-like receptor; TNF, tumor necrosis factor; Treg, regulatory

T cells; UV, ultraviolet; VDR, vitamin D receptor; VitD, Vitamin D.

jejuni infected IL-10−/− 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 1α-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 für 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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für 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,
12 h 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, München, 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 ∼25 g per mouse
and a daily drinking volume of ∼5mL, the final concentration
of the synthetic 25-OH-cholecalciferol solution was 2.5µg/mL
resulting in a daily treatment dosage of 500µg per kg body weight
(equivalent to 20,000 IU per kg) (46). Hence, the applied daily
vitaminD 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 109 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 µL 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), 5µm 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 100× and
400×), and for each mouse the average number of respective
positively stained cells was determined within at least six high
power fields (HPF, 0.287 mm2, 400×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 cm2 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 µL serum-free RPMI 1640 medium (Gibco, life
technologies, UK) supplemented with penicillin (100 U/mL)
and streptomycin (100µg/mL; PAA Laboratories, Germany).
After 18 h 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-
γ (IFN-γ) 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 cm2 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 1 h. The bathing
solution was composed of NaCl (113.6 mmol/L), NaHCO3 (21.0
mmol/L), KCl (5.4 mmol/L), Na2HPO4 (2.4 mmol/L), MgCl2
(1.2 mmol/L), CaCl2 (1.2 mmol/L), NaH2PO4 (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-10−/− 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
109 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 109 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.; Figure 1).
Hence, synthetic 25-OH-cholecalciferol treatment did not affect
gastrointestinal C. jejuni loads.

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-OH-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 0 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 S4D). 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, 400× 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

parentheses) are indicated. Data were pooled from four independent experiments.

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-γ 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-γ 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-
γ concentrations were lower in MLN and liver of 25-OH-
cholecalciferol as compared to placebo treated mice at day 6
p.i. (p < 0.05; Figures 7A,B). Interestingly, C. jejuni infection
resulted in decreased IFN-γ 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-γ 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, MCP1,
TNF, and IFN-γ 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-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 (A) macrophages and monocytes (F4/80+), (B) T lymphocytes (CD3+) and

(C) regulatory T cells (FOXP3+) were assessed microscopically from six high power fields (HPF, 400× 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 remainedC. 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 vitaminD 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 109 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 treatedmice 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-γ 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 | Ileal 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-γ 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
were lower in 25-OH-cholecalciferol as compared to placebo
treated mice with C. jejuni induced enterocolitis. In fact, T
cells have been shown to be direct and indirect targets of
vitamin D (65, 66). Previous in vitro, ex vivo, and in vivo
studies revealed that vitamin D treatment of T cells and of mice
resulted in less distinct T cell proliferation and in decreased
T helper cell (Th)−1 dependent secretion of pro-inflammatory
cytokines and subsequently in ameliorated inflammation (66,
67). In our present study, the colonic concentrations of pro-
inflammatory mediators including IL-6 and MPC-1 measured in
25-OH-cholecalciferol pretreated, C. jejuni infected mice were

comparable to those obtained from naive controls. In support,
vitamin D was shown to reduce recruitment of innate immune
cells such as monocytes and to decrease IL-6 and MCP-1
releases upon in vitro stimulation (68). Notably, the 25-OH-
cholecalciferol associated decreased pro-inflammatry mediator
secretion was not restricted to the large intestines, the major
predilection site of C. jejuni induced enterocolitis (15, 69).
In fact, C. jejuni induced increased secretion of IL-6, MCP-1,
and additionally of IFN-γ could be observed in the terminal
ileum of mice from the placebo, but not from the 25-OH-
cholecalciferol treatment cohort. Interestingly, as opposed to 25-
OH-cholecalciferol related decreases in large intestinal T cell
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FIGURE 7 | Extra-intestinal IFN-γ secretion 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), IFN-γ concentrations were determined in supernatants of ex vivo biopsies derived from (A)

mesenteric lymph nodes (MLN), (B) liver, and (C) spleen. 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.

FIGURE 8 | Bacterial translocation following vitamin D treatment of C. jejuni infected mice. Secondary abiotic IL-10−/− mice were treated with synthetic

25-OH-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. Upon necropsy (at day 6 post-infection), the abundance of viable pathogens was assessed in ex vivo biopsies taken from (A) mesenteric lymph nodes

(MLN), (B) liver, (C) lung, (D) kidney, (E) spleen, and (F) cardiac blood by culture. The cumulative relative translocation rates of C. jejuni into the respective compartment

out of four independent experiments are indicated in %. The numbers of culture-positive mice out of the total numbers of analyzed animals are given in parentheses.
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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-γ 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-γ 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. jejuni loads over time following vitamin D treatment of

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. 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.

jejuni 81-176 strain infection on days 0 and 1. Clinical symptoms were

quantitatively assessed applying a standardized clinical scoring system from d0

until d6 post-infection (see Materials and Methods). Uninfected and untreated

mice (none, open diamonds) served as negative control animals. Medians (black

bars) and numbers of analyzed animals (in parentheses) are indicated. Data were

pooled from four independent experiments.

Figure S3 | Intestinal lengths 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 absolute

lengths of the (A) colon and (B) small intestines were measured with a ruler.

Uninfected and untreated mice (none, open diamonds) served as negative control

animals. Medians (black bars), levels of significance (p-values) assessed by

one-sided ANOVA test with Tukey post-correction and numbers of analyzed

animals (in parentheses) are indicated. Data were pooled from four

independent experiments.

Figure S4 | Representative photomicrographs illustrating apoptotic and

proliferating epithelial as well as immune cells responses in large intestines

following vitamin D treatment of C. jejuni infected mice. Secondary abiotic

IL-10−/− mice were treated with synthetic 25-OH-cholecalciferol (vitamin D) or

placebo via the drinking water starting 4 days before peroral C. jejuni 81-176

strain infection on days 0 and 1. Naive mice served as uninfected and untreated

controls. Photomicrographs reepresentative for four independent experiments

illustrate the average numbers of (A) apoptotic epithelial cells (Casp3+), (B)

proliferating epithelial cells, (C) macrophages and monocytes (F4/80+), (D) T

lymphocytes (CD3+) and (E) regulatory T cell (Treg, FOXP3+) in at least six high

power fields (HPF) as quantitatively assessed in ileal paraffin sections applying in

situ immunohistochemistry at day 6 post-infection (100× magnification, scale bar

100µm).

Figure S5 | Systemic 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-γ concentrations were

determined in serum samples. 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.
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The vitamin D3 metabolite 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3) 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(OH)2D3 on the binding of VDR, the pioneer transcription

factors purine-rich box 1 (PU.1) and CCAAT/enhancer binding protein α (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 Dmodulates 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-hydroxyvitaminD3 (25(OH)D3) and then to 1α,25-dihydroxyvitaminD3

(1,25(OH)2D3), 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(OH)2D3] binding to

enhancer regions. The pioneer transcription factors CEBPα 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, CEBPα, and histone markers

were determined by ChIP-seq in three biological repeats. The time of 1,25(OH)2D3 stimulation is indicated for each dataset.

that gets activated by 1,25(OH)2D3 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)2D3 direct effects on gene regulation
(Figure 1). In human, the main sites of 1,25(OH)2D3 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(OH)2D3, 1α,25-dihydroxyvitamin D3; 25(OH)D3, 25-

hydroxyvitamin D3; BRD7, bromodomain containing 7; CAMP, cathelicidin

antimicrobial peptide; CD14, CD14 molecule; CDKN1C, cyclin dependent

kinase inhibitor 1C; CEBP, CCAAT/enhancer binding protein; ChIP-seq,

chromatin immunoprecipitation sequencing; CTCF, CCCTC-binding factor;

CYP, cytochrome P450; DENND6B, DENN domain containing 6B; FAIRE-

seq, formaldehyde-assisted isolation of regulatory elements sequencing; FBP1,

fructose-bisphosphatase 1; GABPA, GA binding protein transcription factor

α; HLA, human leukocyte antigen; KDM6B, lysine demethylase 6B; MYO1G,

myosin IG; NF-AT, nuclear factor activated T cells; NF-κB, nuclear factor κ-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, whichmay 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 µg (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
PBMCs serving as in vitro and in vivomodel 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; i.e., 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 andmethylation, 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)2D3 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 α (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
CTCFmajorly 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(OH)2D3 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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FIGURE 2 | Memory hypothesis. VDR binding and chromatin opening of the loci of the genes ZMIZ1, (A) and MYO1G (B) in vitro (THP-1) as well as in vivo (PBMCs).

THP-1 cells were stimulated for 0, 24, and 48 h with 1,25(OH)2D3 and VDR ChIP-seq and FAIRE-seq were performed (22). In a comparable in vivo experiment an

(Continued)
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FIGURE 2 | individual was challenged with a vitamin D3 bolus (2,000 µg) and PBMCs were isolated before (day 0) and at days 1 (24 h) and 2 (48 h) (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

delay the onset of common age-related diseases.

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)2D3-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/off”
modus (37).

VITAMIN D AND IMMUNITY

Based on the evolutionary history of nuclear receptors (46,
47), VDR’s 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’s tasks in the control of metabolism involves regulating
genes mediating energy metabolism, like the glycolytic enzymes
fructose-bisphosphatase 1 (FBP1) (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,
CYP19A1, 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 CD14 (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 κ-light-
chain-enhancer of activated B cells (NF-κB) 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 µg)] and the short-
term (2 days) trial VitDbol (16, 23, 68, 69) [NCT02063334, which
used a single vitamin D3 bolus (2,000 µg)]. 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 (qPCR)
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, i.e., 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 themost vitaminD-responsive component
(6). Based on transcriptome-wide investigations performed with
PBMC samples of five participants of the VitDbol study, a
vitaminD3 bolus significantly changed within 24 h the expression
of 702 genes (16, 17). Importantly, 181 (26%) of these genes
(such as CDKN1C, 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)2D3 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 D3

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 (MYO1G, 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 BsmI (G>A rs1544410), ApaI (G>T rs7975232), and TaqI

(T>C rs731236) could affect its stability and mRNA transcription activity, while FokI

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, CI= 0.16–0.71) and from the

multibacillary clinical form (P = 0.005, OR = 0.30, CI = 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, CI = 0.09–0.76; OR = 0.26, CI = 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, CI = 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 BsmI, ApaI, and TaqI 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 byMycobacterium 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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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 (Th1)-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 toM. 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 Th1 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)2-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 themonocyte/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-γ 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
75 kb of genomic DNA. The human gene has three transcript
variants which encode the Vitamin D3 receptor isoforms VDRA
and VDRB1. 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: BsmI
G>A (rs1544410, G allele designated “b” and A allele designated
“B”); ApaI G>T (rs7975232, G allele designated “a” and T allele
designated “A”), and TaqI T>C (rs731236, T allele designated
“T” and C allele designated “t”) (30). Another polymorphism
known as FokI T>C (rs2228570, T allele designated “f” 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 activemetabolite of VDR exert in the
mechanisms of immunity, this study evaluated the association of
SNPs (single nucleotide polymorphisms) of the VDR gene (FokI,
BsmI, Apal, and TaqI) 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 Paraná, southern Brazil (22◦

29′ 30′′-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 Paraná (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), BsmI G>A (rs1544410),
ApaI G>T (rs7975232), andTaqI 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 BigDyeTM

Terminator v3.1 Cycle Sequencing Kit (ThermoFisher).
Restriction enzymes were used according to the manufacturer’s
recommendations: FokI # R0109S (BioLabs R©Inc), TaqI # ER0671
(ThermoFisher), ApaI # ER1411 (ThermoFisher), andMva1269I
# ER0961 (BsmI) (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 =

0.003, OR = 1.52, 95% CI = 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), BsmI G>A (rs1544410),
ApaI G>T (rs7975232), and TaqI 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 FokI, BsmI, ApaI, and TaqI
genotype and allele frequency distributions are summarized
in Table 2.

TABLE 2 | Genotype and allele frequency distributions for FokI, BsmI, ApaI, and

TaqI 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 (%)

FokI (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/f 60 (14.8) 12 (13.9) 48 (15.5) 46 (10.7)

F 520 (64.4) 116 (67.0) 389 (63.0) 577 (66.8)

f 288 (35.6) 56 (33.0) 231 (37.0) 287 (33.2)

BsmI (rs1544410)

B/B 57 (14.1) 12 (13.9) 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)

ApaI (rs7975232)

A/A 129 (31.9) 30 (34.9) 97 (31.3) 131 (30.3)

A/a 199 (49.3) 43 (50) 151 (48.7) 214 (49.5)

a/a 76 (18.8) 13 (15.1) 62 (20.0) 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)

TaqI (rs731236)

T/T 153 (37.9) 32 (37.2) 115 (37.1) 184 (42.6)

T/t 203 (50.2) 44 (51.2) 158 (51) 198 (45.8)

t/t 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 BsmI, ApaI, and TaqI 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 BsmI,
ApaI, and TaqI 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 BsmI, ApaI, and TaqI polymorphisms of the VDR gene evaluated in all individuals (leprosy per se patients and controls) and MB

clinical form (MB patients and controls).

BsmI, ApaI, and TaqI 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; CI, confidence interval. *This result was disregarded because the CI is so near to one.

TABLE 4 | Haplotypes formed by the BsmI, ApaI, and TaqI 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

BsmI, ApaI, and TaqI Age < 40 Age ≥ 40 Age < 40 Age ≥ 40

Haplotypes (N = 836) OR (95% CI) OR (95% CI) (N = 742) OR (95% CI) 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; P, P value; OR, odds ratio; CI, 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 ApaI polymorphism and leprosy
(37). The BsmI 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 BsmI, ApaI, and TaqI 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 BsmI, ApaI, and TaqI 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 BsmI, ApaI, and TaqI
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 BsmI, ApaI, and TaqI
polymorphisms. Although, the FokI polymorphism has a higher
consistency of results related to VDR and leprosy, the BsmI,ApaI,
and TaqI polymorphisms, especially the haplotype formed by
them, should be further investigated in the immunopathogenesis
of leprosy.

DATA AVAILABILITY

This manuscript contains previously unpublished data. The raw
data supporting the conclusions of this manuscript will be made
available by the authors, without undue reservation, to any
qualified researcher.

ETHICS STATEMENT

This work was approved by the Permanent Committee of Ethics
in Research with Human Beings of the State University of
Maringá (COPEP—UEM) n◦ 2.424.046/2017.

AUTHOR CONTRIBUTIONS

AP performed the experiments and drafted the manuscript. HA,
BT, and LM analyzed the data and drafted the manuscript. LV
participated in the critical revision of the manuscript. QL and
JZ analyzed the data, drafted the manuscript, and participated
in the critical revision. AS provided materials and participated
in the experimental design. JV designed the study and finalized
the manuscript.

FUNDING

This work was supported by the CAPES (Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior), CNPq (Conselho
Nacional de Desenvolvimento Científico e Tecnológico),
Fundação Araucária do Paraná, and the Laboratory of
Immunogenetics at Universidade Estadual de Maringá (Proc. no.
1589/2017-CSDUEM).

ACKNOWLEDGMENTS

We sincerely thank all volunteers and technical staff, and
CISAMUSEP in Maringá and CISMEPAR in Londrina, PR,
Brazil. The article was checked with respect to the English
language by the proof-reading-service.com.

REFERENCES

1. Eichelmann K, González SE, Salas-Alanis JC, Ocampo-Candiani J. Leprosy.

An update: definition, pathogenesis, classification, diagnosis, and treatment.

Actas Dermosifiliogr. (2013) 104:554–63. doi: 10.1016/j.adengl.2012.03.028

2. World Health Organization. Global leprosy update, 2017: reducing the disease

burden due to leprosy.Week Epidemiol Rec. (2018) 93:445–56.

3. Ridley DS, Jopling WH. Classification of leprosy according to immunity. A

five-group system. Int J Lepr Other Mycobact Dis. (1966) 34:255–73.

4. Britton WJ, Lockwood DN. Leprosy. Lancet. (2004) 363:1209–19.

doi: 10.1016/S0140-6736(04)15952-7

5. Souza CS. Hanseníase: formas clínicas e diagnóstico. Rev Med Ribeirão Preto.

(1997) 30:325–34. doi: 10.11606/issn.2176-7262.v30i3p325-334

6. Gaschignard J, Grant AV, Thuc NV, Orlova M, Cobat A, Huong NT,

et al. Pauci- and multibacillary leprosy: two distinct, genetically neglected

diseases. Plos Negl Trop Dis. (2016) 10:e0004345. doi: 10.1371/journal.

pntd.0004345

7. Modlin RL. Th1-Th2 paradigm: insights from leprosy. J Invest Dermatol.

(1994) 102:828–32. doi: 10.1111/1523-1747.ep12381958

8. Sadhu S,Mitra DK. Emerging concepts of adaptive immunity in leprosy. Front

Immunol. (2018) 9:604. doi: 10.3389/fimmu.2018.00604

9. Scollard DM, Adams LB, Gillis TP, Krahenbuhl JL, Truman RW,Williams DL.

The continuing challenges of leprosy. Clin Microbiol Rev. (2006) 19:338–81.

doi: 10.1128/CMR.19.2.338-381.2006

10. Mazini PS, Alves HV, Reis PG, Lopes AP, Sell AM, Santos-Rosa M, et al. Gene

association with leprosy: a review of published data. Front Immunol. (2016)

6:658. doi: 10.3389/fimmu.2015.00658

11. Prietl B, Treiber G, Pieber TR, Amrein K. Vitamin D and immune function.

Nutrients. (2013) 5:2502–21. doi: 10.3390/nu5072502

12. Mora JR, Iwata M, von Andrian UH. Vitamin effects on the immune system.

Nat Rev Immunol. (2008) 8:685–98. doi: 10.1038/nri2378

13. Pike JW. Intracellular receptors mediate the biologic action

of 1,25-dihydroxyvitamin D3. Nutr Rev. (1985) 43:161–8.

doi: 10.1111/j.1753-4887.1985.tb02406.x

14. Haussler MR. Vitamin D receptors: nature and function. Annu Rev Nutr.

(1986) 6:527–62. doi: 10.1146/annurev.nu.06.070186.002523

15. DeLucaHF. Overview of general physiologic features and functions of vitamin

D. Am J Clin Nutr. (2004) 80:1689S−96S. doi: 10.1093/ajcn/80.6.1689S

16. Karatay S, Yildirim K, Karakuzu A, Kiziltunc A, Engin RI, Eren YB, et al.

Vitamin D status in patients with Behcet’s disease. Clinics. (2011) 66:721–3.

doi: 10.1590/s1807-59322011000500002

17. Veldman CM, Cantorna MT, DeLuca HF. Expression of 1,25-

dihydroxyvitamin d3 receptor in the immune system. Arch Biochem

Biophys. (2000) 374:334–8. doi: 10.1006/abbi.1999.1605

18. Mocanu V, Oboroceanu T, Zugun-Eloae F. Current status in vitamin D and

regulatory T cells immunological implications. Rev Med Chir Soc Med Nat.

(2013) 117:965–73.

19. Lemire JM, Archer DC, Beck L, Spiegelberg HL. Immunosuppressive actions

of 1,25-dihydroxyvitamin D3: preferential inhibition of Th1 functions. J Nutr.

(1995) 125:1704S−8S. doi: 10.1016/0960-0760(95)00106-A

20. Penna G, Amuchastegui S, Cossetti C, Aquilano F, Mariani R, Sanvito F, et al.

Treatment of experimental autoimmune prostatitis in nonobese diabetic mice

by the vitamin D receptor agonist elocalcitol. J Immunol. (2006) 177:8504–11.

doi: 10.4049/jimmunol.177.12.8504

Frontiers in Immunology | www.frontiersin.org 5 October 2019 | Volume 10 | Article 215749

https://proof-reading-service.com
https://doi.org/10.1016/j.adengl.2012.03.028
https://doi.org/10.1016/S0140-6736(04)15952-7
https://doi.org/10.11606/issn.2176-7262.v30i3p325-334
https://doi.org/10.1371/journal.pntd.0004345
https://doi.org/10.1111/1523-1747.ep12381958
https://doi.org/10.3389/fimmu.2018.00604
https://doi.org/10.1128/CMR.19.2.338-381.2006
https://doi.org/10.3389/fimmu.2015.00658
https://doi.org/10.3390/nu5072502
https://doi.org/10.1038/nri2378
https://doi.org/10.1111/j.1753-4887.1985.tb02406.x
https://doi.org/10.1146/annurev.nu.06.070186.002523
https://doi.org/10.1093/ajcn/80.6.1689S
https://doi.org/10.1590/s1807-59322011000500002
https://doi.org/10.1006/abbi.1999.1605
https://doi.org/10.1016/0960-0760(95)00106-A
https://doi.org/10.4049/jimmunol.177.12.8504
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Pepineli et al. VDR in Brazilian Leprosy Patients

21. Joshi S, Pantalena LC, Liu XK, Gaffen SL, Liu H, Rohowsky-Kochan

C, et al. 1,25-Dihydroxyvitamin D3 ameliorates Th17 autoimmunity via

transcriptional modulation of interleukin-17A.Mol Cell Biol. (2011) 31:3653–

69. doi: 10.1128/MCB.05020-11

22. Dankers W, Colin EM, van Hamburg JP, Lubberts E. Vitamin D in

autoimmunity: molecular mechanisms and therapeutic potential. Front

Immunol. (2017) 7:697. doi: 10.3389/fimmu.2016.00697

23. Cantorna MT, Snyder L, Lin YD, Yang L. Vitamin D and 1,25(OH)2D

regulation of T cells. Nutrients. (2015) 7:3011–21. doi: 10.3390/nu7043011

24. Saul L, Mair I, Ivens A, Brown P, Samuel K, Campbell JDM, et al. 1,25-

Dihydroxyvitamin D3 restrains CD4+ T cell priming ability of CD11c+

dendritic cells by upregulating expression of CD31. Front Immunol. (2019)

10:600. doi: 10.3389/fimmu.2019.00600

25. Røsjø E, Lossius A, Abdelmagid N, Lindstrøm JC, KampmanMT, Jørgensen L,

et al. Effect of high-dose vitamin D3 supplementation on antibody responses

against Epstein-Barr virus in relapsing-remittingmultiple sclerosis.Mult Scler.

(2017) 23:395–402. doi: 10.1177/1352458516654310

26. Baker AR, McDonnell DP, Hughes M, Crisp TM, Mangelsdorf DJ,

Haussler MR, et al. Cloning and expression of full-length cDNA encoding

human vitamin D receptor. Proc Natl Acad Sci USA. (1988) 85:3294–8.

doi: 10.1073/pnas.85.10.3294

27. Miyamoto K, Kesterson RA, Yamamoto H, Taketani Y, Nishiwaki E,

Tatsumi S, et al. Structural organization of the human vitamin D receptor

chromosomal gene and its promoter. Mol Endocrinol. (1997) 11:1165–79.

doi: 10.1210/mend.11.8.9951

28. Crofts LA, Hancock MS, Morrison NA, Eisman JA. Multiple promoters direct

the tissue-specific expression of novel N-terminal variant human vitamin

D receptor gene transcripts. Proc Natl Acad Sci USA. (1998) 95:10529–34.

doi: 10.1073/pnas.95.18.10529

29. Yang CY, Leung PS, Adamopoulos IE, Gershwin ME. The implication of

vitamin D and autoimmunity: a comprehensive review. Clin Rev Allergy

Immunol. (2013) 45:217–26. doi: 10.1007/s12016-013-8361-3

30. Morrison NA, Qi JC, Tokita A, Kelly PJ, Crofts L, Nguyen TV, et al. Prediction

of bone density from vitamin D receptor alleles. Nature. (1994) 367:284–7.

doi: 10.1038/367284a0

31. Alimirah F, Peng X, Murillo G, Mehta RG. Functional significance of vitamin

D receptor FokI polymorphism in human breast cancer cells. PLoS ONE.

(2011) 6:e16024. doi: 10.1371/journal.pone.0016024

32. Arai H, Miyamoto K, Taketani Y, Yamamoto H, Iemori Y, Morita K, et al. A

vitamin D receptor gene polymorphism in the translation initiation codon:

effect on protein activity and relation to bone mineral density in Japanese

women. J Bone Miner Res. (1997) 12:915–21. doi: 10.1359/jbmr.1997.12.6.915

33. Probst CM, Bompeixe EP, Pereira NF, de O Dalalio MM, Visentainer JE,

Tsuneto LT, et al. HLA polymorphism and evaluation of European, African,

and Amerindian contribution to the white and mulatto populations from

Parana, Brazil.Hum Biol. (2000) 72:597–617. Available online at: https://www.

jstor.org/stable/41465861

34. Nemenqani DM, Karam RA, Amer MG, Abd El Rahman TM.

Vitamin D receptor gene polymorphisms and steroid receptor status

among Saudi women with breast cancer. Gene. (2015) 558:215–9.

doi: 10.1016/j.gene.2014.12.065

35. Papadopoulou A, Kouis P, Middleton N, Kolokotroni O, Karpathios T,

Nicolaidou P, et al. Association of vitaminD receptor gene polymorphisms and

vitamin D levels with asthma and atopy in Cypriot adolescents: a case–control

study.Multidiscip Respir Med. (2015) 10:26. doi: 10.1186/s40248-015-0025-0

36. Sole X, Guino E, Valls J, Iniesta R, Moreno V. SNPStats: a web tool

for the analysis of association studies. Bioinformatics. (2006) 22:1928–9.

doi: 10.1093/bioinformatics/btl268

37. Fitness J, Floyd S, Warndorff DK, Sichali L, Mwaungulu L, Crampin AC,

et al. Large-scale candidate gene study of leprosy susceptibility in the

Karonga district of northern Malawi. Am J Trop Med Hyg. (2004) 71:330–40.

doi: 10.4269/ajtmh.2004.71.330

38. Sapkota BR, Macdonald M, Berrington WR, Misch EA, Ranjit

C, Siddiqui MR, et al. Association of TNF, MBL, and VDR

polymorphisms with leprosy phenotypes. Hum Immunol. (2010) 71:992–8.

doi: 10.1016/j.humimm.2010.07.001

39. Areeshi MY, Mandal RK, Dar SA, Alshahrani AM, Ahmad A, Jawed

A, et al. A reappraised meta-analysis of the genetic association between

vitamin D receptor BsmI (rs1544410) polymorphism and pulmonary

tuberculosis risk. Biosci Rep. (2017) 37:BSR20170247. doi: 10.1042/BSR201

70247

40. Oliveira ALG, Chaves AT, Menezes CAS, Guimarães NS, Bueno LL, Fujiwara

RT, et al. Vitamin D receptor expression and hepcidin levels in the protection

or severity of leprosy: a systematic review. Microbes Infect. (2017) 19:311–22.

doi: 10.1016/j.micinf.2017.03.001

41. Uitterlinden AG, Fang Y, Meurs JBJV, Pols HAP. Chapter 68 - Genetic

vitamin D receptor polymorphisms and risk of disease. In: FeldmanD,Wesley

Pike J, Glorieux F, editors. Vitamin D. 2nd ed. London, UK: Academic Press

(2005). p. 1121–57. doi: 10.1016/B978-012252687-9/50071-1

42. Uitterlinden AG, Fang Y, Van Meurs JB, Pols HA, Van Leeuwen JP. Genetics

and biology of vitamin D receptor polymorphisms. Gene. (2004) 338:143–56.

doi: 10.1016/j.gene.2004.05.014

43. Durrin LK, Haile RW, Ingles SA, Coetzee GA. Vitamin D receptor 3′-

untranslated region polymorphisms: lack of effect on mRNA stability.

Biochim Biophys Acta. (1999) 1453:311–20. doi: 10.1016/S0925-4439(99)0

0007-1

44. Singh I, Lavania M, Pathak VK, Ahuja M, Turankar RP, Singh V, et al. VDR

polymorphism, gene expression and vitamin D levels in leprosy patients

from North Indian population. PLoS Negl Trop Dis. (2018) 12:e0006823.

doi: 10.1371/journal.pntd.0006823

45. Mandal D, Reja AH, Biswas N, Bhattacharyya P, Patra PK, Bhattacharya B.

Vitamin D receptor expression levels determine the severity and complexity

of disease progression among leprosy reaction patients. New Microbes New

Infect. (2015) 6:35–9. doi: 10.1016/j.nmni.2015.04.001

Conflict of Interest Statement: 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 Pepineli, Alves, Tiyo,Macedo, Visentainer, de LimaNeto, Zacarias,

Sell and Visentainer. 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 6 October 2019 | Volume 10 | Article 215750

https://doi.org/10.1128/MCB.05020-11
https://doi.org/10.3389/fimmu.2016.00697
https://doi.org/10.3390/nu7043011
https://doi.org/10.3389/fimmu.2019.00600
https://doi.org/10.1177/1352458516654310
https://doi.org/10.1073/pnas.85.10.3294
https://doi.org/10.1210/mend.11.8.9951
https://doi.org/10.1073/pnas.95.18.10529
https://doi.org/10.1007/s12016-013-8361-3
https://doi.org/10.1038/367284a0
https://doi.org/10.1371/journal.pone.0016024
https://doi.org/10.1359/jbmr.1997.12.6.915
https://www.jstor.org/stable/41465861
https://www.jstor.org/stable/41465861
https://doi.org/10.1016/j.gene.2014.12.065
https://doi.org/10.1186/s40248-015-0025-0
https://doi.org/10.1093/bioinformatics/btl268
https://doi.org/10.4269/ajtmh.2004.71.330
https://doi.org/10.1016/j.humimm.2010.07.001
https://doi.org/10.1042/BSR20170247
https://doi.org/10.1016/j.micinf.2017.03.001
https://doi.org/10.1016/B978-012252687-9/50071-1
https://doi.org/10.1016/j.gene.2004.05.014
https://doi.org/10.1016/S0925-4439(99)00007-1
https://doi.org/10.1371/journal.pntd.0006823
https://doi.org/10.1016/j.nmni.2015.04.001
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


MINI REVIEW
published: 05 November 2019

doi: 10.3389/fimmu.2019.02586

Frontiers in Immunology | www.frontiersin.org 1 November 2019 | Volume 10 | Article 2586

Edited by:

Susu M. Zughaier,

Qatar University, Qatar

Reviewed by:

Ran Reshef,

Columbia University, United States

Antonio Pierini,

University of Perugia, Italy

*Correspondence:

Heiko Bruns

heiko.bruns@uk-erlangen.de

Specialty section:

This article was submitted to

Microbial Immunology,

a section of the journal

Frontiers in Immunology

Received: 08 July 2019

Accepted: 18 October 2019

Published: 05 November 2019

Citation:

Flamann C, Peter K, Kreutz M and

Bruns H (2019) Regulation of the

Immune Balance During Allogeneic

Hematopoietic Stem Cell

Transplantation by Vitamin D.

Front. Immunol. 10:2586.

doi: 10.3389/fimmu.2019.02586

Regulation of the Immune Balance
During Allogeneic Hematopoietic
Stem Cell Transplantation by
Vitamin D
Cindy Flamann 1, Katrin Peter 2, Marina Kreutz 2 and Heiko Bruns 1*

1Department of Internal Medicine 5, Hematology/Oncology, Friedrich Alexander University Erlangen–Nuremberg, Erlangen,

Germany, 2Department of Internal Medicine III – Hematology and Internal Oncology, University Hospital of Regensburg,

Regensburg, Germany

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 D3 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 (GvI) effects in patients. Beyond that,

alloreactive T cells might be attenuated by vitamin D3-mediated inhibition of proliferation

and activation. Despite the inhibitory effects of vitamin D3 on T cells, anti-tumor

responses of GvL might be reinforced by vitamin D3-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 D3 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 GvHD
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(OH)2D3, calcitriol) (14). Levels of
1,25(OH)2D3 are regulated by the inactivating 1,25(OH)2D3 24-
hydroxylase (CYP24A1). 1,25(OH)2D3 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 D3

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)2D3 analog
(MC1288) (26). Further investigations proved that certain VDR
polymorphisms are associated with higher risk of severe GvHD
(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(OH)2D3

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(OH)2D3 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)2D3 leads to release of
anti-microbial peptides such as LL-37 and β-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(OH)2D3 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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FIGURE 1 | Vitamin D3 metabolism. The precursor form of vitamin D3 25(OH)D3 enters the cell and is then converted into the bioactive form 1,25(OH)2D3 by

CYP27B1. CYP24A1 regulates levels of 1,25(OH)2D3 by converting it into the inactive 24,25(OH)2D3. Active 1,25(OH)2D3 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

genes (e.g., LL-37). Adapted from Bruns and Stenger (14).

have revealed that the intestinal barrier is supported by vitamin
D3-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 D3-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-α, 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 D3-
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 D3 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(OH)2D3 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)2D3-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-
α (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
Th1- and Th17- cell immune response (68). As a result, activation
and differentiation of alloreactive CD4+ T cells is reduced
in vitro (65). Furthermore, vitamin D3-treated DCs increase
the frequency of suppressive CD4+CD25+FoxP+3 regulatory T
cells (Treg) (69), which fosters peripheral tolerance to allografts
(70). One study indicated that vitamin D3-mediated increase of
CD4+FoxP+3 Nrp-1

+ 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)2D3-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-γ, TNF-α, and Flt-3L, are significantly reduced in
NK-cells upon vitamin D3-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 GvT could be preserved
(77). Clinical trials verified that the JAK1/2 inhibitor Jakafi R©

(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)2D3 (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(OH)2D3 directly inhibits proliferation and IL-
2 production of CD4+ T cells (84, 85). Similar to its effect
on APCs, 1,25(OH)2D3 reduces expression of homing receptors
such as CCR10 as well as secretion of IFN-γ and IL-10 by
T cells (86). Especially Th1 cell proliferation is inhibited via
the JAK/STAT signaling pathway (87), while Th2 cells are
increased directly (88, 89). Therefore, vitamin D3 alters the
T cell immunity by transforming Th1- and Th17-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(OH)2D3 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
GvHD 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)2D3

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)2D3 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)2D3 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 D3

supplementation could help to prevent cancer pathogenesis,
numerous in vitro and in vivo studies provide evidence that
1,25(OH)2D3 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)2D3 analog (123).
A chemoprevention study revealed that 1,25(OH)2D3-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)2D3 induces cell death by
degrading telomerase reverse transcriptase (TERT) mRNA and
thus reduces telomerase activity (130). 1,25(OH)2D3-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/β-catenin signaling pathway (132). In

vitro as well as in vivo studies report inhibition of proliferation
and angiogenesis by vitamin D3. 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 D3-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 D3-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(OH)2D3 impedes tumor growth by inhibition of IL-6
signaling (117). Accumulating data report that 1,25(OH)2D3

inhibits prostaglandin (PG) (143), p38 MAPK (144) and nuclear
factor kappa B (NFκB) 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.

Frontiers in Immunology | www.frontiersin.org 5 November 2019 | Volume 10 | Article 258655

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


Flamann et al. Vitamin D in GvH and GvL

FIGURE 2 | Positive effects of vitamin D3 in the allo-HSCT setting. Vitamin D3 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 D3-dependent release of antimicrobial peptides by

macrophages fortifies GvI effects, increases cell integrity, and induces cell death of bacteria. DCs are inhibited in proliferation and reduce Th1 and Th17 responses

while the Treg 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

release of LL-37.

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
GvI 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(OH)2D3 might be the more efficient version. However, the
probably greatest restraining factor of 1,25(OH)2D3 is its dose-
limiting toxicity causing hypercalcemia and hypercalciuria. One
possible solution might be the administration of 1,25(OH)2D3

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 naïve human T cells induces VDR expression
(148). This in turn results in upregulated PLC-γ1 expression
and thus higher activation and priming of naïve T cells.
Although there is evidence that vitamin D3 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 vitaminD3-supplemented
Crohn’s disease (CD) patients produced more IL-6 (149).
Proliferation of CD4+ T cells was higher in vitamin D3-treated
patients compared to the placebo group. Additionally, VDR
was shown to be important for the development of CD8αα+

TCRαβ+ 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.

In conclusion, prospective in vivo studies in humans
are inevitable to investigate the efficacy of vitamin D3

supplementation and to achieve approved clinical application.
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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-hydroxyvitaminD3 (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)2D3). The cytochrome
P450 monooxygenase 25(OH)D 1α hydroxylase (CYP27B1;
1α(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
1α(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)2D3 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 ofM. 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 vitaminD 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 β2 contain VDRE. NKT cells are thymically derived
cells of the innate immune system that produce high amounts
of cytokines including IL-4 and IFN-γ. 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-γ. 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-γ) 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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FIGURE 2 | Immunomodulatory effects of vitamin D (1,25(OH)2D3) on multiple immune cell lineages. NK, natural killer; DC, dendritic cell; R, receptor; VDR, vitamin D

Receptor; M8, macrophage.

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 themigration andmaturation
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 vitaminD 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 CD4+ 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-γ, IL-2,
and IL-17 (30) (Figure 2). In agreement with prior studies,
immunophenotyping of naïve 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 naïve 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).
Naïve 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 (Figure 2), 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 Th1 type response resulting in joint destruction by
immune cells (54). The presence of 1α hydroxylase and VDR
on macrophages, chondrocytes, and synovial cells in the joints
suggest that vitamin Dmight have a role in RA pathogenesis (55).
Accordingly, it has been shown that vitamin D downregulates
the production of proinflammatory cytokines IL-1β, IL-6, and
TNF-α 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 inWomenWith 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 25OHD 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 (NFκB) 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, Th1 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 PD1 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-β and IL-
10 (101). Complete abrogation of TGFβ signaling leading to
Tregs deficiency results in non-viable mice (102). Restoring
TGFβ signaling rescues this phenotype (103). In addition, partial
TGFβ 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(OH)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, α-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 oocytematuration
(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 α-hydroxylase
CYP27B1 null mice. In this connection, men with vitamin
D deficiency also exhibited altered sperm motility (123).
Moreover, these α-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 α-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 HoxA10 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 α-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
vitaminD 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 1α-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 Th1 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. 1α-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-α (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/m2 weight gain, starting from a BMI of 29 kg/m2) (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 Th1 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 Th1-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)D3 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 1α-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 1α-hydroxylase have been identified in the fetal brain
highlighting the role of vitamin D in brain development (180).
In the fetus, serum 25(OH)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)2D3 (181). In addition, in vitro studies
demonstrated that activated microglia increased the expression
of the VDR and 1α-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 TNFα, 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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FIGURE 3 | Diagram summarizing the placental transport and role of 25(OH)D3 and 1,25(OH)2D3 on the placental function and fetal development. Vitamin D during

pregnancy is important for placentation (trophoblast migration and remodeling of spiral arteries), immune tolerance, maintaining maternal calcium homeostasis and

therefore for fetal development, including the skeletal system and the brain. Low levels of vitamin D during pregnancy can result in abnormal placentation, placental

insufficiency and abnormal fetal development leading to compromised health after birth, in agreement with the FOAD concept.

D on reactive oxygen species (ROS) toxicity by increasing the
synthesis of antioxidantmolecules 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)D3

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(OH)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
β2 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 (>30 ng/mL) and hypovitaminosis
D (<30 ng/mL). Hypovitaminosis D was further classified as
deficiency (20.1–29.9 ng/mL) and insufficiency (<20 ng/mL).
None of the 76 women received vitamin D supplementation.

Complement activation plays a key role in 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

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

levels

Normal

N = 17 (24.3%)

Hypovitaminosis D N = 59 (77.6%)

Deficiency Insufficiency

N = 38 (64.4%) N = 21 (35.6%)

Implantation

failure

1 (5.9%) 8 (21%) p = 0.2469 6 (28.6%) p = 0.2204

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

thyroiditis

0 17 (44.7%)*p = 0.0005 10 (47.6%)*p = 0.0008

27 (45.8%)* p = 0.003

Placental

insufficiency

0 6 (15.8%) p = 0.1615 8 (38.1%) *p = 0.0047

14 (23.7%), *p = 0.0308

PE (%) 0 6 (15.8%) p = 0.1615 6 (28.6%)*p = 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

joints, 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 (<30 ng/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 (hMDM1) 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 hMDM1, 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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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 geneCAMP, 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 vitromodel, 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, Mycobacterium
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 (hMDM1) and type
2 (hMDM2) as host for Leishmania parasites was assessed.
From human blood, monocytes were isolated and differentiated
using rhGM-CSF (10 ng/ml) or rhM-CSF (30 ng/ml), to
generate hMDM1 or hMDM2, respectively. The hMDM1
were characterized by their fried-egg shaped morphology and
CD14+MHCII+CD163− phenotype (Figure 3A, upper lane).
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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).

In contrast, anti-inflammatory hMDM2 have more elongated
cell bodies and were phenotyped as CD14+MHCII+CD163+

(Figure 3A, lower lane). Interestingly, gene expression analysis
demonstrated the gene CAMP, which encodes cathelicidin,
to be significantly higher expressed in hMDM1, compared to
hMDM2 (Figure 3B). Also a significant elevated cathelicidin
protein amount was present in hMDM1 (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%; 50.4 ± 13.4%) (Figures 3D,E).
Infection with amastigotes resulted in a high infection rate,
which however did not differ significantly between early and
late time points in hMDM1 (83.2 ± 19.5%; 75.0 ± 22.4%)
and hMDM2 (82.9 ± 10.8%; 74.2 ± 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 25µM 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,I). 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 <

0.01; ***p < 0.001; ns, not significant; pro, promastigotes; ama, amastigotes).

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

hMDM1, using 1α, 25-dihydroxyvitamin D3 (calcitriol, CCT,

100 nM) and calcipotriol (CPT, 100 nM), 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) (Figure 4A). 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 ± 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, hMDM1 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 hMDM1 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, CD163, 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 qRT-PCR

and western blot. CAMP expression was normalized against the house keeping gene GAPHD. Western blots were analyzed by densitometry (ImageJ analysis),

normalizing cathelicidin against ß-actin protein expression. (D–F) Both hMDM1 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% CO2. 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;

*p < 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) hMDM1 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, hMDM-1 were infected with transgenic dsRed expressing Lm or Lae (MOI10). After 3 h,

extracellular parasites were removed by washing, following incubation at 37◦C, 5% CO2. 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 qRT-PCR and western blot analysis. CAMP expression was normalized against the house keeping gene

GAPHD. Western blots were analyzed by densitometry (ImageJ analysis), normalizing cathelicidin against ß-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; *p < 0.05; **p < 0.01).

siRNA control (1.04 ± 0.74) (Figure 5A). We were not able to
show a clear cathelicidin protein decrease in siRNA treated cells
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
the Vitamin-D pathway first with CPT and CCT, including β-
actin as loading control, demonstrating a strong reduction of
cathelicidin protein amount, upon CCT and CPT treatment,
in the KD cells compared to the control cells (Figure 5B).
Next, KD and control cells were infected with Leishmania
promastigotes, after which intracellular survival was investigated
using an end-point titration assay. We could demonstrate that
the number of viable Leishmania in control (284 ± 228 Lm)
and non-sense siRNA treated cells (421 ± 303 Lm) did not
significantly differ. However, KD of CAMP resulted in a higher
parasite survival (544 ± 388 Lm) (Figure 5C), although the
level of significance was not reached. In all, these data show

cathelicidin to play a role in the restriction of Leishmania
promastigote survival.

DISCUSSION

In the present study, we were able to define a role for
the human cathelicidin in human leishmaniasis, based on
data from clinical samples. In addition, a human primary in
vitro cell model was designed to better mimic the in vivo
interaction between Leishmania parasites and their host cell,
the human macrophage. The two phenotypes of macrophages
were demonstrated to interact differently with Leishmania
parasites, as in anti-inflammatory macrophages are more
susceptible compared to pro-inflammatory humanmacrophages.
Furthermore, the latter pro-inflammatory phenotype expressed
the cathelicidin CAMP gene transcript and protein more

Frontiers in Immunology | www.frontiersin.org 6 November 2019 | Volume 10 | Article 269784

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

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 qRT-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 ß-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 (n = 8–13). Data are presented as mean ±

SD and are representative for at least 3 independent experiments (Wilcoxon matched-pairs signed rank test; *p < 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 CAMPmRNA transcript in clinical samples fromAfrican
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
α-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
II) 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
intracellularM. 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-1ß, 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 correspondingmurine 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 vitromodel, 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 R© 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 72 h. Leishmania axenic amastigotes were treated with
10 and 100 ng/ml hrLL37 or 25µM staurosporine for 24 h.
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 (3mm 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 R© 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
rhGM-CSF (Leukine R© Sanofi-Aventis, Bridgewater, US) or
30 ng/ml rhM-CSF (R&D Systems, Abingdon, UK) for a period
of 5 to 7 d at 37◦C, 5% CO2 to generate hMDM1 or hMDM2,
respectively. Cells were generated in 6w plates or in 25 cm2

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, 50µM
β-mercaptoethanol (all from Sigma Aldrich), 2mM L-glutamine,
100 U/ml penicillin and 100µg/ml streptomycin, 10mM
HEPES (all from Biochrom) for 3 h at 37◦C in a humidified
atmosphere in a CO2 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 Ca2+ rich buffer.

(ii) 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, IgG1,
GHI/61), or anti-MHC II-PerCP (1:100, IgG2a, L243) for
30min 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.

(iii) 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).

Transfection of Primary Human Cells With
siRNA
CD14 selected monocytes were differentiated into hMDM1 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 1ml
prewarmed RPMI was given to the hMDM. For transfection
80 pmole of 20µM 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 µl of Stemfect Buffer and 4.6 µl of Stemfect
Reagent were mixed with 20 µl Stemfect Buffer (Stemfect RNA
Transfection kit from Stemgent, San Diego, USA). Within 5min,
both compounds were mixed and subsequently incubated for
20min at room temperature. The transfectionmixture was added
to the cells for 7 h 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 R©

2.0 instrument (Roche Diagnostics GmbH, Mannheim,
Germany) and LightCycler R© 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 11CT–method.

Western Blot
A total number of 0.5 × 106 hMDM were lysed in Lämmli-
Buffer (A. bidest supplemented with 0.7M Glycerol, 1.7%
SDS, 0.1M DTT and 30µM Bromphenol blue), denaturated at
95◦C for 10min and loaded onto a 15% SDS-polyacrylamide
gel. The separated proteins were blotted onto a nitrocellulose
transfer membrane at 145mA constant voltage for 1 h.
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,
0.14M NaCl, 10mM Tris, 1mM 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 1 h 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 ImageJ,
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 3 h of infection, MOI10, cells were washed
to remove extracellular parasites. After 48 h 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 hMDM1 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 1.5x/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.
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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-1β 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-1β 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-1β 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-1β 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-β,
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-1β and pro-IL-18
into biologically active IL-1β 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
themodification 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
and disturbs the association of NLRP3 with BRCC3,
thereby inhibiting the deubiquitination of NLRP3 by
BRCC3 and subsequently blocking activation of the
NLRP3 inflammasome.

RESULTS

VDR Interacts With NLRP3
To understand the signaling mechanism underlying NLRP3
inflammasome activation, we sought to identify proteins
that interact with NLRP3. We expressed Flag-NLRP3 in
HEK293T cells and performed Flag immunoprecipitation
pull down NLRP3-associated proteins, which were evaluated
using liquid chromatography–mass spectrometry. The analysis
revealed VDR as a major interacting partner of NLRP3

(Figure 1A, Figure S1A). To investigate whether VDR binds
other components of the NLRP3 complex, HA-VDR was
co-transfected with NLRP3, ASC, or caspase-1 into HEK293T
cells, and lysates were examined by co-immunoprecipitation.
We found that overexpressed VDR interacted with NLRP3
(Figure 1B) but not with ASC or pro-caspase-1 (Figures S1B,C).
The NLRP3–VDR interaction was also detected by endogenous
immunoassay (Figure 1C), and the co-localization of these
proteins in cells was observed in the immunofluorescence assay
(Figure 1D, Figure S1E). To test whether the interaction is
direct, we next performed a GST pull-down assay. NLRP3 was
further confirmed to directly interact with VDR (Figure 1E).
To identify the region of NLRP3 that associates with VDR,
Myc-tagged wild-type, and mutant NLRP3 were co-expressed
with HA-VDR in HEK293T cells, and immunoprecipitation
experiments were performed. Interactions were observed
between HA-VDR and full-length NLRP3 and NLRP3 mutated
in the carboxy-terminal leucine-rich repeat (LRR) domain and
nucleotide-binding domain (NACHT), while NLRP3 mutated in
the amino-terminal pyrin domain (PYD) showed no interaction
with HA-VDR (Figure 1F). On the other hand, the ligand
binding domain (LBD), not the DNA binding domain (DBD), of
VDR was required for the association with NLRP3 (Figure 1G).
The PYD domain cannot bind to the LBD domain alone
(Figure S1D). Our data indicated that VDR is a novel binding
partner of NLRP3.

VDR Inhibits NLRP3
Inflammasome-Mediated Caspase-1
Activation and IL-1β Secretion in
Macrophages
To examine the effect of VDR on inflammasome activation, we
first checked the expression of components related to the NLRP3
complex in the absence of VDR. The results showed no significant
differences in the proteins, including NLRP3, ASC, pro-IL-
1β, and pro-caspase-1, in VDR-KO cells (Figure S2A). Next,
BMDMs (bone marrow-derived macrophages) isolated fromWT
and Vdr−/− mice were primed with LPS and then activated by
NLRP3 stimuli, such as extracellular ATP, nigericin and alum, to
evaluate NLRP3 activation. BMDMs from Vdr−/− mice showed
clear increases in caspase-1 cleavage and IL-1β (Figure 2A), and
the secretion of IL-1β and IL-18 was significantly increased
(Figures 2B,C). As a control for inflammasome-independent
cytokines, TNF-α production was not affected (Figure 2D).
Similar results were obtained in mouse peripheral macrophages
(PMs) (Figure 2E). To confirm the ability of VDR to inhibit
NLRP3 inflammasome activation, we restored VDR expression
in VDR-KO BMDMs by lentivirus-mediated transduction.
When NLRP3 inflammasomes were activated by nigericin,
VDR overexpression decreased caspase-1 cleavage and IL-
1β secretion (Figures 2F,G). Considering that non-canonical
inflammasome activation is dependent on NLRP3 for IL-1β
secretion, we induced non-canonical inflammasome activation
with LPS in Pam3CSK4-primed BMDMs and found that IL-1β
secretion was increased in Vdr−/− BMDMs (Figure 2H). Taken
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FIGURE 1 | VDR interacts with NLRP3. (A) Mass spectrometry analysis of NLRP3 and VDR peptides after immunoprecipitation with Flag to pull down NLRP3-

associated proteins in Flag-NLRP3-overexpressing HEK293T cells. (B) HA-VDR was co-expressed with Flag-tagged NLRP3 in HEK293T cells; proteins were

(Continued)
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FIGURE 1 | immunoprecipitated and analyzed by immunoblotting. Whole-cell lysates are shown as the input. (C) LPS-primed BMDMs were unstimulated or

stimulated with nigericin for 30min. Cell lysates were immunoprecipitated (IP) and immunoblotted (IB) with the indicated antibodies. (D) Immunofluorescent staining for

VDR and NLRP3 in LPS-primed BMDMs treated with or without nigericin. Scale bar, 10µm. (E) Purified GST-VDR was incubated with purified His-NLRP3 for 2 h.

His-NLRP3-Flag bound to GST-VDR was pulled down by glutathione beads and subjected to immunoblot analysis. (F) Wild-type or mutant NLRP3 (PYD, NACHT, or

LRR) and HA-VDR were expressed in HEK293T cells, immunoprecipitated, and analyzed by immunoblotting. (G) Wild-type or mutant VDR (DBD or LBD) and

Flag-NLRP3 were expressed in HEK293T cells, immunoprecipitated, and analyzed by immunoblotting.

FIGURE 2 | VDR inhibits NLRP3 inflammasome activation. (A) Immunoblot analysis of IL-1β and cleaved caspase-1 (p20) in culture supernatants (SN) of LPS-primed

BMDMs (wild-type and Vdr−/− ) treated for 4 h and then stimulated with ATP, nigericin, or alum. Immunoblot analysis of NLRP3, ASC, pro-IL-1β and pro-caspase-1 in

cell lysates (Lysate). (B–D) IL-1β (B), IL-18 (C), and TNF-α (D) ELISAs using supernatants from LPS-primed BMDMs (wild-type and Vdr−/− ) treated for 4 h and then

stimulated with ATP, nigericin, or alum. (E) Immunoblot analysis of IL-1β and cleaved caspase-1 (p20) in culture supernatants (SN) of LPS-primed PMs (wild-type and

Vdr−/−) treated for 4 h and then stimulated with nigericin or alum. Immunoblot analysis of pro-IL-1β and pro-caspase-1 in cell lysates (Lysate). (F,G) Immunoblot

analysis of IL-1β and cleaved caspase-1 (p20) in culture supernatants (SN) of LPS-primed BMDMs (F). Supernatants were analyzed by IL-1β ELISA (G). (H)

Pam3CSK4-primed BMDMs (wild-type and Vdr−/− ) were stimulated by LPS transfection. Supernatants (SN) and cell extracts (Lysate) were analyzed by

immunoblotting. Data are presented as the mean ± SEM; *p < 0.05, **p < 0.01, and ***p < 0.001. Data in (B–D,G) are representative of three independent

experiments.

together, these data suggested that the VDR inhibits NLRP3
inflammasome activation.

VDR Blocks NLRP3-ASC Speck Formation
NLRP3 activators can induce the rapid formation of large
intracellular ASC aggregates called ASC specks (20). In
Vdr−/− BMDMs, there was increased formation of ASC
specks in the cytosol (Figures 3A,B). High-molecular-weight

multiprotein complexes are assembled in activated
inflammasomes (21), so we resolved cell lysates from
WT and Vdr−/− BMDMs by native polyacrylamide gel
electrophoresis. In the stimulation time course experiment,

more ASC oligomeric complexes were induced in

Vdr−/− BMDMs than in control BMDMs (Figure 3C),
indicating that VDR is involved in the process of NLRP3
inflammasome assembly.
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FIGURE 3 | Vitamin D receptor blocks NLRP3 oligomerization and ASC speck formation. (A,B) Representative immunofluorescence images and quantification of

endogenous ASC specks (arrows). The data show representative results from three combined independent experiments. Scale bar, 10µm. (C) ASC oligomerization

induced by the indicated stimuli at 0, 5, 10, and 15min in WT and Vdr−/− macrophages primed with LPS. Data are presented as the mean ± SEM; *p < 0.05. Data in

panel B is representative of three independent experiments.

VDR Interferes With the Association
Between NLRP3 and BRCC3
NLRP3 ubiquitination is a key inhibitor of NLRP3 inflammasome
activation (10). In LPS-treated Vdr−/− BMDMs, the
ubiquitinated NLRP3 was decreased (Figure 4A), suggesting
that VDR might be involved in the NLRP3 ubiquitination.
Meanwhile, we found that VDR had no effect on the mRNA
expressions of NLRP3-related deubiquitinase and ubiquitinase
(Figures S3A–E), such as BRCC3, March7, Fbxl2, Trim31, and
Pellino2 (22). BRCC3 is a deubiquitinating enzyme that critically
deubiquitinates NLRP3 for NLRP3 inflammasome activation. To
test whether VDR affects the association between NLRP3 and
BRCC3, we analyzed this association in the presence of VDR.
The results showed that VDR attenuated the binding of BRCC3
to NLRP3 (Figures 4B,C). Similarly, VDR-LBD also attenuated
the interaction between BRCC3 and NLRP3, since this VDR
domain was required for binding to NLRP3 (Figure 4D). To
confirm the important role of the NLRP3–BRCC3 association
in the VDR-mediated inhibition of NLRP3 inflammasome
activation, we knocked down BRCC3 with siRNA and found
that the increased caspase-1 cleavage and IL-1β secretion in
Vdr−/− BMDMs were eliminated (Figures 4E,F). NEK7 and
PP2A interact with NLRP3 (23, 24). We found that VDR
overexpression had no effect on the association of NEK7
or PP2A with NLRP3 (Figures S4A,B). Therefore, VDR
affects the NLRP3 inflammasome by specifically blocking the

association of NLRP3 with BRCC3. Therefore, we conclude
that VDR interferes with the association between NLRP3
and BRCC3.

VDR Inhibits NLRP3 Deubiquitination
Mediated by BRCC3
To clarify that NLRP3 ubiquitination is regulated by VDR,
we examined the effect of VDR on the BRCC3-mediated
deubiquitination of NLRP3. Ubiquitin overexpression triggered
the appearance of high apparent molecular weight NLRP3;
however, the ubiquitination of Flag-NLRP3 was reduced upon
BRCC3 addition (Figure 5A), which is consistent with the
published report that BRCC3 promotes the deubiquitination
of NLRP3. VDR overexpression recovered the level of
NLRP3 ubiquitination, suggesting that the BRCC3-mediated
deubiquitination of NLRP3 is inhibited by VDR (Figure 5A).
We further examined the effects of VDR on the ubiquitination
of different domains of NLRP3. Individual truncation mutants
of NLRP3 (PYD, NACHT, or LRR) were overexpressed with
ubiquitin in 293T cells. Only the ubiquitination of the LRR
domain was downregulated by BRCC3 (Figure 5C); it was
reported previously that BRCC3 mediates the deubiquitination
of the LRR domain of NLRP3 (11). Consistently, VDR
overexpression increased only LRR ubiquitination, not PYD
or NACHT ubiquitination, demonstrating the key role of
VDR in the BRCC3-mediated deubiquitination of NLRP3
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FIGURE 4 | Vitamin D receptor interferes with the BRCC3–NLRP3 interaction. (A) Both WT and Vdr−/− BMDMs were treated with LPS for 4 h. NLRP3 ubiquitination

was analyzed. (B) Immunoblot analysis of BRCC3 protein in mock or LPS-primed WT and Vdr−/− BMDMs lysates immunoprecipitated with the anti-NLRP3 antibody.

(C,D) HEK293T cells were transfected with the indicated vectors. Samples were immunoprecipitated with the anti-Flag antibody and analyzed by immunoblotting. (E)

LPS-primed BMDMs (wild-type and Vdr−/−) transfected with the indicated non-targeting or BRCC3-specific siRNA were unstimulated or stimulated with nigericin for

30min. Supernatants (SN) and cell extracts (Lysate) were analyzed by immunoblotting. IL-1β ELISA (F). Data are presented as the mean ± SEM; **p < 0.01. Data in

(F) is representative of three independent experiments.

(Figure 5C). In general, ubiquitination promotes protein
degradation. Here, VDR deficiency had no effect on NLRP3
degradation in LPS-primed BMDMs (Figure 5B), suggesting
that VDR-mediated inhibition of NLRP3 deubiquitination
does not affect K48 ubiquitin chains. Consistent with

this possibility, VDR overexpression markedly induced
the modification of NLRP3 with K63 ubiquitin chains,
not K48 ubiquitin chains (Figure 5D). Taken together,
the data showed that VDR can inhibit BRCC3-mediated
NLRP3 deubiquitination.
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FIGURE 5 | Vitamin D receptor inhibits NLRP3 deubiquitination. (A) HEK293T cells were transfected with the indicated vectors. NLRP3 ubiquitination was analyzed.

(B) Immunoblot analysis of NLRP3 after treatment of LPS-primed BMDMs (wild-type and Vdr−/−) with CHX (1µM) for the indicated time. (C) HEK293T cells

expressing HA-BRCC3 and Myc-NLRP3 PYD, NACHT, or LRR were co-transfected with VDR as indicated. Myc-NLRP3 immunoprecipitants were analyzed for

ubiquitination. (D) HEK293T cells expressing Flag-NLRP3, HA-BRCC3, and HA-Ubiquitin K63 or K48 were collected, and the cell lysates were immunoprecipitated

with the anti-Flag antibody to detect ubiquitination.

VDR Deficiency Promotes
NLRP3-Mediated Inflammation in vivo
To address the cross-talk between VDR and NLRP3 in
vivo, we next induced sepsis in Vdr−/−, Nlrp3−/−, and
Vdr−/−/Nlrp3−/− mice by intraperitoneal injection of LPS
(8 mg/kg). With this dose of LPS, there was no significant

difference in survival between Nlrp3−/− mice andWT. However,

there was a marked reduction in survival in Vdr−/− mice at
36 h (20%, compared to 90% in WT, p-value = 0.0019) that
was partly rescued by Nlrp3 deficiency, as Vdr−/−/Nlrp3−/−

mice showed 70% survival at the same time point (Figure 6A).
Our findings suggest that the role of VDR signaling in
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sepsis is largely dependent on NLRP3-induced inflammation.
Moreover, we found that serum IL-1β and IL-18 levels were
significantly increased in Vdr−/− mice but not in NLRP3−/−

or Vdr−/−NLRP3−/− mice (Figures 6B,C). As a control, serum
TNF-α production showed no significant difference among
groups (Figure 6D). We next addressed the negative role of
VDR in NLRP3 inflammasome activation using an alum-induced
peritonitis model. Peritoneal neutrophils in lavage samples are
an indicator of NLRP3-induced inflammation in response to
the intraperitoneal injection of alum, so we examined the
recruitment of peritoneal neutrophils. CD11b+ Ly6G+ cells
(neutrophils) were increased in Vdr−/− mice but decreased in
NLRP3−/− and Vdr−/−NLRP3−/− mice compared to WT mice
(Figures 6E,F). These results demonstrated that VDR inhibits
NLRP3-induced inflammation in vivo.

Vitamin D Enhances the VDR-Mediated
Inhibition of NLRP3 Inflammasome
Activation
Vitamin D is a VDR ligand, and its active metabolite is
1,25(OH)2D3. In general, vitamin D binds to VDR to activate
VDR signaling. When BMDMs were treated with 1,25(OH)2D3,
NLRP3 inflammasome activation by LPS and nigericin was
gradually inhibited, and IL-1β and caspase-1 cleavage decreased
in a dose-dependent manner (Figures 7A–C). TNF-α production
was not affected by 1,25(OH)2D3 (Figure 7D). In human
THP-1-derived macrophages, we reconfirmed that vitamin
D significantly attenuated NLRP3 inflammasome activation
(Figure 7E). However, 1,25(OH)2D3 treatment had no effect
on NLRP3 inflammasome activation or ASC oligomeric
complex formation in Vdr−/− BMDMs (Figures 7F,G),
suggesting that vitamin D is dependent on VDR to regulate
NLRP3 inflammasome activation. Furthermore, 1,25(OH)2D3
dramatically inhibited ASC oligomeric complex formation
(Figure 7G) and increased the ubiquitination of NLRP3 in
LPS-primed BMDMs (Figure 7H). These results suggest that
1,25(OH)2D3 enhances the VDR-mediated inhibition of NLRP3
inflammasome activation.

DISCUSSION

The NLRP3 inflammasome is activated by numerous PAMPs
and DAMPs and plays a key role in host defense (25–
28). NLRP3 inflammasome activation can be regulated at
the post-translational and transcriptional levels by several
molecules, such as bile acids, dopamine, nitric oxide, type I
IFNs, SHP, and A20 (29–34). Here, we report a novel role
for VDR as a negative regulator of NLRP3 inflammasome
activation in macrophages. Our data demonstrate that VDR
directly interacts with NLRP3, inhibits NLRP3 inflammasome
assembly, and decreases the NLRP3-mediated secretion of IL-
1β and IL-18, suggesting that VDR might be a potential
anti-inflammatory factor.

Recently, a two-step model of NLRP3 activation has
been well documented, which is triggered by two sequential
signals. The first step, NLRP3 needs to be “primed” by

Toll-like receptor (TLR) agonists such as LPS. Activation of
TLR signaling not only transcriptionally upregulates NLRP3
expression, but also post-transcriptionally activates NLRP3
by phosphorylation and deubiquitination. The second step,
defined as “activation,” can be induced by several potent
stimuli such as nigericin, leading to the oligomerization
of NLRP3, and the subsequent assembly of inflammasome
(35, 36). The post-translational modification of NLRP3 is
essential for inflammasome assembly and activation. Studies
demonstrate that NLRP3 is both K48 and K63 ubiquitinated,
suggesting that regulation may be more complex (11, 30,
37, 38). Increasing evidence has shown that BRCC3-mediated
NLRP3 deubiquitination is critical for inflammasome activation
(10, 11). In this study, we demonstrate that BRCC3–NLRP3
complex formation is interrupted by VDR via competition
with BRCC3 for NLRP3 binding. The association of NEK
or PP2A with NLRP3 is not affected by VDR, so VDR
has a special role in regulating BRCC3-mediated NLRP3
activation. BRCC3 promotes inflammasome activation by
deubiquitinating NLRP3. Notably, the decreases in IL-1β
secretion and NLRP3 ubiquitination induced by VDR deficiency
were almost completely eliminated in BRCC3 knockdown
cells, which suggests that VDR-mediated inhibition of NLRP3
activation is mainly due to disruption of BRCC3–NLRP3
complex formation. Thus, our findings provide a novel
mechanism of regulating NLRP3 activation by controlling
BRCC3-mediated deubiquitination.

Notably, several nuclear receptors have been reported to
selectively or cooperatively regulate NLRP3 inflammasome
activation, including transmembrane G protein coupled
receptor-5 (TGR5), farnesoid X receptor (FXR), and the
orphan nuclear receptor SHP (30, 32, 39). SHP inhibits
NLRP3 inflammasome assembly and NLRP3-dependent IL-1β
maturation in the presence of a variety of inflammasome-
activating stimuli. TGR5 signaling prevents metabolic disorder
by inhibiting NLRP3 inflammasome in a manner dependent
on cAMP-PKA. Consistently, VDR is another nuclear receptor
that has been shown to be a post-translational regulator of
NLRP3 inflammatory responses. Collectively, all these nuclear
receptors function as an adaptor associated with the NLRP3
complex. These data suggest the possibility that nuclear
receptors might respond to cellular stress in a transcription-
independent manner. VDR, an endogenous regulator of NLRP3,
mitigates inflammasome-related inflammation in vivo, such
as LPS-induced systemic inflammation and alum-induced
peritoneal inflammation.

Vitamin D initiates biological responses by binding to
VDR (40). In this study, we also found that vitamin D
blocked NLRP3 deubiquitination and activation dependent on
VDR (Figure 7F). Vitamin D/VDR system enhances intestinal
transcellular transport of calcium and high levels of calcium
stimulate inflammasome activation (41, 42). But VDR-deficient
mice are hypocalcemic, and the inflammasome activation is
increased in VDR-deficient mice, suggesting that VDR inhibits
the inflammasome activation in a calcium-independent manner.
Collectively, we demonstrate that vitamin D can inhibit NLRP3
inflammasome activation via VDR signaling, suggesting that
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FIGURE 6 | Vitamin D receptor deficiency promotes LPS-induced systemic inflammation and Alum-induced peritoneal inflammation via suppression of the NLRP3

inflammasome. (A) Survival of VDR+/+NLRP3+/+, VDR−/−NLRP3+/+, VDR+/+NLRP3−/−, and VDR−/−NLRP3−/− mice (n = 10 mice/group) intraperitoneally injected

with LPS (8 mg/kg body weight) over a period of 72 h. (B–D) Serum IL-1β, IL-18, and TNFα ELISAs at 6 h after intraperitoneal injection of LPS (8 mg/kg body weight)

into VDR+/+NLRP3+/+, VDR−/−NLRP3+/+, VDR+/+NLRP3−/−, and VDR−/−NLRP3−/− mice. (E,F) Representative FACS plots of peritoneal CD11b+ Ly6G+ cells

(neutrophils) from VDR+/+NLRP3+/+, VDR−/−NLRP3+/+, VDR+/+NLRP3−/−, and VDR−/−NLRP3−/− mice at 12 h after an intraperitoneal injection with alum (n = 5

mice/group). *p < 0.05, **p < 0.01, ***p < 0.001, NS p > 0.05. Values are the mean ± SEM of five mice per group. Both male and female mice were randomly

assigned. Data in (B–D,F) are representative of three independent experiments.

vitamin D treatment is a possible strategy for the treatment of
NLRP3-related inflammatory diseases.

METHODS

Mice
Vdr−/− were obtained from The Jackson Laboratory. Nlrp3−/−i

mice were a kind gift from Dr. Vishva M. Dixit (Genentech).
Mice were housed in a specific pathogen-free environment in the
Animal Core Facility of Nanjing Medical University. All animal
experiments were approved by the Institutional Animal Care and
Use Committee of Nanjing Medical University. Mice were used
at 6–8 weeks of age.

Reagents
LPS (O111:B4, L2630), ATP (A7699), disuccinimidyl suberate
(S1885), nigericin (N7143), and phorbol myristate acetate (PMA,
P1585) were from Sigma-Aldrich; alum (77161) and the c-
Myc tag (MA1-980) were from Thermo Fisher Scientific; and
poly(dA:dT) was from InvivoGen. The following antibodies were
used: anti-Flag (F1804) (Sigma); anti-mouse caspase-1 p20 (AG-
20B-0042) and anti-mouse NLRP3 (AG-20B-0014) (AdipoGen);
anti-human caspase-1 (ab108362) and anti-BRCC36 (ab108411)
(Abcam); anti-mouse IL-1β (AF-401-NA) (R&D); anti-HA-tag
(3724) (Cell Signaling Technology); and anti-VDR (sc-13133),
anti-ASC (sc-514414), and anti-β-actin (sc-47778) (Santa Cruz).
The Mouse TNF ELISA Kit (558534), Mouse IL-1β ELISA Kit
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FIGURE 7 | Vitamin D enhances VDR-mediated inhibition of NLRP3 inflammasome activation. (A) Immunoblot analysis of IL-1β and cleaved caspase-1 (p20) in

culture supernatants (SN) of LPS-primed BMDMs treated for 3 h with various doses (upper lanes) of 1,25 VD and then stimulated with nigericin. Immunoblot analysis

of NLRP3, ASC, pro-IL-1β and pro-caspase-1 in cell lysates (Lysate). (B–D) IL-1β (B), IL-18 (C), and TNF-α (D) in supernatants. (E) LPS-primed BMDMs (wild type

and Vdr−/−) were treated with 1,25 vitamin D (1,25 VD, 20µM) and then stimulated with nigericin. Supernatants (SN) and cell extracts (Lysate) were analyzed by

immunoblotting. (F) LPS-primed THP-1 cells were treated with different doses of 1,25 vitamin D (1,25VD) as indicated and then stimulated with nigericin.

Supernatants (SN) and cell extracts (Lysate) were analyzed by immunoblotting. (G) The induction of ASC oligomerization by the indicated stimuli in WT and Vdr−/−

LPS-primed macrophages. Nigericin stimulation lasted 15min. (H) LPS-primed BMDMs were treated with or without 20µM 1,25VD for 3 h. NLRP3 ubiquitination was

analyzed. Data are presented as the mean ± SEM; *p < 0.05, **p < 0.01, and ***p < 0.001. Data in (B–D) are representative of three independent experiments.

(559603), and TMB Substrate Reagent Set (555214) were from
BD Biosciences. The mouse IL-18 ELISA set (EMC06) was from
ExCell Biotech (Table 1).

Cell Culture
Primary BMDMs were generated as described previously (43).
The mouse tibia and femur were isolated and flushed with
cold PBS through a 25-G needle in a sterile environment.
Cells were cultured in DMEM supplemented with 10% FBS,
1% penicillin/streptomycin, and 10% (v/v) conditioned medium
from L929 mouse fibroblasts for 6 days. The medium was
replaced every 2 days. Peritoneal macrophages were harvested by
injecting 5ml of sterile PBS into the peritoneal cavity. Then, the
cells were centrifuged at 1,000×g for 5min, resuspended in RPMI
containing 10% (v/v) fetal bovine serum, and cultured at 37◦C.

For the inflammasome activation assay, 1× 106 cells were plated
in 12-well plates overnight. Then, the cells were primed with LPS
(200 ng/ml) for 4 h and then stimulated with PBS (mock), 10mM
ATP (30min), 10µM nigericin (1 h), alum (250µg/ml, 6 h). For
non-canonical inflammasome activation, cells were primed with
100 ng/ml Pam3CSK4 (InvivoGen) for 4 h, after which 2µg/ml
LPS was added with Lipofectamine 2000 (Invitrogen) for 16 h
(30). Cell lysates and supernatants were analyzed by Western
blot analysis.

Plasmid Construction and Transfection
The PCMV-HA-VDR plasmid was reported previously (44).
Flag-NLRP3, HA-ASC, HA-ubiquitin, and Myc-pp2a were
provided by Professor Paul N. Moynagh (National University
of Ireland, Maynooth, Ireland). Recombinant vectors encoding
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TABLE 1 | Reagents.

Reagent or resource Source Identifier

Antibodies

IL-1β R&D Systems Cat# AF-401-NA

Caspase-1(mouse) Adipogen Cat# AG-20B-0044

NLRP3 Adipogen Cat# AG-20B-0014

Caspase-1(human) Abcam Cat# ab108362

BRCC36 Abcam Cat# ab108411

HA Cell Signaling Technology Cat#3724

VDR Santa Cruz Cat# sc-13133

ASC Santa Cruz Cat# sc-514414

β-actin Santa Cruz Cat# sc-47778

Flag Sigma Cat# F1804

c-Myc Thermo Fisher Scientific Cat# MA1-980

Chemicals, peptides, and recombinant proteins

ATP Sigma Cat# A7699

LPS Sigma Cat# L2630

Alum Thermo Fisher Scientific Cat#77161

Nigericin Sigma Cat# N7143

PMA Sigma Cat# P1585

Pam3CSK4 Invivogen

Critical Commercial Assays

TNF ELISA kit BD Biosciences Cat#558534

Mouse IL-1β ELISA kit BD Biosciences Cat#559603

TMB Substrate Reagent Set BD Biosciences Cat#555214

Mouse IL-18 ELISA kit ExCell Biotech EMC06

Experimental models: cell lines

HEK293T cells ATCC CRL-11268

THP1 cells ATCC TIB-202

Experimental models: organisms/strains

Mouse: Nlrp3-/- Dr. Vishva M. Dixit labs(Genetech) N/A

Mouse: Vdr-/- Jackson Laboratory JAX:017969

Oligonucleotides

MouseBRCC3siRNA1(sense)

(Sequence: GGCAGAAAGGUUGGCUGAATT)

This paper N/A

MouseBRCC3siRNA1(antisense)

(Sequence: UUCAGCCAACCUUUCUGCCTT)

This paper N/A

MouseBRCC3siRNA2(sense)

(Sequence: GGAAGAACAGGAUGCAUAUTT)

This paper N/A

MouseBRCC3siRNA2(sense)

(Sequence: AUAUGCAUCCUGUUCUUCCTT)

This paper N/A

Recombinant DNA

PCMV-HA-VDR (44) N/A

Flag-NLRP3 Professor Paul N. Moynagh (National University

of Ireland Maynooth, Ireland)

N/A

HA-ASC Professor Paul N. Moynagh (National University

of Ireland Maynooth, Ireland)

N/A

HA-ubiquitin Professor Paul N. Moynagh (National University

of Ireland Maynooth, Ireland)

N/A

Myc-pp2a Professor Paul N. Moynagh (National University

of Ireland Maynooth, Ireland)

N/A

pCMV-HA-BRCC3 This paper N/A

pCMV-HA-NEK7 This paper N/A

Pgex6p-1-GST-VDR This paper N/A

Pet28a-His-NLRP3 This paper N/A
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human NEK7 and human BRCC3 were constructed by
PCR-based amplification of complementary DNA from THP-
1 cells and then cloned into the pCMV-HA eukaryotic
expression vector. pGEX6p-1-GST-VDR, pET28a-His-NLRP3,
and truncated mutants of NLRP3 and VDR were generated by
the Original TA Cloning Kit (Vazyme Biotech). After plasmid
construction, the mutation in the gene encoding VDR was
introduced into each expression vector by the Fast Mutagenesis
Kit V2 (Vazyme Biotech). All plasmid constructs were confirmed
by DNA sequencing. Plasmids were transiently transfected into
HEK293T cells with PolyJet reagents (SignaGen) according to the
manufacturer’s instructions.

Mass Spectrometry Analysis of
NLRP3-Associated Proteins
Empty Flag constructs or Flag-NLRP3 were transfected into
HEK293T cells for 24 h, and the cells were collected and
resuspended in lysis buffer [50mM Tris–HCl (pH 6.8),
2% (w/v) SDS, 0.1% (w/v) bromophenol blue, 10% (v/v)
glycerol, and 100mM DTT (dithiothreitol)]. Extracts were
immunoprecipitated with anti-Flag antibody and Protein A/G-
Agarose beads and then dissolved in sample buffer. IP-enriched
protein complexes were separated by SDS-PAGE, visualized by
Coomassie blue staining, and then excised for in-gel digestion
with trypsin. The peptides were extracted from gel bands and
subjected to LC-MS/MS analysis. Tryptic peptides were separated
on a C18 column and analyzed by an LTQ Orbitrap Velos
mass spectrometer (Thermo). The resulting MS/MS data were
processed using ProteinPilotTM software 4.5 (AB Sciex). The
original MS/MS data were submitted to ProteinPilot (version 4.5,
AB Sciex) for data analysis and searched against Homo sapiens
in the UniProt database (http://www.uniprot.org/proteomes/
UP000005640).

ELISA
The concentrations of mouse IL-1β and mouse TNF-α were
measured using ELISA kits (BD Systems), and the concentration
ofmouse IL-18 wasmeasured using ExCell Biotech kits according
to the manufacturer’s instructions.

ASC Oligomerization Assay
Cells were plated on 12-well plates and stimulated as indicated.
Cells were washed three times with PBS and lysed in PBS
containing 0.5% Triton X-100 for 30min at 4◦C. The cell lysates
were centrifuged at 8000×g for 15min at 4◦C (24). Triton X-
100-insoluble pellets were washed twice with PBS and suspended
in 200 µl of PBS. The pellets were then cross-linked at room
temperature for 30min by adding fresh disuccinimidyl suberate
(2mM). The cross-linked pellets were centrifuged at 8000×g for
15min and lysed in 2× sample buffer forWestern blot analysis of
ASC oligomers.

RNA Quantitation
Total RNA was extracted from BMDMs using TRIzol reagent
(Life Technologies). cDNA was generated from total extracted
RNA using HiScript II Q RT SuperMix for qPCR (Vazyme
Biotech Co., Ltd) according to the manufacturer’s protocol.
Quantitative PCR was performed with ChamQ SYBR qPCR
Master Mix (Vazyme Biotech Co., Ltd) using a Real-Time PCR
System (StepOne, Applied Biosystems). The sequences of the
PCR primers are listed in Table 2. Data were normalized to
β-actin expression in each sample.

Immunoprecipitation and Immunoblot
Analysis
For whole-cell lysate analysis, cells were lysed in SDS lysis
buffer [50mM Tris–HCl (pH 6.8), 2% (w/v) SDS, 0.1% (w/v)
bromophenol blue, 10% (v/v) glycerol, and 100mM DTT].
For co-immunoprecipitation, cells were treated as indicated
and then collected in 500 µl of RIPA Lysis Buffer [50mM
Tris (pH 7.4), 150mM NaCl, 1% NP-40, and 0.25% sodium
deoxycholate], followed by incubation at 4◦C for 30min. After
centrifugation for 12min at 12,000×g, the supernatants were
collected and incubated with the appropriate antibody overnight.
The immunocomplexes were captured by the addition of 30 µl
of Protein A/G-Agarose slurry and gentle rotation for 90min
at 4◦C. The agarose beads were collected by centrifugation for
3min at 100 rpm. The supernatant was discarded, and the beads
were washed three times with 800 µl of ice-cold RIPA buffer
and twice with PBS. The agarose beads were resuspended in

TABLE 2 | Primers.

Nlrp3 Forward 5
′

-TGGATGGGTTTGCTGGGAT-3
′

Reverse 5
′

-CTGCGTGTAGCGACTGTTGAG-3
′

Trim31 Forward 5
′

-CCAGAGTCAAACCGTGAGCG−3
′

Reverse 5
′

- GGCAACTTGGAGCCCGAA-3
′

March7 Forward 5
′

-GACAGTACCAAGTTCTAGGGACT-3
′

Reverse 5
′

-AGTTGTACGCCTACCTTCATTG-3
′

Fbxl2 Forward 5
′

-CAGTGATGATGGCCTTATCAACA-3
′

Reverse 5
′

-TGGAAGTTAAAAAGATCCACCCG-3
′

Pellino2 Forward 5
′

-ACCAACGGTGTCCTGGTGATG-3
′

Reverse 5
′

-CCTGGTCTCTCGCAAGGTGTA-3
′

Brcc3 Forward 5
′

-GTGCAGGCGGTTCATCTTGA-3
′

Reverse 5
′

-AACTCCCCTATACACAGACCC-3
′

β-actin Forward 5
′

-TGTTACCAACTGGGACGACA-3
′

Reverse 5
′

-CTGGGTCATCTTTTCACGGT-3
′
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50 µl of SDS loading buffer and mixed gently. The samples
were separated by SDS-PAGE, transferred to polyvinylidene
difluoride (PVDF) membranes (Millipore), and analyzed by
immunoblot. Immunoreactivity was visualized by the Tanon
Imaging System. For the NLRP3 ubiquitination assay, cells
were collected in 300 µl of RIPA buffer. After centrifugation
for 10min, the supernatants were treated with 1% (w/v) SDS,
heated to 95◦C for 5min to dissociate NLRP3 from any
associated proteins, and then diluted 10-fold in RIPA buffer
before immunoprecipitation.

Immunofluorescence Staining and
Confocal Analysis
For ASC speck analysis, BMDMs were plated on coverslips.
The cells were fixed for 20min with 4% paraformaldehyde and
then permeabilized with 0.2% NP-40/PBS for 10min. The cells
were incubated with anti-rabbit ASC antibody (1:200) overnight,
followed by incubation with anti-rabbit Cy3-conjugated
AffiniPure (Jackson ImmunoResearch). Nuclei were stained with
DAPI (4′,6′-diamidino-2-phenylindole hydrochloride; Sigma-
Aldrich). HEK293T cells transiently transfected with plasmids
encoding Flag-NLRP3, HA-ASC, and GFP-VDR were cultured
for 24 h. The cells were incubated overnight with anti-Flag and
anti-HA antibodies (1:100) and then incubated with fluorescent
secondary antibody. The cells were examined with confocal laser
microscopy (LSM710, Carl Zeiss, Germany).

GST Pull-Down Assay
sBL21(DE3) cells were transformed with pGEX-6P1 bacterial
expression plasmids encoding GST or GST-human VDR.
Recombinant protein expression was induced by 0.1mM IPTG
for 8 h at 20◦C. Human NLRP3 was cloned into pET28a
bacterial expression plasmids. Recombinant protein expression
was induced by 0.1mM IPTG for 8 h at 26◦C. Bacteria were
pelleted and lysed with PBS containing 1mM PMSF, 1mM DTT,
and 1% Triton X-100. Recombinant His-NLRP3 protein was
incubated on a rotator at 4◦C overnight with GST and GST-VDR.
GST proteins were pulled down using Glutathione MagBeads
(GenScript). Beads were washed three times with pull-down
buffer and twice with PBS before being analyzed by immunoblot.

Retroviral Rescue Assay
Murine Vdr was sub-cloned into the pHBLV-CMV-MCS-
3XFlag-GFP-PURO lentivirus vector. Lentivirus-containing
medium was obtained from Hanbio. On the first day, WT and
Vdr-deficient BMDMs were plated in 12-well plates. On the
second day, lentivirus containing the Vdr construct or empty
vector was incubated with BMDMs (MOI = 50) at 37◦C for 4 h.
After 4 h, the medium was replaced with fresh medium, and the
cells were incubated for another 48 h. The lysates were analyzed
by immunoblot.

siRNA
siRNAs were ordered from GenePharma. The siRNA sequences
were as follows: BRCC3-1 (sense), GGCAGAAAGGUUGGC
UGAATT; BRCC3-1 (antisense), UUCAGCCAACCUUUC
UGCCTT; BRCC3-2 (sense), GGAAGAACAGGAUGCAUA
UTT; BRCC3-2 (antisense), AUAUGCAUCCUGUUCUUC

CTT; Stealth RNAi negative control (sense), UUCUCCGAA
CGUGUCACGUTT; and negative control (antisense), ACG
UGACACGUUCGGAGAATT. BMDMs were plated in 12-
well plates and transfected with 100 nM siRNA using 5 µl of
Lipofectamine RNAiMAX (Invitrogen) in OPTI-MEM. The
medium was changed 6 h later, and the cells were cultured for
48 h in RPMI1640 medium supplemented with 10% FBS and
10% L929 medium.

In vivo LPS Challenge
For the survival analysis, C57BL/6J mice aged 6–8 weeks
were administered 8 mg/kg LPS by intraperitoneal injection
and monitored for 72 h. The moribund state, defined by (1)
hypothermia, (2) inability to roll over from side to chest, or (3)
dyspnea/labored breathing, was used as humane endpoint. For
cytokine analysis, serum samples were collected after 6 h, and
cytokines were measured by ELISA.

Intraperitoneal Leukocyte Recruitment
C57BL/6J mice aged 6–8 weeks were intraperitoneally injected
with 700mg of alum and evaluated 12 h later. The peritoneal
cavity was washed with 5ml of PBS. Peritoneal exudate cells
(PECs) were analyzed by flow cytometry. The recruitment
of neutrophils was visualized with CD11b-PE (M1/70; BD
Biosciences) and Ly-6G-APC (1A8; eBioscience). PI (Sigma) was
used to exclude dead cells. Neutrophil (CD11b+Ly6G+)
recruitment was analyzed on a CytoFLEX (Beckman
Coulter) (45).

Ethics Statement
This study was carried out in accordance with the
recommendations of the guidelines of the Animal Care
Committee of Nanjing Medical University, Jiangsu, China.

Statistical Analyses
The results are expressed as the mean ± SEM. Statistical
analyses were carried out using Student’s t-test. Data were
considered significant at p ≤ 0.05 (∗), p ≤ 0.01 (∗∗), and
p ≤ 0.001 (∗∗∗).
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Background: Understanding macrophage behavior is key to decipher Mycobacterium

tuberculosis (Mtb) pathogenesis. We studied the phenotype and ability of human

monocyte-derived cells polarized with active vitamin D [1,25(OH)2D3] to control

intracellular Mtb infection compared with polarization of conventional subsets, classical

M1 or alternative M2.

Methods: Human blood-derived monocytes were treated with active vitamin D or

different cytokines to obtain 1,25(OH)2D3-polarized as well as M1- and M2-like cells

or fully polarized M1 and M2 subsets. We used an in vitro macrophage Mtb infection

model to assess both phenotype and functional markers i.e., inhibitory and scavenger

receptors, costimulatory molecules, cytokines, chemokines, and effector molecules

using flow cytometry and quantitative mRNA analysis. Intracellular uptake of bacilli and

Mtb growth was monitored using flow cytometry and colony forming units.

Results: Uninfected M1 subsets typically expressed higher levels of CCR7, TLR2, and

CD86, while M2 subsets expressed higher CD163, CD200R, and CD206. Most of the

investigated markers were up-regulated in all subsets after Mtb infection, generating

a mixed M1/M2 phenotype, while the expression of CD206, HLADR, and CD80 was

specifically up-regulated (P < 0.05) on 1,25(OH)2D3-polarized macrophages. Consistent

with the pro-inflammatory features of M1 cells, Mtb uptake and intracellular Mtb growth

was significantly (P< 0.01–0.001 and P< 0.05–0.01) lower in the M1 (19.3%) compared

with the M2 (82.7%) subsets 4 h post-infection. However, infectivity rapidly and gradually

increased in M1 cells at 24–72 h. 1,25(OH)2D3-polarized monocyte-derived cells was the

most potent subset to inhibit Mtb growth at both 4 and 72 h (P < 0.05–0.01) post-Mtb

infection. This ability was associatedwith highmRNA levels of pro-inflammatory cytokines

and the antimicrobial peptide LL-37 but also anti-inflammatory IL-10, while expression

of the immunosuppressive enzyme IDO (indoleamine 2,3-dioxygenase) remained

low in Mtb-infected 1,25(OH)2D3-polarized cells compared with the other subsets.
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Conclusions: Mtb infection promoted a mixed M1/M2 macrophage activation, and

1,25(OH)2D3-polarizedmonocyte-derived cells expressing LL-37 but not IDO, were most

effective to control intracellular Mtb growth. Macrophage polarization in the presence

of vitamin D may provide the capacity to mount an antimicrobial response against Mtb

and simultaneously prevent expression of inhibitory molecules that could accelerate local

immunosuppression in the microenvironment of infected tissue.

Keywords: Mycobacterium tuberculosis, tuberculosis, macrophages, vitamin D3, immune polarization

INTRODUCTION

As primary reservoirs for intracellular growth and persistence
of Mycobacterium tuberculosis (Mtb), macrophages play a
critical role in the pathogenesis of tuberculosis (TB) disease.
Macrophages comprise a heterogeneous population of cells that
are involved in the induction of innate as well as adaptive
TB immunity and also contribute to tissue remodeling (1).
Polarization of macrophage-like cells from monocytes into
phenotypically and functionally different cells occur in response
to microenvironmental signals (2, 3) that may affect the ability
of the cells to control Mtb infection. Although macrophage
activation is complex involving a non-linear range of functional
states without clear boundaries (4), an operationally useful
but simplified concept describes macrophage polarization into
classically (M1) and alternatively (M2) activated groups (5, 6).
M1 macrophages produce inflammatory cytokines and reactive
nitrogen or oxygen species that contribute to host defense,
whereas M2 macrophages are poorly microbicidal and instead
attenuate inflammation and participate in tissue remodeling
(7). M1 macrophages are typically induced by granulocyte
macrophage colony-stimulating factor (GM-CSF) together with
IFN-γ and a microbial stimuli such as lipopolysaccharide (LPS),
whereas macrophage colony-stimulating factor (M-CSF) and the
Th2 cytokines, IL-4 and IL-13, have been shown to induce
alternative M2 polarization providing a niche for survival
of intracellular microbes (8, 9). Accordingly, mycobacterial
virulence factors may interfere with M1 polarization and instead
promote a phenotype switch toward alternatively activated
M2 macrophages, which facilitate mycobacterial growth and
intracellular persistence (10–12).

Alveolar macrophages are the resident macrophage
population in the lung, and have been classified as alternatively
activated M2-like cells due to their receptor expression and their
role to regulate tissue homeostasis (13). Since TB is primarily
a lung infection, the alveolar M2 macrophages may be the
first cells to encounter and phagocytose mycobacteria (14).
The local tissue environment is rich in MCSF that is produced
by stromal cells in the steady state, favoring M2 activation of
macrophages (15), while an infection could trigger GM-CSF as
well as the other Th1 cytokines required for the induction of
classically activated M1 macrophages (16). Along the spectrum
of macrophage polarization, the immunomodulatory hormone
vitamin D3 (vitD) may have significant effects on macrophage
polarization and function. It has been shown that vitamin D is
a potent inducer of the antimicrobial peptide LL-37 (17, 18) as

well as autophagy (18, 19) in M-CSF polarized macrophages
that correlates to enhanced intracellular inhibition of Mtb
growth. Vitamin D is produced in the skin or ingested in the
diet and converted in tissue by cells including macrophages to
the active form 1,25(OH)2D3 (20). Active vitamin D signals via
the intracellular vitD receptor (VDR) that act as a transcription
factor complex to induce different host cell genes such as
LL-37, and genes associated with autophagy. Mtb-induced
toll-like receptor (TLR)-activation of human macrophages has
been shown to trigger an up-regulation of the VDR as well
as the vitamin D converting enzyme that results in a specific
up-regulation of LL-37 and intracellular killing of Mtb (17).
This way, vitamin D can induce VDR-dependent regulation of
antimicrobial host responses in human macrophages.

In this study, we investigated the ability of 1,25(OH)2D3-
polarized monocyte-derived cells to control intracellular
Mtb infection compared with conventional M1 and M2
macrophage subsets, and the phenotypic as well as functional
alterations associated with immune polarization in vitro. We
demonstrate that 1,25(OH)2D3-polarized macrophage-like cells
exhibit a superior effect on Mtb growth control compared
with M1 and M2 macrophage subsets. Mtb infection of
1,25(OH)2D3-polarized cells resulted in a potent up-regulation
of pro-inflammatory cytokines, LL-37 but also IL-10, while
mRNA expression the IL-1β receptor antagonist, IL-1RA, and
the immunosuppressive molecule indoleamine 2,3-dioxygenase
(IDO), was down-regulated as compared with the other subsets.
In conclusion, macrophage polarization in an environment
rich in vitamin D may significantly enhance intracellular Mtb
growth control, perhaps by inducing innate effector molecules
and simultaneously regulating the anti-inflammatory response
of the cell.

MATERIALS AND METHODS

Monocyte Isolation and Differentiation
Peripheral blood mononuclear cells (PBMCs) from healthy
donors (Karolinska Hospital Blood Bank, Stockholm, Sweden)
were isolated from buffy coat blood by density sedimentation
over Lymphoprep (GE Healthcare Life Sciences, Logan, UT).
Cells were allowed to adhere in 6-well culture plates (Nunc, NY,
Rochester, USA) for 2 h at 37◦C in serum free media (RPMI
1640, supplemented with 2mM L-glutamine and 5mM HEPES
(Hyclone, GE Healthcare Life Sciences). The non-adherent
cells were removed by washing with phosphate buffered saline
(PBS) and thereafter adherent monocytes were differentiated
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TABLE 1 | Polarization of monocyte-derived cells.

Stimulation Nomenclaturea

Unstimulated M0 (Control)

Active vitamin D3 1,25(OH)2D3-polarized

GMCSF M1-like

GMCSF + IFNγ + LPS M1 polarized

MCSF M2-like

MCSF + IL-4 M2 polarized

aNomenclature used in this study to describe differentially polarized monocyte-derived

cell subsets.

for 6 days in cell culture media containing 10% of fetal
calf sera (FCS) (Sigma-Aldrich, St. Louis, MO). To establish
an unbiased culture system that could assess the individual
effects of 1,25(OH)2D3 compared to conventional M1 and
M2 polarization methods, unstimulated control (M0) and
1,25(OH)2D3-polarized monocytes were differentiated in the
absence of external growth factors using similar protocols as
previously described (21, 22). As the maturation and activation
status of macrophages differs depending on the in vitro stimulant
(23), the cells obtained with the differentiation protocols used
are referred to as monocyte-derived cells. Briefly, cells were
left unstimulated or conditioned with 50 ng/mL human M-CSF
(Life technologies, Carlsbad, CA) or 50 ng/mL human GM-CSF
(ImmunoTools, Germany) for 3 days, after which the media was
replaced with fresh media with or without M-CSF or GM-CSF
(100 g/ml) for another 3 days of culture. To obtain 1,25(OH)2D3-
polarized monocyte-derived cells or fully polarized M1 or M2
subsets, unstimulated monocyte cultures were treated with 10
nmol vitamin D [1,25(OH)2D3, Sigma-Aldrich], while GM-CSF
differentiated monocytes were treated with 50 ng/mL interferon-
gamma (IFN-γ) and 10 ng/mL lipopolysaccharide (LPS), and
M-CSF differentiated monocytes were treated with 20 ng/mL
IL-4 (ImmunoTools, Germany), 18–20 h prior to infection
with Mtb. The macrophage polarization protocols (8) and
nomenclature used in this study is summarized in Table 1. The
morphology of monocyte-derived cell cultures was monitored
with light microscopy and the viability of adherent cells after
7 days of culture was estimated to >95% using Trypan Blue
(Sigma-Aldrich) staining.

We used a fixed dose of 1,25(OH)2D3 (10 nmol) that was in a
similar range as the doses previously used by us (18, 24) and other
groups (17, 19) to study the in vitro effects of 1,25(OH)2D3 on
human immune cells. The circulating 25(OH)D3 proform (10–
100 nmol/L in serum) is converted to equivalent concentrations
of the active 1,25(OH)2D3 form inside cells upon uptake of
25(OH)D3 (20), which is the basis for using the active form in
the nanomolar range in cellular experiments, corresponding to a
physiological concentration of active vitamin D.

Mtb Cultures and Infection of
Monocyte-Derived Cells
For infection of monocyte-derived cells, the standard laboratory
Mtb strain, H37Rv, carrying the green fluorescent protein
(GFP)-encoding pFPV2 plasmid (Mtb-GFP) was used (ATCC,
Rockville, MD). A multidrug-resistant (MDR)-TB clinical

isolate was obtained from the Mtb strain collection from the
Public Health Agency of Sweden. The bacteria were stored
at −80◦C in Middlebrook 7H9 media supplemented with
10% glycerol (Karolinska University Hospital Solna, Sweden).
Bacterial aliquots were thawed and cultured in Middlebrook
7H9 media, supplemented with 0.2% (v/v) glycerol, 10% OADC
(Oleic Albumin Dextrose Catalase) enrichment and 0.05% (v/v)
Tween-80 (Karolinska University Hospital Solna, Sweden) for
2–3 days. Bacteria were then sub-cultured in 50ml tubes
(dilution of bacterial stock 1:20 in new Middlebrook 7H9 media)
and incubated at 37◦C on a shaker for 7–10 days. Bacterial
suspensions were pelleted and washed with phosphate buffer
saline pH 7.4 (PBS) containing 0.05% (v/v) Tween-80 and then
resuspended in 5ml of RPMI complete media before transfer
into a sterile 15ml falcon tube. After 10min pulse-sonication of
inoculi, the optical density was measured at 600 nm. The final
bacterial concentration was adjusted to ∼2.5 × 106 CFU/ml by
adding RPMI complete media without antibiotics.

Primary monocytes were plated in 6-well plates at a
concentration of 106 cells per well and allowed to differentiate
for 7 days before infection with Mtb for 4 h in 37◦C at a
multiplicity of infection (MOI) of 5. After infection, the cells were
washed vigorously three times with PBS-0.05%Tween to remove
extracellular bacteria and thereafter resuspended in cell culture
media without antibiotics for further experiments and analyses.

Flow Cytometry
Adherent Mtb-infected monocyte-derived cells were detached at
4, 24, or 72 h post-infection using 1.5mM EDTA (Thermo Fisher
Scientific Baltics UAB, Vilnius, Lithuania) for 10–15min at room
temperature. Detached cells (viability < 90–95%) were washed
with FACS buffer [PBS containing 0.5% (v/v) FCS and 0.5mM
EDTA] and 0.5–1 × 106 cells were stained for 30min at 4◦C
with fluorochrome-conjugated anti-human antibodies: CD68
(PE-Cy7), TLR2 (FITC), CD200R (PE), CD163 (BV605), CD206
(APC-Cy7), CD64 (PE-Dazzle 594), HLADR (PE-Cy5), CCR7
(BV711), CD80 (BV650), and CD86 (BV421) (Biolegend, San
Diego, CA). Cells were washed twice with FACS buffer and fixed
with 4% formaldehyde (Sigma-Aldrich) at room temperature
for 10min. Fifty thousand cells were acquired from each well
by using BD LSR Fortessa (BD Biosciences, San Jose, CA) and
analyzed with FlowJo v.9. H37Rv-GFP expression in CD68-
positive macrophages was visualized in the FITC channel.

Colony Forming Units (CFU)
On day 3 post-infection, monocyte-derived cell cultures were
lysed with 0.036% SDS-lysis buffer (Sodium dodecyl sulfate
from Sigma dissolved in water) for 5min to release intracellular
bacteria. Cell lysis was confirmed by fast-contrast microscopy.
Standard CFU counts were determined by diluting samples 1/10
to 1/10,000 by mixing 100 µl of bacterial suspension in 900
µl PBS containing 0.05% (v/v) Tween-80 and finally plating a
volume of 100 µl on Middlebrook 7H11 agar plates with 10%
OADC (Karolinska University Hospital Solna, Sweden). Each
dilution was performed in duplicates. The plates were incubated
at 37◦C for a minimum of 21 days before colonies were manually
counted. As a negative control, supernatants from Mtb-infected
cell cultures were collected before cell lysis and plated for CFU
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counts, which confirmed the absence of bacterial growth i.e., no
extracellular Mtb bacilli remaining in Mtb-infected cell cultures.

mRNA Extraction and Quantitative
Real-Time PCR
Human lung tissue biopsies (TB lesion and distal sites), obtained
from patients with non-cavitary TB (n = 5) as previously
described (25, 26), were freeze-fixed in OCT (Tissue-TEK,
Sakura) before cutting two 50µm cryosections that were
homogenized in 1ml of TRI-reagent and processed for mRNA
extraction. Similarly, RNA was extracted from uninfected or
Mtb-infected monocyte-derived cells 24 h post-infection using
Ribopure RNA extraction kit as described by the manufacturer
(Ambion, Thermo Fisher Scientific, Waltham, MA). cDNA was
synthesized using Super Script ViloTM cDNA Synthesis Kit
(Applied Biosystems, Foster City, CA). Transcripts of Arg1, Arg2,
CAMP, NOS2A, CCL2, CCL22, TNFα, TGFβ, IL-10, TLR2, IL-6,
IL-1β, IL-1RA, and IDO (Indoleamine 2,3-dioxygenase) (Applied
Biosystems) were measured in duplicates relative to the reference
gene, housekeeping 18S rRNA (18S rRNA-housekeeping gene
kit, Applied Biosystems), using quantitative real-time PCT (RT-
PCR) (QuantStudio 5 Real-Time PCR System, Thermo Fisher
Scientific, MA, USA). The results were analyzed by using the
relative standard method. Briefly, the relative expression of the
target genes was calculated by relating the Ct-value for Mtb-
infected to uninfected M0 monocyte-derived cells. Data are
presented as fold change of mRNA.

Statistical Analyses
Data are presented as the mean and standard deviation
(SD) or median and interquartile range (IQR) from two
or more individual experiments including monocyte-derived
cells from a minimum of six healthy donors. The analyses
used to calculate indicated P-values include one-way Anova,
Kruskal–Wallis and Dunn’s post-test as well as the Mann–
Whitney or Wilcoxon-singed rank test. A P < 0.05∗ was
considered statistically significant. The statistical analyses were
done in GraphPad Prism-6.

RESULTS

Phenotype and Morphology of in vitro

Polarized Monocyte-Derived Cells
Initially, surface expression of selected M1 (CCR7, CD64,
TLR2) or M2 (CD163, CD200R, CD206) markers as well as
antigen-presenting (HLADR) and co-stimulatory (CD86, CD80)
molecules was investigated on uninfected monocyte-derived cells
after immune polarization in vitro. CCR7, CD64, TLR2, and
CD86 were all significantly (P < 0.05–0.0001) up-regulated on
M1-polarized cells, and the expression of these markers were
also relatively higher on M1-polarized compared with M1-like
cells (Figures 1A–E). M2-polarized cell subsets had a down-
regulated expression of CCR7, CD64, and HLA-DR (P < 0.05–
0.001) compared with unstimulated M0 cells (Figures 1A,B,E)
and also a significantly (P < 0.01) lower expression of CD80
compared to M1-polarized cells (Figure 1I). Instead, M2-like
and M2-polarized cells showed a significant up-regulation of
the M2 markers CD163 (P < 0.05), CD200R (P < 0.0001),

and CD206 (P < 0.05) (Figures 1F–H). 1,25(OH)2D3-polarized
cells up-regulated TLR2, CD64 and HLADR (P < 0.05–
0.01) compared with the M2 subsets (Figures 1B,C,E) and
simultaneously showed a lower expression of CD163 and
CD200R (P < 0.05–0.0001) (Figures 1F,G). In comparison
with the M1 subsets, 1,25(OH)2D3-polarization resulted in a
lower expression of CCR7, CD64, CD86 (P < 0.05–0.0001)
(Figures 1A,B,D). Similar to M0 cells, 1,25(OH)2D3-polarized
cells had a relatively higher expression of CD68 compared with
M1 as well as M2 polarized cell subsets (Figure 1J). Thus,
polarization of uninfected monocyte-derived cells toward M1 or
M2 resulted in up- or down-regulation of typical M1/M2 surface
markers, while 1,25(OH)2D3-polarization did not promote either
M1 or M2 differentiation.

Next, light microscopy was used to study the morphology of
immune polarized monocyte cultures (Figure 2). Unstimulated
1,25(OH)2D3-polarized cells showed a more circular
morphology compared with M1 andM2 cells (Figures 2A–F). As
expected, M1-like and M1-polarized cells had a more elongated
and stretched or dendritic-like morphology compared with the
other subsets (Figures 2C,D). M2 subsets were confluent but
with a rounded shape, and M2-polarized cells were more circular
compared with M2-like cells (Figures 2E,F). Overall, these
results confirmed that M1 and M2 subsets had a phenotype and
morphology consistent with classically and alternatively activated
macrophages, respectively. Instead, 1,25(OH)2D3-polarized cells
maintained the morphology of less mature macrophages,
but a high surface expression of CD68, CD64, and HLADR
were consistent with differentiation of monocyte-derived
macrophage-like cells.

Uptake and Intracellular Growth of Mtb in
in vitro Polarized Monocyte-Derived Cells
To explore if vitaminD could affectMtb uptake and subsequently
a productive infection of in vitro polarized monocyte-derived
cells, expression of GFP-labeled Mtb (H37Rv) was assessed after
4 h (uptake), 24 and 72 h (productive infection) post-infection
of the different subsets. At 4 h, we observed a relatively lower
percentage of M1-like and M1-polarized cells expressing H37Rv-
GFP compared with the other subsets (Figures 3A,B), and this
difference was significant comparing the M1 subsets with the M2
subsets (P < 0.01–0.001) (Figure 3B). Mtb uptake was evident
in 18–19% of M1 cells, while ∼30% of unstimulated M0 as
well as 1,25(OH)2D3-polarized cells, and about 82% of M2 cells,
were H37Rv-GFP-postive at 4 h (Figures 3A,B). However, at 24
and 72 h post-Mtb infection, the level of GFP-expressing cells
rapidly and gradually increased in the M1 subsets (P < 0.05),
while Mtb infectivity declined in M2-like cells (P < 0.05) and
remained unchanged in the other monocyte-derived cell subsets
(Figure 3B). At 24 h, the level of productive Mtb infection was
significantly lower in 1,25(OH)2D3-polarized cells compared
with the M2-like and M2-polarized cells (P < 0.05) (Figure 3B).

Next, intracellular growth of Mtb was assessed at 4 and 72 h
post-infection with H37Rv (Figure 3C) or a clinical MDR-TB
isolate (Figure 3D) using CFU counts. At 4 h post-infection,
we observed substantially elevated CFU counts in the M2
subsets compared with the 1,25(OH)2D3 and M1 groups (P
< 0.05–0.01) (Figures 3C,D), indicating a reduced colony
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FIGURE 1 | Surface expression of M1 and M2 markers on uninfected in vitro polarized macrophages was determined using flow cytometry. The left panel shows

typical M1 markers (A) CCR7, (B) CD64, (C) TLR2, (D) CD86, and (E) HLADR, while the right panel shows typical M2 markers (F) CD163, (G) CD200R, (H) CD206,

(I) CD80, or macrophage phenotype (J) CD68. Results were obtained from n = 6 donors. Data (mean fluorescence intensity, MFI) is presented as mean ± SD and

was analyzed using one-way ANOVA, p < 0.05*, p < 0.01**, p < 0.001***, p < 0.0001****. For clarity, selected statistical analyses are shown including comparisons

of the indicated group to the M0 control (no bars), or other relevant between group comparisons (half tick down lines).
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FIGURE 2 | Morphology of uninfected macrophage subsets after in vitro polarization. (A) Unstimulated M0 cells, (B) 1,25(OH)2D3-polarized cells, (C)

GMCSF-polarized M1-like macrophages, (D) GMCSF + IFNγ + LPS M1-polarized macrophages, (E) MCSF-polarized M2-like macrophages, (F) MCSF+IL-4

M2-polarized macrophages. Magnification 20×.

forming capacity of Mtb bacilli that has been taken up by
1,25(OH)2D3-polarized or M1 cells. This could result from
enhanced bacterial killing or reduced metabolic activity (i.e.,
latency) of the bacteria. Despite a lower Mtb uptake in M1
cells compared with 1,25(OH)2D3-polarized cells (Figure 3B),
the colony forming capacity was similar in these monocyte-
derived cell subsets at 4 h (Figures 3C,D). Consistent with the
FACS-data, significantly (P < 0.05–0.01) enhanced intracellular
bacterial growth was detected in the M1- as well as M2-
polarized subsets compared with 1,25(OH)2D3-polarized cells,
72 h post-infection (Figures 3C,D). Notably, Mtb growth in the
1,25(OH)2D3-polarized subset was around 40% lower compared
with unstimulated M0 cells (P < 0.05), while Mtb growth
was around 100–200% higher in the M1 and M2 subsets at
72 h (Figures 3C,D). Accordingly, intracellular Mtb growth was
maintained at relatively lower levels in 1,25(OH)2D3-polarized
compared with unstimulatedM0 cells, while there was substantial
growth in both M1 and M2 cells (Figures 3C,D).

Alterations of M1/M2-Specific Markers
Expressed on in vitro Polarized
Monocyte-Derived Cell Subsets After Mtb
Infection
Next, we assessed surface expression of the tested panel of
M1/M2-specific markers on in vitro polarized monocyte-derived

cells 4 h after infection with H37Rv-GFP. Cells in the same
sample were divided into GFP-positive (Mtb-infected) and
GFP-negative (uninfected) expression. Interestingly, Mtb
infection altered the expression of typical M1 phenotype
markers (Figures 1A–D), which were all elevated on M2
compared with M1 cell subsets (Figures 4A–D). Instead, the
M2 marker CD163 was significantly up-regulated on GFP-
positive M1-like (P < 0.05) and M1-polarized (P < 0.01) cells,
respectively (Figure 4E). All H37Rv-GFP-positive subsets but
M2, exhibited a relative up-regulation of all markers except
CD200R (Figure 4). Furthermore, CD86 was significantly (P
< 0.05–0.001) up-regulated on all GFP-positive subsets but
unstimulated M0 cells (Figure 4D). 1,25(OH)2D3-polarized
cells also displayed a significant (P < 0.05) up-regulation of
HLA-DR (Figure 4C), the mannose receptor CD206 (Figure 4G)
and CD80 (Figure 4H). Overall, these results suggest that Mtb-
infected monocyte-derived cell subsets experience phenotypical
alterations suggestive of a mixed M1/M2 profile.

Assessment of kinetic changes of M1/M2-specific markers on
M2-like macrophages, revealed a rapid up-regulation of surface
markers at 4–12 h post-Mtb infection that declined already at
24–36 h after infection (Supplementary Figure 1). At 24 and
72 h post-Mtb infection, there were no significant differences
in the expression of M1 or M2 markers between GFP-positive
and GFP-negative cells or comparing the different subsets (data
not shown).
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FIGURE 3 | Uptake, infectivity and intracellular growth of Mtb in in vitro polarized macrophages after Mtb infection. Flow cytometry was used to assess intracellular

GFP-labeled H37Rv in in vitro polarized macrophage subsets at 4, 24, and 72 h post-infection. (A) Representative contour plots show the expression of H37Rv-

GFP in the FITC-channel at 4 h post-infection. The percentage GFP-positive cells are indicated in the corner of each plot. (B)Mtb uptake in in vitro polarized macrophages

(Continued)
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FIGURE 3 | at 4 h (white bars) compared to productive infection at 24 h (gray bars) and at 72 h (black bars) post-infection with H37Rv-GFP. Bacterial uptake and

infection are presented as % of Mtb positive macrophages (% H37Rv-GFP positive cells). Intracellular growth of (C) H37Rv and (D) an MDR-TB clinical isolate in in

vitro polarized macrophage subsets determined at 4 h (white bars) and 72 h (black bars) post-infection using CFU counts. Intracellular growth is presented as % of

Mtb growth in macrophages (unstimulated M0 control = 100% growth). Results were obtained from n = 6 donors. Data is presented as median ± IQR and was

analyzed using the Kruskal-Wallis and Dunn’s post-test (comparing different polarization conditions), Friedman’s test (comparing 4, 24, and 72 h time-points) and

Wilcoxon signed-rank test (comparing 4 h to 72 h), p < 0.05*, p < 0.01 **, p < 0.001***.

Transcriptional Profiling of in vitro

Polarized Monocyte-Derived Cells After
Mtb Infection
To obtain additional information of the functional properties
of in vitro polarized monocyte-derived cell subsets, quantitative
mRNA analyses were performed on Mtb-infected cells 24 h
post-infection and compared with uninfected cells. Mtb
infection induced production of pro-inflammatory cytokines,
IL-1β and TNF-α (Figures 5A,B) or IL-6 (data not shown),
in the different subsets (P < 0.05), although both IL-1β and
TNF-α was relatively higher in 1,25(OH)2D3-polarized cells
(Figures 5A,B). Moreover, Mtb enhanced expression of the
monocyte chemoattractant CCL2 in 1,25(OH)2D3-polarized
cells, but also in the M1-like subset (P < 0.05) (Figure 5C).
Instead, the IL-1β antagonist, IL-1RA, was significantly
induced in Mtb-infected M2-polarized subset (P < 0.0001)
compared with the unstimulated control (Figure 5D). All
other Mtb-infected monocyte-derived cell subsets, apart
from 1,25(OH)2D3-polarized cells, also had a significant
up-regulation of IL-1RA (P < 0.05) (Figure 5D). Similarly,
Mtb infection induced a high mRNA expression of the
immunosuppressive enzyme IDO, in M0, M1 as well as the M2
subsets (P < 0.05) (Figure 5E). Contrary, IDO mRNA was very
low in 1,25(OH)2D3-polarized cells (Figure 5E). IDO mRNA
was also induced in uninfected M1-polarized cells, which is
consistent with the finding that IFN-γ up-regulates IDO (27). IL-
10 mRNA was induced in both 1,25(OH)2D3 and M2-polarized
uninfected cells (P < 0.001) and increased in M1-like as well
as M2-like cells (P < 0.05) after Mtb infection (Figure 5F).
mRNA expression of the intracellular enzymes arginase, Arg-1
(Figure 5G) and Arg-2 (data not shown), was primarily observed
in M1- as well as M2-polarized subsets post-Mtb infection (P
< 0.05), whereas inducible nitric oxide (iNOS) was relatively
higher in uninfected as well as Mtb-infected M1 cells (P < 0.05)
(Figure 5H). Mtb also induced iNOS in M2-polarized cells and
to a lesser extent in 1,25(OH)2D3-polarized cells (Figure 5H). As
expected, mRNA induction of the antimicrobial peptide, LL-37,
was superior in 1,25(OH)2D3-polarized monocyte-derived cells
(P < 0.001). Mtb infection resulted in a potent down-regulation
of LL-37 expression in all subsets (P < 0.05) (Figure 5I), but was
still significantly higher in 1,25(OH)2D3-stimulated compared
with M1-like (P < 0.05) and M2-polarized (P < 0.0001) subsets
(Figure 5I). LL-37 was not induced in unstimulated M0 cells
(Figure 5I). Likewise, the autophagy markers LC3B as well
as Atg5 and beclin-1 (data not shown) were selectively up-
regulated in 1,25(OH)2D3-polarized cells. mRNA expression
profiles in monocyte-derived cells infected with H37Rv or the
clinical MDR-TB isolate were very similar and revealed no

significant differences between these mycobacterial strains (data
not shown).

Overall, Mtb infection resulted in enhanced or unchanged
transcription of the different molecules investigated, with the
exception from LL-37 mRNA expression that was significantly
suppressed by Mtb infection. Corresponding mRNA profiling
of lung tissue samples obtained from patients with non-
cavitary TB, confirmed that most of the investigated markers
were up-regulated in the TB lesions (site of Mtb infection)
compared with unaffected lung parenchyma, supporting the
presence of a mixed M1/M2 macrophage polarization in vivo
(Supplementary Figure 2).

DISCUSSION

Immune polarization of macrophages in the local tissue
environment may have significant effects on the ability of the
cells to control intracellular Mtb infection. We demonstrate
that monocyte-derived cells polarized with the active form of
vitamin D have a superior effect on Mtb growth inhibition in
comparison to cell subsets polarized using conventional M1 and
M2 stimuli. While uninfected M1 and M2 subsets expressed
typical phenotype markers, Mtb infection altered this expression
and generated a mixed M1/M2 activation profile. Mtb infection
of M1 cells was initially low but rapidly progressed into a
productive infection and enhanced bacterial growth, while Mtb
growth remained low in 1,25(OH)2D3-polarized cells. Contrary,
infectivity of andMtb growth in theM2 subsets was high 4 h post-
infection but subsequently decreased to levels comparable to M1
cells supporting the mixedM1/M2model. Mtb growth inhibition
in 1,25(OH)2D3-polarized cells was associated with an induction
of the antimicrobial peptide LL-37 as well as pro-inflammatory
cytokines but also IL-10 mRNA, while expression of IL-1RA
and IDO was low in comparison to the other monocyte-
derived cell subsets. Our data demonstrates that polarization of
monocyte-derived cells in the presence of vitamin D provides
the capacity to mount an antimicrobial response against Mtb
that is superior to conventional M1 and M2 activation, and that
simultaneously prevent expression of inhibitory molecules that
could promote immunosuppression in the microenvironment of
Mtb-infected tissues.

We have previously conducted human studies to investigate
the relevance of vitamin D status in the progression of clinical
TB (26, 28), the in vitro effects of vitamin D stimulation
on monocyte-derived macrophages (MDMs) (18, 24) and
the clinical benefit from in vivo supplementation of vitamin
D together with similar immunomodulatory compounds to
patients with pulmonary TB (29, 30). Our findings showed
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that MDMs obtained from TB patients produced increased
amounts of IL-1β, TNF-α as well as IL-10 upon stimulation
with 1,25(OH)2D3, which were associated to reduced growth
of intracellular Mtb (24). Furthermore, 1,25(OH)2D3, in the
presence or absence of phenylbutyrate (PBA), had the ability
to counteract Mtb-induced down-regulation of LL-37 in MCSF-
differentiated macrophages and could also induce autophagy via
a LL-37-dependent pathway that promoted intracellular growth
control of Mtb (18). Vitamin D deficiency is common in patients
with TB, although the cause and effect of low vitamin D status
and the development of active TB is not known (20). Nonetheless,
several studies provide evidence that LL-37 mRNA and protein
expression in different macrophage subsets is dependent on
vitamin D status (17, 31, 32). We have shown that a low
expression of LL-37 in granulomatous TB lesions from patients

with active TB correlates with low plasma levels of vitamin
D [25(OH)D3] (26, 28). In clinical trials (29, 30), we have
also observed positive clinical effects using 2–4 months adjunct
treatment with vitD + PBA that resulted in improved vitamin D
status and enhanced sputum-culture conversion in patients with
pulmonary TB. Patient recovery was associated with up-regulated
levels of LL-37 in MDMs and PBMCs (29) as well as induction of
autophagy and reduced endoplasmic reticulum (ER)-stress in ex
vivo Mtb-infected macrophages from vitamin D-supplemented
TB patients (33). Accordingly, serum from vitamin D deficient
individuals failed to support induction of LL-37 in human
monocytes, while in vitro supplementation with 25(OH)D3

promoted LL-37 expression significantly (17). Similarly, vitamin
D deficient serum prevented IFN-γ induced activation of LL-37
or β-defensin-4 mRNA in monocytes or macrophages that was
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restored by addition of 25(OH)D3 to the cell cultures (32). As
a consequence, IFN-γ induced autophagy and phagolysosome
fusion in monocytes as well as Mtb killing in MDMs were
dependent on adequate levels of vitamin D (32). Another
report revealed that Mtb and its secreted components can
prevent the IFNγ signaling pathway and Mtb killing in infected
macrophages by inhibition of IFNγ transcriptional responses
(34). Notably, one of IFN-γ transcriptional targets is the vitamin
D converting enzyme, 1α-hydroxylase (32). Altogether, these data
suggest that vitamin D status including sufficient vitamin D
concentrations locally in the tissue microenvironment may be of
fundamental importance to trigger anti-TB defense pathways in
human macrophages and can also contribute to the regulation of
IFN-γ signaling.

Similar to our results, it has previously been demonstrated
that M1-like macrophages were less susceptible to uptake and
infection with avirulent M. bovis BCG compared with M2-like
macrophages (35). However, BCG-infected M1 cells maintained
enhanced intracellular growth control compared with M2 cells
up to 6 days post-infection (35), suggesting that the elevated
infectivity and Mtb growth observed in M1 cells rapidly after
infection is a trait of virulent mycobacteria. A recent study
determined that M2 macrophages displayed slightly higher
phagocytic activity than M1 cells, and phagocytosis was not
changed by treatment with 1,25(OH)2D3 (36). Furthermore,
MDMs treated with low-dose 1,25(OH)2D3 for 6 days were
less infected with dengue virus compared with untreated
MDMs, which was proposed to be due to reduced viral uptake
via CD206 that was down-regulated on 1,25(OH)2D3-tretated
MDMs (37). In contrast, we found that CD206 was up-
regulated on Mtb-infected monocyte-derived cells that were
polarized with a higher dose of 1,25(OH)2D3 the last 20 h
of 6 days differentiation. An enhanced expression of CD206
together with HLADR, CD86, and CD80 on 1,25(OH)2D3-
polarized cells could suggest that antigen-presentation and
co-stimulation is improved by vitamin D. Interestingly, also
Chlamydia infection of polarized MDMs (8) or murine bone-
marrow derived macrophages (38) was considerably lower in M1
compared with M2 cells. However, despite microbicidal activity,
M1 macrophages failed to eliminate intracellular infection, but
suppressed Chlamydia growth correlated with the induction of a
bacterial gene expression profile characteristic of persistence (38).
This is consistent with our results thatMtb-infectedM1 cells were
initially very potent to control infection but fail to completely
eradicate intracellular mycobacteria that instead can persist in
M1 as well as M2 macrophages.

The strength of our results is that we have used virulent
Mtb and compared infectivity and intracellular Mtb survival
over time in differentially polarized human monocyte-derived
cell subsets. We also observed the plasticity of polarized
cells, as Mtb infection generated a mixed M1/M2 phenotype.
While in vitro studies suggest that human monocytes can
polarize into M1 macrophages and subsequently switch to the
M2 phenotype upon exposure to sequential changes in the
microenvironmental conditions (39), different tissues in vivo

i.e., the lung, may contain varying mixtures of M1- and M2-
type macrophages (40). As such, macrophages in skin (41)
or brain (41) tissue from patients with cancer or multiples
sclerosis, respectively, present heterogeneous activation states
more consistent with poly-activatedmacrophages.MixedM1 and
M2 activation phenotypes was recently shown to be induced
by melanoma exosomes, suggesting that subcellular fractions
and soluble factors can promote mixed M1/M2 activation (42).
This could explain the altered phenotype we observed in Mtb-
GFP-positive as well as Mtb-GFP-negative polarized monocyte-
derived cells. Altogether, instead of shifting M1 toward M2
activation in Mtb infection, our findings support the mixed
M1/M2 model that may facilitate intracellular persistence
of Mtb.

The ability of macrophages to acquire different functional
phenotypes enables them to execute innate effector functions
but also to control the induction of specific T cell responses.
After exposure to M. bovis BCG and subsequent antigen
presentation to CD4+ T cell clones, M1 macrophages were more
effective than M2 cells to stimulate proliferation and IFN-γ
production (35). Expression of the immunosuppressive enzyme
IDO in Mtb-infected cells effectively diminish activation of Th1
cells by degradation of the essential amino acid tryptophan,
and may instead produce metabolites that induce FoxP3+

regulatory T cells (Treg) (43, 44). Our observations suggest
that IDO was strongly up-regulated by Mtb infection in all
conventionally polarized cell subsets, but to a much lesser extent
in 1,25(OH)2D3-polarized monocyte-derived cells. Increased
levels of IDO have been observed in TB patients (45, 46)
and IDO can be expressed in Mtb-infected macrophages in
vitro (46). Interestingly, IDO activity has been implicated in
the differentiation of monocytes into M2 macrophages (47).
Accordingly, ectopic IDO increased the expression of M2
markers but decreased M1 markers, while knock-down of
IDO had the opposite effects (27). This suggests that IDO-
expressing macrophages may skew differentiation toward the
M2 phenotype. Accordingly, studies in non-human primates
have shown that in vivo inhibition of IDO expression promoted
local recruitment of effector T cells to the site of Mtb
infection in lung granulomas and reduced bacterial burden
significantly (48).

A limitation of this study is the use of an in vitro system
based on Mtb infection of monocyte-derived cells that may only
partially reproduce the complexity of macrophage activation
found in vivo. However, it is likely that monocytes are recruited
from the blood into the lung upon Mtb infection and develop
into inflammatory MDMs including the M1 subsets that support
tissue-resident macrophages in the combat against the bacteria
(40). CCL2 is one of the main chemokines involved in
inflammation-dependent recruitment of monocytes to sites of
infection (49). Vitamin D-mediated induction of IL-10 could,
similarly to IL-10 produced by M2 macrophages, be involved in
resolution of inflammation and prevent overt immunopathology
in Mtb-infected tissue, as has been described in vitamin D-
supplemented TB patients (50).
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This study provides new information about the potential local
effects of vitamin D in the microenvironment of Mtb-infected
tissues e.g., in the lung. Vitamin D is multifunctional molecule
that has a broad range of effects on the immune response,
and thus more research is required to obtain a comprehensive
understanding of the how vitamin D status and vitamin D
supplementation could contribute to TB control in patients.
While we and others have tested the therapeutic capacity of
vitamin D (29, 30), large clinical trials is currently ongoing in
an attempt to study the prophylactic effects of vitamin D in
preventing development of active TB infection [reviewed in (20)].
Overall, additional in vitro and in vivo studies will shed light on
the role of vitamin D inmacrophage polarization and if improved
vitamin D status could enhance antimicrobial effector responses
and simultaneously ameliorate inflammation without inducing
immunosuppression in human TB.
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Streptococcus pneumoniae (pneumococcus) and respiratory syncytial virus (RSV)

are the leading causes of respiratory infections amongst children <5 years of age.

Co-infection with these pathogens is common during early life and often associated

with increased disease severity. Epidemiological studies have shown that low levels of

Vitamin D3 (VitD3) are associated with increased susceptibility to respiratory pathogens.

However, the role of VitD3 in the context of pneumococcal and RSV exposure are

poorly understood. We found that VitD3 significantly reduced Th17 cell expression

and IL-17A and IL-22 secretion in peripheral blood mononuclear cells (PBMCs) when

stimulated with a pneumococcal whole cell antigen (WCA). Levels of IFN-γ were also

decreased whilst IL-10 and IL-1β were increased. Effects of VitD3 on innate responses

following RSV stimulation was limited, only reducing IL-6. VitD3 also reduced the

number of TLR2+CD14+ monocytes, whilst increasing TLR7+CD14+ monocytes and

TLR4+CD56+ NK cells. In WCA-stimulated PBMCs, VitD3 increased IL-1β levels but

reduced TLR2+CD14+monocytes. For pneumococcal WCA-RSV co-stimulation, VitD3

only had a limited effect, mainly through increased IL-1β and RANTES as well as

TLR4+CD56+ NK cells. Our results suggest that VitD3 can modulate the inflammatory

response to pneumococci but has limited effects during viral or bacterial-viral exposure.

This is the first study to examine the effects of VitD3 in the context of pneumococcal-RSV

co-stimulation, with important implications on the potential role of VitD3 in the control of

excessive inflammatory responses during pneumococcal and RSV infections.

Keywords: pneumococcal, respiratory syncytial virus, vitamin D, inflammation, peripheral bloodmononuclear cells

INTRODUCTION

Streptococcus pneumoniae (pneumococcus) and respiratory syncytial virus (RSV) are the leading
causes of lower respiratory tract infections (LRTIs) amongst children and older adults (1, 2).
Importantly, co-infections with these pathogens are becoming increasingly recognized as a
major contributor to severe LRTIs requiring hospitalizations (3, 4). Innate responses to RSV or
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pneumococcal bacteria can prime the host for secondary
infection by activating inflammatory cells such as macrophages
and neutrophils (5, 6). T-helper cell 17 (Th17) responses are
important in the control of pneumococcal colonization, which
is a pre-requisite step in the development of invasive disease
(7). However, chronic exposure can lead to dysregulated
inflammatory responses and pathology. Balancing the
inflammatory response during co-infection may be a strategy to
reduce severe morbidity (8).

The discovery of the Vitamin D receptor (VDR) and
cytochrome P450 27B1 (CYP27B1) enzyme expression
on immune cells has driven exploration into whether the
active metabolite of vitamin D, 1,25 dihydroxyvitamin D3

[1,25(OH)2D3] (VitD3), has immunoprotective properties in the
context of infection (9–12). Numerous observational data and
clinical trials suggest that insufficient VitD3 levels are associated
with increased susceptibility to respiratory pathogens, and
that VitD3 supplementation in high disease burden settings
may be beneficial (13–15). Interactions between the VDR and
VitD3 mediates anti-inflammatory effects on both the innate
and adaptive immune systems, thereby regulating immunity in
the context of bacterial and/or viral inflammation. Innate cell
subsets including neutrophils, macrophages, and dendritic cells
(DCs) all express VDR and respond to VitD3. Following contact
with pathogens through binding to their toll-like receptors
(TLRs), genes that encode up-regulation of the VDR and
production of CYP27B1 become expressed (16). Stimulation of
the VDR in these cells enhances their bactericidal, anti-microbial,
chemotactic, and phagocytic capabilities (17). Similarly, VitD3

also influences the adaptive immune responses either directly
or indirectly through DCs, altering their cytokine production.
This influences Th17 activation and function, through increasing
IL-10 and decreasing IL-17A secretion, which are associated with
RSV and pneumococcal infections (18).

In this study, we examined the effect of VitD3 on inflammatory
responses in the context of pneumococcal and RSV co-
stimulation. We treated peripheral blood mononuclear cells
(PBMCs) isolated from healthy adults with VitD3 and stimulated
with either pneumococcal whole cell antigen (WCA), RSV or
WCA-RSV together to study host cytokine responses and the
frequency of key immune cell populations important during
pneumococcal and RSV infections, focusing on Th17 (for
pneumococcus) and innate (for RSV alone and pneumococcal-
RSV co-infection) inflammatory responses. Our results provide
evidence that VitD3 reduces pneumococcal Th17 responses, but
had limited effects in modulating the inflammatory response
during pneumococcal-RSV co-stimulation. These findings are
important in the context of novel strategies such as VitD3

supplementation to reduce the severity and incidence of
both pneumococcal and RSV infections in VitD3 in high
risk populations.

METHODS

Study Samples
Twelve healthy adults aged from 19 to 64 years old were
enrolled into the study. A single blood sample (∼20 mLs) was

collected from each individual into a sodium heparin tube.
All subjects gave their informed consent and the study was
approved by the Royal Children’s Hospital Human Research
Ethics Committee (HREC).

Materials
The active metabolite of VitD3 was purchased from Tocris
Bioscience (Bristol, UK). The pneumococcal whole cell antigen
(WCA) was kindly provided by PATH under aMaterials Transfer
Agreement. Live RSV-A2 strain and A549 cell line was purchased
from American Type Culture Collection (ATCC; Virginia, USA).

RSV Preparation
For RSV stock preparation, RSV A2 strain was grown in
A549 cells and purified by centrifugation through 30% sucrose
layer as described previously (19). The harvested virus was
collected in DMEM culture medium containing 20% sucrose
and aliquoted, then snap-frozen and stored at−80◦C until
subsequent experiments. The titre of purified virus stocks
were determined by plaque assay according to a previous
method (20).

PBMC Culture
The PBMCs were isolated immediately after blood collection
by density gradient centrifugation using Lymphoprep (Axis-
Shield, Oslo, Norway) at 400 × g for 30min without brake
at room temperature (RT). Isolated PBMCs were then washed
twice in RPMI-1640 medium (Sigma-Aldrich, St. Louis, USA)
supplemented with 10% FBS, 1,000 IU penicillin-streptomycin
and 200 nM L-glutamine (RPMI-FBS) at 500 × g for 10min
at RT. The cells were resuspended in 1mL RPMI-FBS and
the cell concentration was determined using the Trypan blue
exclusion dye (Sigma-Aldrich, St. Louis, USA) method where
a 1:1 mixture of PBMCs and Trypan Blue dye was added to
a haemocytometer (Neubauer chamber) and counted under a
microscope. For pneumococcal assays, 1× 106 PBMCs/mL were
pre-treated with 100 nmol/L VitD3 for 24 h then stimulated
with 1µg/mL WCA for 5 days. Based on a model adapted
from previous studies (21), 1 × 106 PBMCs/mL in our co-
stimulation experiments were incubated simultaneously with live
RSV (MOI = 1) and 1µg/mL WCA and 100 nmol/L VitD3

for 24 h. Supernatants were then harvested and stored at−30◦C
until use.

Cytokine Measurement
Levels of IFN-γ, IL-8, IL-10, TNF-α, MCP-1, and RANTES
in cultured supernatants from PBMCs were measured using
a human cytokine multiplex bead array method as per the
manufacturer’s instructions (Milliplex; Millipore Corporation,
Billerica, MA, USA). IL-6, IL-17A, and IL-22 were measured
using commercial ELISA kits according to the manufacturer’s
instructions (R&D Systems; Minneapolis, Minnesota, USA).

Flow Cytometry
To identify specific immune cell subsets in PBMCs following
VitD3 treatment, cells were stained with fluorescently-conjugated
monoclonal antibodies; CD4-BUV737, CD45RO-APC,
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CD161-FITC, CD194-V450, CD196-PE, CD14-BV605, CD19-
APC-H7, CD56-BV421, CD282-AF647 (TLR2), CD284-BV786
(TLR4; all from BD Bioscience; San Diego, CA, USA), and
anti-TLR7-PE (Gibco Life Technologies, Carlsbad, USA),
Zombie AquaTM Fixable Viability Kit (BioLegend, San
Diego, USA). Compensation bead particles were used to
account for spectral overlap (BD Bioscience, San Diego, CA,
USA) and analyzed using the BD LSRII flow cytometer.
Unstained PBMCs and fluorescence minus one (FMO) were
used as controls and a minimum of 100,000 events were
analyzed per sample gated on live, single cell lymphocyte
gate based on FSC and SSC, where the expression of the
cell surface molecules was evaluated using FlowJo, LLC
v10.4.2 software. Refer to Supplementary Figures 1–4 for
gating strategies.

Statistical Analysis
Data is presented as median ± IQR for cytokine and
flow cytometry results. Comparison of VitD3 treated and
untreated cytokine responses and cell populations were
determined using a paired non-parametric, Wilcoxon
sign-rank test. The data was graphically represented
and statistically analyzed using Graphpad prism 6
software (Graphpad Software Inc, California, USA). All
tests performed were two-tailed and a p < 0.05 was
considered significant.

RESULTS

VitD3 Reduces Inflammatory Cytokines
and Th17 Frequency in PBMCs Following
Pneumococcal Stimulation
We examined the potential for VitD3 to modify Th17 responses
as this is important in the control of pneumococcal colonization.
Pneumococcal WCA was used as this has previously been shown
to specifically induce Th17 responses in mice and humans
(22, 23). Stimulation of PBMCs with pneumococcal WCA
significantly enhanced the proportion of Th17 cells and levels
of Th17-related cytokines IL-17A and IL-22 (Figures 1A–C).
VitD3 significantly reduced the Th17 frequency in both
unstimulated and WCA-stimulated PBMCs (both p = 0.016;
Figure 1A), as well as IL-17A and IL-22 in WCA-stimulated
cells compared with untreated cells stimulated with WCA
(both p < 0.01; Figures 1B,C). In contrast, VitD3 increased
IL-10 in WCA-stimulated PBMCs (p = 0.001; Figure 1D).
Consistent with these findings, the IL-17A/IL-10 and IL-22/IL-
10 ratios (both p = 0.001) were also significantly decreased by
VitD3 (Figures 1E,F).

VitD3 also significantly reduced the level of IFN-γ, IL-8,
and TNF-α in unstimulated cells (Figures 2A,B,D), while in
WCA-stimulated cells, VitD3 significantly reduced IFN-γ while
increasing IL-1β (Figures 2A,C) but did not alter IL-8 or TNF-α
levels (Figures 2B,D).

FIGURE 1 | VitD3 decreases pneumococcal Th17 responses. 1 × 106 PBMCs/mL were pre-treated with 100 nmol/L VitD3 for 24 h, prior to stimulation with 1µg/mL

WCA for 5 days. Th17 frequency (A) was measured by flow cytometry. Th17 populations were determined by positive staining for cell surface markers obtained from

live single lymphocytes. These were considered CD4+CD45+CD161+CD194+CD196+. IL-17A (B), IL-22 (C), IL-10 (D), IL-17A-IL-10 ratio (E), IL-22-IL-10 ratio and

(F), concentrations were measured by an ELISA in pg/mL. Open circles represent untreated PBMCs, whilst closed circles represent VitD3 treated PBMCs. Data

shown represents median ± IQR; n = 12 per group for cytokine analyses and n = 8 per group for flow cytometry.
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FIGURE 2 | VitD3 reduces pneumococcal pro-inflammatory cytokines and increases anti-inflammatory cytokines. 1 × 106 PBMCs/mL were pre-treated with VitD3

(100nmol/L) for 24 h, prior to stimulation with 1µg/mL WCA for 5 days. (A) IFN-γ, (B) IL-8, (C) IL-1β, and (D). TNF-α concentrations were measured by a multiplex

assay in pg/mL. Open circles represent untreated PBMCs, whilst closed circles represent VitD3 treated PBMCs. Data shown represents median ± IQR; n = 12

per group.

VitD3 Does Not Modulate Inflammatory
Responses During Pneumococcal-RSV
Co-stimulation
To determine the effect of VitD3 in the context of pneumococcal
and RSV co-stimulation, we undertook studies of the innate
response using a model adapted from previous studies (21). Co-
stimulation of PBMCs withWCA and RSV (WCA-RSV) resulted
in increased cytokine responses for IL-6, IL-10, IL-1β, and TNF-
α compared to RSV alone (Figures 3B–E). Compared to WCA
stimulation, WCA-RSV significantly increased the level of all
cytokines measured (Figures 3A–G). VitD3 treatment of WCA-
RSV stimulated cells did not affect most cytokines, but increased
the levels of IL-1β and RANTES (both p < 0.05; Figures 3D,G).

For RSV stimulation alone, VitD3 significantly reduced IL-6
only (p= 0.023; Figure 3B), but had no effect on any of the other
cytokines measured. ForWCA alone, VitD3 increased IL-1β only
(p = 0.016; Figure 3E), consistent with our earlier observation
(see Figure 1).

Effect of VitD3 on Innate and Adaptive Cell
Subsets and TLR Expression Following
Pneumococcal-RSV Co-stimulation
To understand how VitD3 mediates these anti-inflammatory
effects, we examined the phenotypic expression of key immune
cell markers. We found that VitD3 treatment in the absence
of any stimulation increased the frequency of CD3+ T cells
(p = 0.008) while decreasing CD14+ monocyte populations

(p = 0.039; Figures 3H–I) but had no effect on CD19+
or CD56+ cells (Figures 3J–K). When stimulated with WCA
alone, VitD3 treatment significantly increased CD3+ cells
(Figure 3H) but reduced CD19+ and CD14+ cell numbers
compared with untreated PBMCs stimulated with WCA alone
(Figures 3I,J), while for RSV alone, VitD3 only decreased
CD14+ cells (Figure 3I). The CD14+ cell frequency was
significantly decreased following WCA or WCA-RSV compared
with unstimulated cells (p= 0.008 for both; Figure 3I).

VitD3 did not modulate the frequency of any of the immune
cell populations in the context of WCA-RSV co-stimulation
(Figures 3H–K). In the absence of VitD3, WCA-RSV co-
stimulation significantly increased the percentage of CD3+ cells
compared to WCA alone but reduced CD19+ cells compared
to RSV alone (Figures 3H,J). Furthermore, CD56+ cells were
reduced following stimulation with RSV alone compared with
unstimulated cells while WCA-RSV reduced CD56+ cells
compared to unstimulated and WCA alone-stimulated cells (p=
0.008 for both; Figure 3K).

We next examined TLR expression on PBMCs and specific cell
populations to determine whether the effects of VitD3 is pathogen
or ligand-specific (Figure 4). In unstimulated PBMCs, VitD3

significantly reduced the frequency of TLR2+ and TLR4+ cells

but only TLR2+ cells following RSV stimulation (Figures 4A,B).

TLR7 expression was not modulated by VitD3 for any of the
conditions tested (Figure 4C). For WCA alone, VitD3 did not
affect any TLRs. Co-stimulation with WCA-RSV significantly
reduced the frequency of TLR2+ cells compared with WCA (p
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FIGURE 3 | The effect of VitD3 on pro-inflammatory cytokines, chemokines, and immune cell subsets during bacterial-viral co-stimulation. 1 × 106 PBMCs/mL were

treated with VitD3 (100 nmol/L) at the time of stimulation. PBMCs were stimulated with live RSV at an MOI = 1, WCA (1µg/mL) or WCA-RSV (designated “co”). (A)

IFN-γ, (B) IL-6, (C) IL-10, (D) IL-1β, (E) TNF-α, (F) MCP-1, and (G) RANTES. For immune cell subsets cell populations were determined by positive cell surface

staining from live single lymphocytes. (H) CD3+, (I) CD14+, (J) CD19+, (K) CD56+. Concentrations were measured by a multiplex assay in pg/mL. Open circles

represent untreated PBMCs, whilst closed circles represent VitD3 treated PBMCs. Data shown represents median ± IQR; n = 8 per group.

= 0.008) or RSV (p = 0.016) alone (Figure 4A). However, VitD3

only increased the percentage of TLR4+ cells when co-stimulated
with WCA-RSV (p= 0.039; Figure 4B).

Co-stimulation with WCA-RSV significantly reduced the
percentage of CD14+TLR2+ compared to RSV or WCA alone
(Figure 4D). WCA-RSV had no effect on CD14+TLR4+ cells
but significantly increased the frequency of CD14+TLR7+
cells compared with RSV or WCA alone or unstimulated
cells (Figures 4E–F). However, VitD3 treatment significantly
reduced CD14+TLR2+ frequency for RSV (p = 0.008)
or WCA (p = 0.016) stimulation compared with either
one alone but not WCA-RSV co-stimulation (Figure 4D).
For CD14+TLR4+ cells, VitD3 only reduced the frequency
in unstimulated cells (Figure 4E), while VitD3 significantly
increased the percentage of CD14+TLR7+ cells for RSV
alone (p = 0.039), with non-significant increases for both
WCA alone and WCA-RSV conditions (Figure 4F). For
CD56+ cells, RSV stimulation increased the percentage of
TLR2 (p = 0.008) and TLR7 (p = 0.016; Figures 4G,I),
VitD3 however only increased TLR4 frequency for RSV alone
stimulation and WCA-RSV co-stimulation (p = 0.039) but

did not alter TLR2 or TLR7 for any other condition tested
(Figures 4G–I).

DISCUSSION

Co-infection with S. pneumoniae and RSV increases host
inflammatory responses that often leads to severe respiratory
disease requiring hospitalization. The anti-inflammatory effects
of VitD3 are well-documented however their ability to modulate
responses associated with bacterial or viral exposure are not well
understood. This study extends our earlier observations of VitD3

effects on pneumococcal innate responses (24) to examine Th17
immunity and inflammatory responses following co-stimulation
with pneumococcus and RSV. We found that VitD3 reduced
pneumococcal Th17 inflammation but only had a limited effect
on responses to WCA-RSV co-stimulation.

Pneumococcal exposure induces Th17 responses that protect
against subsequent pneumococcal acquisition by enhancing
recruitment of neutrophils and increasing anti-microbial peptide
release through IL-17A and IL-22 secretion (25, 26). However, in
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FIGURE 4 | The effect of VitD3 on TLR expression in PBMCs. 1 × 106 PBMCs/mL were treated with VitD3 (100 nmol/L) at the time of stimulation. PBMCs were

stimulated with live RSV at an MOI = 1, WCA (1µg/mL) or WCA-RSV (designated “co”) prior to phenotyping by flow cytometry. Cell populations were determined by

positive staining for cell surface obtained from live single lymphocytes. (A) TLR2+, (B) TLR4+, (C) TLR7+, (D) CD14+TLR2+, (E) CD14+TLR4+, (F) CD14+TLR7+,

(G) CD56+TLR2+, (H) CD56+TLR4+, (I) CD56+TLR7+. Open circles represent untreated PBMCs, whilst closed circles represent VitD3 treated PBMCs. Data

shown represents median ± IQR; n = 8 per group.

low-and middle-income countries where pneumococcal carriage
is high, a persistent IL-17A response occurs. The high level
of exposure to pneumococcus in these settings limits the
ability of IL-17A to reduce colonization, persisting to chronic
inflammation through continued recruitment of neutrophils and
macrophages (27). We used pneumococcal WCA as this is a well-
characterized inducer of Th17 responses, and was a good model
to examine the effects of VitD3 (7). We defined Th17 responses
on the basis of CCR4 and CCR6 chemokine receptor expression
as this has previously been described as a functional Th17 subset
(28, 29). This was confirmed by the increased activation of Th17
cells and their related cytokines by WCA. VitD3 reduced the
Th17 cell frequency and level of IL-17A and IL-22, suggesting
a potent anti-Th17 effect. VitD3 also enhanced IL-10, lending
support for the Th17-Treg axis (30, 31). This is important since
unregulated Th17 responses can lead to significant inflammation
and pathology. In view of our findings, VitD3 may have a

critical role in maintaining the balance between these responses,
particularly in populations where there is substantial exposure to
pneumococcus during early life.

Increased levels of TNF-α and IL-6 during pneumococcal
infection are associated with severity of disease (32). Pre-
treatment with VitD3 decreased these cytokines while IL-1β were
increased. This is consistent with a recent study by Sommer and
Fabri (33), suggesting that VitD3 increases IL-1β to prime the
innate response by influencing IL-1β gene transcription as no
IL-1β is released prior to infection. This priming of the innate
response by VitD3 is important to enhance anti-microbial activity
through increased defensin-4 secretion (34–36). Further, studies
to examine the production of antimicrobial peptides such as
cathelicidins in response to VitD3 would be worthwhile.

To determine the role of VitD3 on the response to
WCA-RSV co-stimulation, we used a different model to
the Th17 studies to determine innate effects, based on a
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previous study (21). We observed increased cytokine responses
in PBMCs following co-stimulation with WCA and RSV,
recapitulating the effect seen during co-infection. Similarly,
children given the live attenuated influenza vaccine had
increased pneumococcal carriage, possibly due to increased
CCR2 inflammatory monocytes which upregulate bacterial
adherence receptors (37). Additionally, pneumococcal carriage
also enhances secondary RSV infection. It has been shown that
mice carrying pneumococcus prior to RSV infection exhibit
much higher viral loads (38). Thus, the increase in IL-1β
and RANTES levels by VitD3 is important as this enhances
clearance of viral infections such as RSV by recruiting T cells and
monocytes to the site of infection (39).

Monocytes and NK cells are crucial in the clearance
of RSV, both contributing to type-1 interferon release to
reduce pathology mediated by RSV (40, 41). We found that,
VitD3 significantly reduced the number of CD14+ monocyte
cells in response to WCA or RSV but not for WCA-
RSV although a trend toward lower numbers was observed.
In contrast, we found VitD3 had increased overall TLR4
expression as well as on CD56+TLR4+ cells following co-
stimulation. TLR4 on innate cells such as monocytes and
NK cells bind LPS which initiates pro-inflammatory responses
to pneumococcus and may also interact with the F-protein
on RSV, respectively. As macrophage depletion in secondary
pneumococcal infection increases pneumococcal dissemination,
increased TLR4 expression may be beneficial in reducing its
capacity to spread (42–44). In CD14+ monocytes, both WCA
and RSV stimulation alone had decreased TLR2 expression by
VitD3, while total TLR2 and TLR4 populations were reduced
by VitD3 in unstimulated cells. The expression of TLR2 on
epithelial cells is upregulated following RSV infection and
plays an important role in innate activation. TLR2 deficient
mice show impaired neutrophil migration and pro-inflammatory
cytokine production by macrophages, alongside uncontrolled
RSV replication (45). Therefore, VitD3 appears to restore
TLR2 responsiveness by upregulating VDR transcription factors
to influence macrophage and neutrophil activity (42). VitD3

also increased CD3 expression on T cells while lowering
CD19 expression on B cells for WCA only suggesting that
VitD3 may also have important regulatory roles in terms
of T cell differentiation and antibody production. Prior
studies have demonstrated that VitD3 can modulate certain
T-helper cell populations in the context of pneumococcal
stimulation (18), but the implications on B cell function
require further investigation. As we did not measure cell
proliferation, we cannot rule out the possibility that the
anti-inflammatory effect of VitD3 may also involve effects
on proliferation.

Interestingly, we found that TLR7 on CD14+monocytes and
TLR4 on CD56+ cells was significantly upregulated by VitD3

for RSV and WCA-RSV, while TLR2 was reduced, suggesting
that in response to pathogen encounter, VitD3 may differentially
effect bacterial and viral pattern recognition receptors. RSV has
a number of surface proteins that can bind directly with TLR4
and/or TLR7, as well as intracellular receptors such as RIG-I
(46), suggesting that VitD3 may be important in regulating viral

or viral-bacterial co-infection. Indeed, VitD3 has been shown
to activate antiviral RIG-I pathways during rotavirus infection
of pigs (47). While TLR7 is mainly expressed intracellularly, it
has also been shown to be expressed on the surface of immune
cells (48). Moreover, previous studies have shown that TLR7
responses are impaired in otherwise healthy individuals with low
vitamin D levels (49). Recent evidence has shown that airway
neutrophil influx following RSV infection mediates anti-bacterial
effects in relation to pneumococcus (50). We previously found
that VitD3 was able to reduce neutrophil migration (24), but how
VitD3 might regulate this response at the respiratory mucosa
during RSV-pneumococcal infection is an important question
that remains unanswered.

Respiratory infections are most prevalent during winter when
VitD3 status is lowest in individuals. Multiple epidemiological
studies have suggested VitD3 deficiency to be an associated risk
factor for susceptibility to respiratory diseases (51, 52). Novel
strategies to prevent and/or reduce pneumococcal inflammatory
responses are important in the context of secondary viral
infections and disease (53). The effect of VitD3 in co-infection
models is unknown, and further research into the potential
benefits are required (54, 55).

Our study has several limitations, the main one being the
small sample size. Despite this, we were still able to demonstrate
the anti-inflammatory effects of VitD3, similar to other studies
(21, 56).While we did not measure VitD3 status in our cohort, we
have previously shown that most adults in our setting are VitD3

insufficient (24) which may resemble to some extent the VitD3

status in other geographical settings. Our results also need to be
interpreted with caution as we examined VitD3 effects in adults
which may not directly translate into a pediatric population (57).
Further, studies in high burden settings or high risk groups [e.g.,
preterm infants; (58)] are required to fully investigate the role
of VitD3 to protect against severe respiratory infection during
early life.

CONCLUSION

Our results suggest that VitD3 has important biological effects
in the context of bacterial stimulation but was less effective for
bacterial-viral co-stimulation, through modulation of innate and
adaptive responses important for protection. This effect of VitD3

was associated with its effects on Th17 cells as well as expression
of TLR responses on key innate cells. Populations most at risk
from respiratory infection are generally VitD3 deficient, and this
is associated with increased cytokine responses that promote
disease severity. Future studies should aim to examine the
effect of VitD3 during co-infection, using PBMCs from pediatric
cohorts to better determine the potential efficacy of VitD3 trials
in high-risk populations.
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About 50 million of the U.S. adult population suffer from chronic pain. It is a complex

disease in its own right for which currently available analgesics have been deemed

woefully inadequate since ∼20% of the sufferers derive no benefit. Vitamin D, known

for its role in calcium homeostasis and bone metabolism, is thought to be of clinical

benefit in treating chronic pain without the side-effects of currently available analgesics.

A strong correlation between hypovitaminosis D and incidence of bone pain is known.

However, the potential underlying mechanisms by which vitamin D might exert its

analgesic effects are poorly understood. In this review, we discuss pathways involved in

pain sensing and processing primarily at the level of dorsal root ganglion (DRG) neurons

and the potential interplay between vitamin D, its receptor (VDR) and known specific

pain signaling pathways including nerve growth factor (NGF), glial-derived neurotrophic

factor (GDNF), epidermal growth factor receptor (EGFR), and opioid receptors. We also

discuss how vitamin D/VDR might influence immune cells and pain sensitization as well

as review the increasingly important topic of vitamin D toxicity. Further in vitro and in vivo

experimental studies will be required to study these potential interactions specifically in

pain models. Such studies could highlight the potential usefulness of vitamin D either

alone or in combination with existing analgesics to better treat chronic pain.

Keywords: nociception, DRG, VDR, NGF, EGFR, GDNF, opioids, vitamin D toxicity

INTRODUCTION

The newly proposed definition of pain by the International Association for the Study of Pain
states—“An aversive sensory and emotional experience typically caused by, or resembling that
caused by, actual or potential tissue injury1”. Pain represents the body’s alarm system and serves as
an alert to danger. Chronic pain is a complex disease in its own right for which currently available
analgesics have been deemed woefully inadequate since ∼20% of the sufferers derive no benefit.
This is thought to be due to the complexity and plasticity of chronic pain, and the underpinning
mechanisms are not clear as yet. About 50 million of the U.S. adult population suffer from chronic
pain, and regardless of the reason, the current treatments primarily manage the condition rather
than provide a cure (1).

Vitamin D, commonly identified as a fat-soluble vitamin, is known for its role in calcium
homeostasis and bone metabolism. Recent studies have linked vitamin D status and its
receptor activity with several health conditions, including development of chronic pain,

1www.iasp.org (accessed March 20, 2020).
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the leading cause of disability and disease burden globally
(2). Studies on the association between vitamin D status and
incidence of chronic pain have been contradictory (3, 4). There
are potentially many reasons for the variations in the clinical trial
studies. However, a recent well-controlled study in Europeans has
shown that reduced vitamin D levels were significantly associated
with painful diabetic peripheral neuropathy (5). A strong
correlation is also shown for hypovitaminosis D and bone pain
(6). Indeed, several other studies have now reported a progressive
exacerbation of pain with decreasing serum vitamin D levels
and conversely, by increasing serum vitamin D levels through
appropriate vitamin D supplementation, especially in vitamin
D deficient patients, leads to an improvement in pain-relief
(see Table 1). However, the potential underlying mechanisms
by which vitamin D might exert its analgesic effects are poorly
understood. In this review, we discuss pathways involved in pain
sensing and processing primarily at the level of DRG neurons
and the potential interplay between vitamin D/VDR and known
specific pain signaling pathways including nerve growth factor
(NGF), glial-derived neurotrophic factor (GDNF), epidermal
growth factor receptor (EGFR), and opioid receptors. We also
discuss how vitamin D might influence immune cells and pain
sensitization as well as include a section on the increasingly
important topic of vitamin D toxicity.

VITAMIN D ABSORPTION, BIOSYNTHESIS
AND TISSUE DISTRIBUTION

Vitamin D, although identified as a fat-soluble vitamin, is
increasingly being recognized as a prohormone. Traditionally,
vitamin D was considered to be essential for calcium and
phosphate homeostasis and thereby, bone health, and its
deficiency causes rickets and osteomalacia. Recent evidence,
however, advocates a role for vitamin D that extends beyond
bone metabolism (6). Our body obtains vitamin D both directly
from the diet, albeit from a narrow range of food sources, and
through biosynthesis in the skin. Vitamin D3 is the natural form
of vitamin D and is produced from 7-dehydrocholesterol in the
skin. UVB irradiation helps convert 7-dehydrocholesterol, the
precursor in the skin, into pre-vitamin D3 and then to vitamin
D3. Synthesis in skin serves as an essential source of vitamin D3
and depends crucially on season and geographical latitude (17).
Studies involving human and pigmodels indicate that vitaminD3
is predominantly distributed in fat tissue (about three quarters)
and in smaller amounts inmuscles, liver, and skin. Distribution of
25-(OH)D3 was somewhat similar within compartments (serum,
30%; muscle, 20%; fat, 35% and 15% in other tissues) (18). The
body fat content has also been reported to inversely correlate
with serum levels of 25-(OH)D3, which could indicate that those
with high body fat content (obese populations) might be at risk
of vitamin D3 deficiency (19, 20).

VITAMIN D METABOLISM

Vitamin D3, by itself, is not biologically active. 1,25-dihydroxy
vitamin D3 (1,25-(OH)2D3) is the biologically active form of
vitamin D and is produced by hydroxylation of vitamin D3 in

two distinct steps and locations. Once synthesized (or absorbed
from diet), vitamin D and its metabolites are bound to vitamin
D-binding proteins (DBPs), which allow their transport in the
blood. DBPs transport vitamin D3 to the liver where the first
hydroxylation reaction occurs at C-25 position to produce 25-
(OH)D3. 25-(OH)D3 is the major circulating form of vitamin
D and hence is used as a biomarker of vitamin D status in
the body. CYP2R1 is the key 25-hydroxylase of vitamin D in
the liver (21). 25-(OH)D3 is then transported to the kidney
where it is filtered and taken up into proximal renal tubule
epithelial cells by the action of cell surface receptors for DBP, and
megalin/cubulin complex (22, 23). In proximal renal tubules, 25-
(OH)D3 is hydroxylated at the C-1 position by renal 25-(OH)D3
1α hydroxylase (CYP27B1), to produce 1,25-(OH)2D3, which is
also known as calcitriol and is biologically active (24, 25). The
circulating levels of 1,25-(OH)2D3 is regulated by the action
of CYP24A1, another hydroxylase of C-24, to generate 24,25-
(OH)2D3, which can allow its excretion or reduce the pool of
1,25-(OH)2D3 available for C-1 hydroxylation (26). CYP24A1
also catalyzes conversion of 1,25-(OH)2D3 and 25-(OH)D3
into 1,25-(OH)2D3-26,23 lactone and 25-(OH)D3-26,23 lactone,
respectively. Presence of CYP24A1 in most cells expressing
vitamin D receptors (VDR), suggests that CYP24A1 can regulate
not only the circulating concentrations of 1,25-(OH)2D3 but also
modulate its cellular levels locally (27).

VITAMIN D RECEPTOR (VDR) IS A
NUCLEAR TRANSCRIPTION FACTOR

Vitamin D mediates gene expression through interaction with
its receptor, VDR. The VDR has been shown to recognize
the sequence for vitamin D binding response element (VDRE)
in the DNA and also forms a heterodimer with retinoid X
receptor molecule. The effect of VDR is dependent on several
other, as yet unknown, factors including enzymatic activities
such as, demethyltransferase and RNA polymerase that mediate
the promotion or inhibition of gene expression. Interestingly
some of these target genes include those that bind 1,25(OH)2D3
to activate it or that mark it for its degradation, suggesting
a self-regulating mechanism (28) and perhaps restricting the
possibility for vitamin D toxicity due to over-exposure to
sunlight or dietary intake. Other implicated target genes are those
encoding for proteins involved in pain signaling pathways, such
as growth factor receptors, ion channels, neurotrophic factors,
and proteins involved in modulating neuronal axon growth,
thereby implicating that vitamin D has a role in pain sensing and
processing (see below).

DOES VITAMIN D PLAY A ROLE IN
SENSING PAIN (NOCICEPTION)?

Pain is a subjective sensory experience that involves multiple
signaling pathways (29–31). However, there are several categories
of pain. In the proceeding sections we will discuss the interplay
between vitamin D and different types of pain.
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TABLE 1 | Examples of clinical studies showing benefit in pain-relief following vitamin D supplementation.

Descriptors for population Vitamin D treatment if any

Type of pain Vitamin D

status

Age

(year)

Geographic

location

Gender

M/F

Study size

(n)

Type Duration Dose Route Main findings/conclusion References

Back pain in

overweight/obese

Deficient 31.8 ±

8.9

Australia 31M, 18F 54 Cholecalciferol (D3) 16 weeks 100,000 IU—Bolus followed by

4,000 IU per day for 16 weeks

Oral No change in backpain intensity was

noted; however, in markedly vitamin D

deficient subjects (<30 nmol/L), back

pain disability score was significantly

improved

(7)

Diabetic

neuropathic pain

Insufficient 43–78 Turkey 34F, 23M 57 Cholecalciferol (D3) 12 weeks 300,000 IU im Improvement in pain associated with

small diameter c-fiber neurons

(electric shock pain and burning pain)

was reported after a single dose of IM

vitamin D3

(8)

Menstrual pain in

dysmenorrhea

patients

Insufficient;

deficient;

severely

deficient

18–30 Turkey F 100 100 Cholecalciferol (D3) 3 months Up to 1,040 IU (insufficient); up to

1,950 IU (deficient); up to 2,990 IU

(severely deficient) for 2 months. In

the third month all patients received

780 IU

Oral The vitamin-D replacement therapy

led to a significant decrease in pain

symptoms based on pain visual

analog scale. Benefits was greatest in

severely vitamin D deficient patients

(9)

Low back pain Insufficient;

deficient

44 India M37, F31 68 Cholecalciferol (D3) 8 weeks 60,000 IU/week

For those patient with vitamin D

<5 ng/ml received 60,000 IU/day

for 5 days and then 60,000 IU/week

for the next 8 weeks. Treatment

was stopped for patients who

achieved vitamin D level >60 ng/ml

Oral Significant reduction in pain (VAS) and

improvement in functional ability was

observed at 2, 3, and 6 months.

Interestingly, progressive

improvement from 2, 3 to 6 months

are both VAS and functional ability

(10)

Cancer Insufficient;

deficient

62.4 ±

13

Sweden 36M, 42F 78 Cholecalciferol (D3)

dissolved in Miglyol

3 months 4,000 IE/day Oral Improvements in pain management

(reduced Fentanyl dose) was seen as

early as 1 month after treatment. After

3 months, significantly reduced

antibiotic usage

(11)

Osteoarthritis Insufficient;

deficient

64.58 ±

0.55

Thailand 17M, 158F 175 Ergocalciferol (D2) 6 months 40,000 IU/week Oral Ergocalciferol supplementation

decreased pain (VAS), improved LDL

cholesterol levels, reduced oxidative

protein damage and improved quality

of life in osteoarthritis patients

(12)

Growing pains Insufficient;

deficient

10 Italy 18M, 15F 33 Cholecalciferol (D3) 3 months 40,000–100,000 IU/week Oral After the first 3 months of vitamin D

treatment significant >60% reduction

in pain intensity was reported

(13)

Locomotion and

daily activities in

elderly

Insufficient 58–89 Romania 17M, 28W 45 Cholecalciferol (D3) 12 months 125 µg Oral

(fortified

in bread)

Improvement in reported pain

symptoms

(14)

Sickle cell disease Insufficient;

deficient

13.2 ±

3.1

USA 19M, 27F 39 Cholecalciferol (D3) 6 weeks 40,000–100,000 IU/week Oral Significant reduction in the number of

pain-days per week was reported at

week 8 following treatment with

cholecaciferol supplementation

(15)

Chronic pain Insufficient;

deficient

44.5 USA M 28 28 Cholecalciferol (D3)

[insufficient group];

Ergocalciferol (D2)

[deficient group];

3 months D3 1,200 IU/day; D2 50,000

IU/week

Oral Reduced pain and reduced number

of pains was reported following

vitamin D supplementation in patients

with multiple areas of chronic pain

(16)
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ACUTE PAIN

The ability to feel acute “normal pain,” protecting the injured
tissue of the body to facilitate recovery and the amelioration
of the resulting pain from an injury, is one of mother nature’s
gift to mankind and the rest of animal kingdom. We evolved to
feel pain because the sensation and pain-induced responses serve
as an alarm system that is necessary for self-preservation, and
this evolutionary advantage is maintained in every animal with
a sensory nervous system.

CHRONIC PAIN

However, the “normal pain” can change to “abnormal pain”
and thereby the benefit as a necessary alarm to self-preservation
becomes instead incapacitating to the individual and is then seen
as nature’s curse. This change is often due to damage to the
nervous system, resulting in a lowering of the pain threshold to
otherwise innocuous stimuli such as warmth and gentle touch
and is now recognized as painful (allodynia). Or, when the degree
of pain from a painful stimulus becomes intensified/exaggerated
(hyperalgesia). These “abnormal pain” conditions often fail to
resolve within 3 months (chronic pain), long after the acute
injury, and are generally intractable to conventional analgesia
and become debilitating. Chronic pain is broadly defined as
“pain caused by a lesion or disease of the somatosensory nervous
system” (www.iaps.org). The lesion could be due to damage
to the nervous system (as observed in neuropathic pain) or
inflammation (as found in arthritis). There are several types of
chronic pain- [chronic primary pain, chronic postsurgical and
posttraumatic pain, chronic neuropathic pain, chronic headache
and orofacial pain, chronic visceral pain, and finally chronic
musculoskeletal pain (32)] of which lower back pain probably
being one of the most frequently experienced chronic pain
conditions, and has a clear association between deficiency in
vitamin D levels and pain as a result of softening of the
bone (6).

VISCERAL PAIN, VITAMIN D AND GUT
MICROBIOTA

Similar to nociception where the stimuli are sensed by the skin
(see section below on Pain Signaling), the lining of the gut is
also an “inside out” interface to our external environment and
is essential in visceral nociception. Visceral pain is defined as
that which originates from the tissues of the internal organs
in the body, and pathologically affects more than 20% of the
world’s population. There is some homology between visceral
nociceptors and those in the skin. For example, similar to the
skin, the DRG nerve fibers that innervate the serosa and the
muscle layer in the intestine also synapse in the spinal cord
(Figure 1). Most visceral nociceptors are highly sensitive to pro-
inflammatory signals, ischemia, and to chemicals released from
the ischemic tissues.

Thus, visceral nociceptors are exquisite sensors of local
changes in blood flow (ischemia) and inflammation within an

organ, both of which can induce chronic visceral pain. Visceral
pain can also emanate from factors in the lumen of the gut,
including the microbiota and products derived from them.

The luminal microbiota aids digestion and generates short-
chain fatty acids (SCFAs) that are an important energy source
for the host. In addition, some of these SCFAs also serve as
signaling molecules in host immunity and pain signaling. For
example, we have shown, in mice, that SCFA can induce the
release of glucagon-like peptide-1 (GLP-1) from intestinal L-
cells (33). GLP-1 is a pleiotropic hormone mainly known for
stimulating insulin release and appetite suppression. However,
recent studies show that the GLP-1 receptor is also expressed
in the sensory nerve fibers (34) and GLP-1 agonists have an
anti-inflammatory action and can ameliorate pain (35, 36).

Several gastrointestinal neurotransmitters, in addition to their
physiological role, also impact on pain sensing mechanisms.
For example, the neurotransmitter serotonin is involved in
motility of the gut, to propel the content in the lumen.
However, it alsomodulates pain-sensing through potentiating the
transient receptor potential cation channel subfamily V member
1 (TRPV1) channel (37, 38). Interestingly, the synthesis of
serotonin in the enterochromaffin cell in the intestine is regulated
in response to metabolites generated from gut microbiota (39).
The importance of the gut microbiota in regulating gut motility
was recently highlighted by Obata et al. (40). In this animal
study it was shown that microbial colonization of the gut led to
upregulation of several genes in the enteric neurons of the colon,
including aryl hydrocarbon receptor, a transcription factor that
regulates intestinal motility through neuronal programming (40).
Furthermore, neuronal GPCRs that are involved in nociception
are activated by SCFAs and other metabolites secreted or
degraded from the gut microbiome (41, 42).

Under pathological conditions such as in irritable bowel
syndrome, or in chemotherapy drug-induced mechanical
hyperalgesia, a heightened pro-inflammatory state of the
intestines is observed and results in exaggerated visceral pain.
Thus, it is likely that the gut microbiota is an important regulator
for the expression of pain-genes not only locally but also in distal
organs, such as expression of Toll-like receptors (TLRs) and
cytokines in the spinal cord that mediate visceral pain response,
and are vital to the development of mechanical hyperalgesia
(43, 44).

It is, therefore, perhaps unsurprising that dysbiosis of the
gut microbiome results in chronic intestinal inflammation and
other diseases. For example, the pathogenic bacteria- Salmonella
enterica- commonly known to cause food poisoning, can disable
the host’s defenses against inflammation through activation of the
TLR4. It also degrades intestinal alkaline phosphatase, an enzyme
that is important in detoxifying endotoxin (lipopolysaccharide-
phosphate) and thereby inducing gut microbiota-mediated
autoimmunity and chronic inflammation (45).

Several studies indicate that vitamin D supplementation
and/or deficiency changes the gut microbiota profile
(46, 47); as such, this can potentially modulate visceral
pain. Emerging data suggest vitamin D/VDR play a role
in pain-sensing through modulating key pain-genes. Some
of these pain-genes are common to both nociception
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FIGURE 1 | Vitamin D and its receptor in pain signaling pathways. Vitamin D is synthesized in the skin. Vitamin D receptor (VDR) is expressed in neurons in the skin,

dorsal root ganglia (DRG), spinal cord, brain, and the intestine. Nociceptors, from the specific area of the periphery and viscera respond to environmental nociceptive

stimuli such as thermal, mechanical, or chemicals by converting the stimuli into a chemoelectrical signal (1). The signal travels as a nerve impulse through dorsal root

ganglia (DRG) nerve fibers (c, β, and δ) from the skin to the spinal cord (2) where it gets transmitted to secondary neurons in the dorsal horns of the spinal cord (3).

After modulating the signal, the secondary neurons relay it to the cortex where the message gets decoded and pain is perceived (4).

and visceral nociception, for example, TRPV1, Toll-like
receptor, trophic factors, such as NGF, BDNF and GPCR. The
interplay between vitamin D and these pain-genes are further
discussed below.

SENSITIZATION- INTERPLAY BETWEEN
IMMUNE AND NEURONAL CELLS

Spinal sensitization involves interactions between several
neuronal and glial cells. The glial cells in the spinal cord
play a significant role by responding to various cytokines
and neurochemicals released from infiltrating macrophages,
neutrophils and from the damaged peripheral nerve fibers.
This response can be considered as part of protective measures,
akin to acute pain, and vitamin D is thought to have a role in
regulating the synthesis of cytokines (6).

There is growing evidence indicating that a family of TLR
play a role in activating glial cells in the spinal cord and DRG
neurons and thereby influence the sensitization process following
nerve injury (48, 49). In a mouse neuropathic pain model of
TLR2 knockout mice, the activity of the immune cells following
the peripheral nerve injury is attenuated. Furthermore, reduced

sensitivity to pain was observed in a behavior assay, suggesting
that TLR2 could be a factor in neuropathic pain and in the
activation of the glia in the spinal cord (50, 51). A similar
result was also observed in TLR4 knockout mice (52). Vitamin
D is known to be anti-inflammatory and inhibits the release
of several cytokines and TLRs (53, 54). Expression of both
receptors, TLR2 and TLR4, was shown to be modulated by
vitamin D in human studies (55, 56). Identifying the molecular
and neurochemical basis that cause/modulate the sensitization
process may help enable us to identify therapeutic targets for
the treatment of pain. In the next sections, we will focus on
the potential ways by which vitamin D might play a role in the
pain system.

PAIN SIGNALING

Skin is unique in that, apart from it being the most substantial
organ system that protects the body from damage, it is
also the largest damage-sensing organ and the only site for
vitamin D synthesis in the body. Nociceptors, the specialized
mammalian sensory neurons that react to tissue injury are
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critical components of the somatosensory nervous system, pain-
sensing machinery, proposed initially by Charles Sherrington a
100 years ago (57). These neurons with their nuclei in the dorsal
root ganglia (DRG) and their fibers stretching into the skin,
the gut, and other organs in the body convey the information
about potential harm to the central nervous system. However,
a more recent study indicates that the ability to initiate the
signal for sensing damage to the tissue is no longer exclusive
to nociceptive free nerve endings but can also occur through
glial cell signaling (58). Nonetheless, the role of nociceptors
in pain signaling has been validated by several studies over
the years, and their healthy development is a prerequisite for
sensing pain.

Glial and Schwann cells, together with nociceptors, constitute
the peripheral nervous system. These neuron and non-neuronal
cell complexes require a healthy vascular system that supplies
oxygenated blood and nutrients through small blood vessels.
Vitamin D supplementation is known to significantly improve
vascular functions in type 2 diabetic patients with vitamin D
deficiency (59). Vitamin D supplementation was also shown
to enhance myelination of DRG neurons and to regulate
expression of genes involved in axon growth in an animal
model of nerve damage (60). More recently, the existence of
a previously unknown sensory organ: the skin glial cell that
is intimately associated with unmyelinated small thin fibers
which sense pain, has been reported. These nociceptive glio-
neural complexes have been shown to evoke pain signaling,
as evidenced by whole-cell current recordings in response
to mechanical pressure (58) and therefore are essential to
our ability to sense damage to the skin. However, further
validation of this ground-breaking finding in humans is required.
Several studies have reported an association between vitamin D
insufficiency with pain in general and or following injury (61–63);
however, knowledge of the underpinning molecular mechanisms
is limited.

VITAMIN D AND VDR IN PAIN SIGNALING
PATHWAYS

There now exists several clinical studies (see Table 1) and
some animal studies, mostly in rodents (see Table 2), that
show that vitamin D deficiency leads to a worsening of pain
whereas appropriate vitamin D supplementation leads to better
outcomes relating to pain. However, there are no definitive
studies with knockout mice lacking VDR or one of the key
vitamin D metabolizing enzymes that have been performed
which directly links vitamin D/VDR to pain pathways. This
is most likely as a result of these knockout mice being
infertile (68).

Nonetheless, the hypothesis that vitamin D perhaps influences
pain-signaling pathways is biologically plausible because
vitamin D and/or vitamin D receptor gene expression has
been shown in relevant tissues such as skin (pain signal
transduction), DRG neurons (conduction), spinal cord
(transmission/modulation), and brain (pain perception) (see
also Figure 1). T
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VDR AND VITAMIN D REGULATING
ENZYMES EXPRESSION IN TISSUES
INVOLVED IN PAIN SIGNALING PATHWAYS

Vitamin D receptor expression has been reported in the
peripheral and central neurons involved in pain-sensing and
processing. Indeed, there appears to be a local cell or tissue-
specific processing of vitamin D in the neuronal system.
Expressions of the transcript for nuclear vitamin D receptor
and/or the enzymes regulating the active form of vitamin D levels
have been shown in DRG neuron bare nerve fiber endings in the
skin and the soma (69–71), in the spinal cord neurons (71, 72),
and the brain (71, 73–75). The level of VDR transcript in DRG
neurons is higher when compared to the different regions in
the brain in humans, and interestingly, this expression pattern is
inversed in the mouse (71). The reason for this is unclear, but it is
noteworthy as mouse models of pain are widely used in studying
pain signaling. Vitamin D activity is determined by two enzymes,
CYP27B1 (activates vitamin D in the kidney) and CYP24A1
(inactivates the active vitamin D) (70). These two enzymes, along
with VDR, are also expressed in nociceptor neurons as well as in
the brain.

VITAMIN D AND VDR IN PAIN SIGNAL
TRANSDUCTION

Transduction of the pain signal involves the activation of ion
channels that are expressed in nociceptive neurons in the skin
in response to external stimuli, such as thermal, mechanical,
or chemical inputs (see also Figure 1). Channels that are
represented in the dermal and epidermal layers of the skin
include the TRPV1, TRPV2, TRPV3, TRPV4 (for detecting heat);
TRPM8, TRPA1 (for detecting cold), and TRPV4, TRPC (for
detecting mechanical pressure sensing). The activation of these
channels in response to stimuli leads to a transient change
in cellular Ca2+ and Na+ concentration in the nociceptive
neurons and thereby affecting their intrinsic electrical properties.
The sensitivity of the skin to pain, touch or temperature
differs depending on the sensory nerve ending whose sensitivity
determines the kind of sensation evoked from the spot. The
external stimulus detected by these receptor channels is then
converted into an electrical signal and is transmitted along the
axon by voltage-gated sodium channels. Therefore, for example,
we and others have shown that a mutation in sodium channel
Nav1.7 results in a complete loss of pain sensation (29, 76)
or in extreme pain phenotypes (77, 78). Vitamin D, which is
synthesized in the skin is thought to interact with nociceptive
neuron nerve endings in the skin to directly sense noxious
proinflammatory stimuli (79), and also to control TRPV1
channel activity in T cells (38, 80).

Taken together, the above findings suggest that VDRmay play
a role in modulating the expression of pain-genes, for example,
those involved in the development of neurons and Schwann
cells (60, 81) as well as ion channels expressed in nociceptor
neurons that innervate the skin as discussed above. The presence
of a tissue-specific “vitamin D enzyme system” that regulates
vitamin D activity locally in specific tissues or cells including

neuronal cells implies that the active vitamin D levels might
be different from those in the general circulation. Therefore,
alterations in the expression or function of vitamin D regulating
enzymes, VDR expression, VDR targets in the skin and/or in
sensory neurons or the associated glial cells could likely impact
on chronic pain disorders listed above including neuropathic
pain (82) and painful diabetic neuropathy (83).

THE INTERPLAY BETWEEN NGF AND
VITAMIN D IN PAIN SIGNALING

Studies in vivo and in vitro have shown that vitamin D increases
nerve growth factor (NGF) expression from the DRG neurons
innervating the skin in rats (84), as well as in hippocampal
neurons (85). NGF is a necessary neurotrophic factor for the
development and maturity of the nociceptors. It is composed
of three subunits, 2-α, 2-γ and 1-β, and primarily exists in
its precursor proNGF form. Cells that produce NGF include
macrophages, mast cells, and bonemarrow-derivedmacrophages
and keratinocytes. The levels of NGF in disease conditions seems
to increase in response to inflammation (86, 87).

NGF’s role in pain signaling has been clearly demonstrated
in families with a hereditary mutation in NGF or its receptor,
tropomyosin kinase receptor type A (TrkA) (which is a typical
tyrosine kinase receptor), resulting in a pain-free phenotype and
impairment in the sensing of temperature (88, 89). NGF also
stimulates the release of calcitonin gene-related peptide (CGRP)
from the DRG peripheral endings (90). CGRP is thought to
promote and maintain sensitized nociceptive neurons which
implicates its role in chronic pain. The sensitization is also
enhanced by increasing the insertion of TRPV1, the heated gated
ion channel into the cell surface membrane, which is facilitated
by NGF (91).

Furthermore, the transcription level of various isoforms of
sodium channels (e.g., Nav1.6, Nav1.7, Nav1.8, and Nav1.9)
is modulated by NGF and ultimately results in an increase
in sodium current density and the floodgates to nociception,
primarily through Nav1.8. The development of hyperalgesia
during inflammation is also thought to arise from an increase
in Nav1.7 expression promoted by NGF (92, 93). Since Nav1.7
expression is restricted to DRG neurons only, selective drugs
modulating its channel activity have the potential to be a useful
therapy for chronic pain (29). In amore recent study, lack of NGF
is reported to cause retraction of nociceptors from the skin (94),
hence severely affecting pain signaling pathways.

These studies suggest that NGF is critical for nociceptor
neuron development and in pain processing; however, it is
not clear whether this is a direct effect of vitamin D on
NGF or if the outcome is indirect via extranuclear or nuclear
signaling pathways.

VITAMIN D IN REGULATING GDNF
SIGNALING

The glial cell line-derived neurotrophic factor (GDNF) is
yet another neurotrophic factor that is expressed in a small
population of DRG neurons (95, 96) and is implicated in
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promoting the survival and activity of large cutaneous sensory,
proprioceptive neurons (97). In an animal model of neuropathic
pain (spinal nerve ligation), GDNF has been shown to reverse
the sensory abnormality induced by nerve damage and thereby
ameliorate the pain, possibly thorough a tetrodotoxin (TTX)
sensitive channel inhibition (98, 99). The neuropathic pain,
following nerve damage is thought to be due to ectopic activity
in the damaged myelinated TTX-sensitive neurons, i.e., those
nociceptor neurons expressing, for example, fast-acting and fast-
inactivating Nav1.7 channels. The utility of this channel has
been exemplified in conditional deletion of Nav1.7 in nociceptive
neurons, animals becoming pain-free in response to painful
mechanical and inflammatory stimuli (100). Subsequent work
by Minett et al. (101) showed a loss of pain-sensation to a
noxious thermal stimulus. A similar pain phenotype has been
documented in humans with inherited loss of functionmutations
in Nav1.7 (76). These findings demonstrate a central role for
GDNF in pain signaling. Interestingly, a recent study shows
that GDNF and its receptor, C-Ret are directly regulated by
vitamin D (102). It is tempting to speculate that perhaps
both vitamin D and its receptor could play a role in sodium
channel-mediated neuropathic pain through modulating GDNF
expression; however, experimental verification is needed.

EGFR SIGNALING IN PAIN PROCESSING:
INTERPLAY WITH VITAMIN D?

The epidermal growth factor receptor (EGFR) and its
downstream effectors have been recently identified as novel
signaling pathways involved in pain processing (103) and their
expression is also known to be regulated by the vitamin D
pathway (104).

EGFR is a 175 KDa glycoprotein that is a member of the larger
EGFR (also known as ErbB or HER) family of receptor tyrosine
kinases which are important regulators of vital cellular processes
such as cell growth, proliferation, differentiation, and apoptosis
(105). The three other members of this family are known as
EGFR2 (ErbB2, HER2), EGFR3 (ErbB3 or HER3), and EGFR
4 or (HER4) (106). EGFR signaling can be activated by either
ligand-dependent or ligand-independent pathways such as via G-
protein coupled receptor (GPCR) mediated transactivation that
includes Angiotensin II (Ang II)-type 1 (AT1) receptors which
are known to be involved in mediating several types of pain
(107). In addition, EGFR transactivation has also been reported
to occur via Beta-adrenergic receptors (108) as well as opioid
and cannabinoid receptors (109–112) that also have important
functions in regulating pain (see Figure 2).

For ligand-dependent EGFR activation, at least seven
ligands have been described that bind to the mammalian
receptor: Epidermal growth factor (EGF), transforming growth
factor-alpha (TGF-α), heparin-binding EGF-like growth factor
(HBEGF), betacellulin (BTC), amphiregulin (AREG), epiregulin
(EREG), and epigen (EPGN). All EGFR ligands are synthesized
as precursors that are tethered to the plasma membrane and
require extracellular domain matrix metalloproteinases (MMPs)
or members of the disintegrin and metalloprotease (ADAM)

family (115). The soluble ligands released can then bind to and
activate the EGFR (see also Figure 2). Autophosphorylation at
specific tyrosine sites within the intracellular tyrosine kinase
domain induces EGFR homo- or hetero-dimerization with other
EGFR family members. This results in subsequent activation
of downstream signaling pathways including MAP kinases and
PI3K/AKT/mTOR (106), both of which are also known to be
involved in pain regulation (116, 117).

EGFR is expressed widely in the cells of the body including
epithelial cells, pain-transmitting neurons and keratinocytes of
the skin—a primary source of vitamin D for the body (118, 119).

Dysregulated EGFR signaling is well-known in leading
to several cancers but there is now strong evidence for
its importance in other pathologies that result in pain
as well as in the underlying mechanisms of pain sensing
and processing. For example, in diabetes, microvascular
dysfunction/microangiopathy is critically involved in the
etiology of disease-associated neuropathy and subsequent
neuropathic pain (120, 121). In this regard, we were the first
to show that increased EGFR signaling was a critical mediator
of diabetes-induced microvascular dysfunction (122–124).
Mechanistic studies from our group identified that EGFR
signaling via multiple pathways including those already
known to be involved in pain signaling, such as MAP kinases
and PI3K/AKT, were critical mediators of diabetes-induced
microvascular dysfunction (125–128). Further we showed
that EGFR inhibition could prevent vascular dysfunction by
normalizing up to 90% of the 1,100+ gene changes observed
during the development of diabetes-induced microvascular
dysfunction and that upregulation of EGFR appears to be a
key early change leading to vascular pathology associated with
diabetes (125, 129, 130). Thus, our work implied that treatment
of diabetes-induced vascular dysfunction- a precursor to the
development of disease associated neuropathy- with EGFR
inhibitors might also be potentially useful in preventing or at
least delaying diabetic neuropathy and attenuating neuropathic
pain. Vitamin D has been shown to prevent vascular dysfunction
in diabetes patients and is known to attenuate the development
of neuropathic pain (5, 59) suggesting that common pathways
might be responsible in mediating vascular dysfunction and
pain. Indeed, there appears to be a significant overlap of EGFR
signaling pathways involved in microvascular dysfunction
and the more recent studies on the role of EGFR and its
ligands in pain processing including chronic neuropathic pain
(118, 131, 132).

Martin et al. (103) reported that increased EGFR
phosphorylation and upregulation of its ligand epiregulin
(EREG) occurred in mouse models of chronic pain. In an elegant
study conducted in human subjects, mice, and Drosophila,
it was shown that activation of EGFR, specifically by EREG
(and not other ligands such as EGF), activates DRG neurons
and pain behaviors via mechanisms involving the TRPV1-a
non-selective cation channel involved in nociception (discussed
above), the PI3K/AKT/mTOR pathway as well as the matrix
metalloproteinase, MMP-9 (103)-a molecule previously known
to have a role in mediating inflammation and the early stages
of neuropathic pain (133). In several mouse models of pain,

Frontiers in Immunology | www.frontiersin.org 8 May 2020 | Volume 11 | Article 820135

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


Habib et al. Vitamin D and Pain Signaling

FIGURE 2 | The potential cross-talk between vitamin D and EGFR pain signaling. (A) Highlights the known EREG/EGFR signaling pathways involved in pain sensing

and processing including downstream PI3K/AKT, TRPV1, MAP kinases, and MMP-9 effector molecules. Vitamin D might exert its analgesic effect through direct

inhibition of EGFR mRNA expression via binding to its VDRE in intron 1 (B). Alternatively, vitamin D can act indirectly through modulation of other intermediary signaling

cascades that lead to inhibition/modulation of EGFR (B–D). This includes vitamin D-mediated regulation of known pain signals via opioid receptors, cannabinoid

receptors, beta-adrenoceptors, sodium channels, cytokines, and NGF (C) as well as inhibiting the Ang II/AT1 receptor-mediated transactivation by the

renin-angiotensin-aldosterone system (RAAS; D). In the RAAS, activation of the Ang-(1-7)/Mas receptor can counter-regulate the actions of Ang II/AT1 receptor and

also inhibit EGFR signaling (113, 114) (D). Additionally, vitamin D can also inhibit EGFR by inhibiting ADAMs, SPROUTY-2, or by increasing E-cadherin (B; see main

text for details).

intrathecal administration of EREG promoted nociception and
led to pain hypersensitivity whereas treatment with preclinical
(AG1478) or clinically used EGFR tyrosine kinase inhibitors
(Gefitinib and Lapatinib) resulted in analgesia with efficacies
and potencies comparable to that of morphine- an opioid
analgesic. All EGFR inhibitors were effective in blocking
inflammatory pain in two different animal models. They
inhibited tonic inflammatory pain induced by formalin and
completely attenuated thermal hypersensitivity induced by
carrageenan- an inflammatory mediator. EGFR inhibitors were
also completely and dose-dependently effective in reversing
allodynia in three models of chronic pain including neuropathic
pain. Knockdown of the EGFR ortholog specifically in peripheral
neurons expressing pickpocket (ppk)—a nociceptive marker-
in Drosophila resulted in prolonged withdrawal latencies in
response to a heated probe at 46◦C. This effect was reversed
when EGFR gene was expressed in the neurons implying that
the role of EGFR in pain processing is conserved across species.
This study also showed that a single nucleotide polymorphism
(rs1140475) in EGFR gene and one of its ligands (rs1563826
in epiregulin) was associated with development of chronic
pain in humans suffering from temporomandibular disorder

(103). Thus, this study demonstrated for the first time the direct
association of EGFR and EREG with chronic pain in a clinical
cohort of patients and further advocates the use of EREG/EGFR
inhibitors as potential analgesics in the management of non-
cancer pain in humans. These findings are supported by a recent
study of lumbar radicular pain after disc herniation in rats, in
which EREG was also thought to be released from herniated disc
and mediated pain via PI3K/AKT pathway (134).

The analgesic effects of EGFR inhibition in several other
human clinical studies have also been reported where diminished
reporting of pain and an overall improvement in quality of life of
patients was observed (131, 132, 135–137). In contrast to opioid
analgesics, EGFR inhibitors showed no drug tolerance over the
treatment period and the main side effect appeared to be skin
rashes (131).

Taken together these studies suggest that EGFR is a key player
in pain processing and sensation. Since it is already known that
EGFR acts as an important hub and relay of signals from a variety
of stimuli, its new role in processing pain signals would only
provide added value to its proposed appellation as a “master
hub or relay” of cell signaling (138) (see also Figure 2). Thus,
inhibition of this important EGFR signaling hub by vitamin
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D might explain the latter’s analgesic effects. Indeed, there are
several studies suggesting that vitamin D inhibits EGFR gene
expression either directly or indirectly via other intermediary
signaling pathways (104, 107, 139–141).

Vitamin D through its nuclear receptor can directly regulate
expression of EGFR mRNA by binding to VDRE identified
in intron 1 of the EGFR gene (104). Interestingly, this study
identified EGFR as the primary vitamin D/VDR target gene in
these cells (104). Indirect actions of vitamin D in regulating
EGFR signaling have also been reported. 1α,25(OH)2D3 increases
the level of E-cadherin protein at the plasma membrane, which
downregulates EGFR (142, 143), or by decreasing levels of
SPROUTY-2, a cytosolic protein that normally inhibits EGFR
ubiquitination, internalization and degradation (144, 145). A
vitamin D3 derivative increased nerve growth factor levels
in streptozotocin-diabetic rats (84) that is known to inhibit
EGFR gene expression (146). Vitamin D supplements such
as paricalcitol (a vitamin D analog) have also been reported
to decrease EGFR signaling via inhibition of ADAM17 (141)-
a key cleaving enzyme that mediates the release of EGFR
ligands from the plasma membrane. In renal tubular cells,
paricalcitol inhibited aldosterone-induced EGFR transactivation,
and its resulting proinflammatory effects via inhibition of
TGF-α/ADAM-17 gene expression (141). The fact that anti-
inflammatory actions of paricalcitol in tubular cells were
dependent on the inhibition of TGF-α/ADAM17/EGFR pathway
may explain why both EGFR inhibitors and vitamin D are
effective inmodels of inflammatory pain (64, 103). VitaminD can
also inhibit GPCR-mediated EGFR transactivation by blocking
the actions of members of the renin-angiotensin system such as
Ang II (107). The presence of these direct and indirect regulatory
mechanisms of vitamin D in reducing EGFR signaling in pain
neurons is not known but if reproduced in neuronal tissue, they
might account for how vitamin D exerts its pain relief.

As a recent genetic study has implicated polymorphisms in
EGFR and its ligand, epiregulin, to the development of chronic
pain (103), it might be noteworthy that low 25(OH)D3 levels are
associated with EGFR mutations in pulmonary adenocarcinoma
(147). Whether hypovitaminosis D is responsible for EGFR
polymorphisms in pain models is not known and is worthy of
further study.

As EGFR is differentially expressed (129), it should also be
noted that vitamin D regulation of EGFR signaling is also likely
to be cell or tissue specific. In contrast to the above studies
showing vitamin D-induced inhibition of EGFR in several cell
types, in BT-20 breast cancer cells 1,25(OH)2D3 increases EGFR
expression (148). Also, vitaminD supplementation with calcitriol
led to the beneficial increase in neuregulin (a ligand for EGFR3
and 4 receptors) levels in the heart (149). Incidentally, Neuregulin
is also required for remyelination and regeneration after nerve
injury (150) and this may represent another mechanism by
which vitamin D exerts its beneficial effects in models of
neuropathic pain.

Like vitaminD, existing and newly discovered analgesic agents
might also exert their pharmacological effects, at least in part, via
EGFR inhibition. For example, opioids and cannabinoids are also
known to regulate EGFR activity (109–112). Indeed, a novel role

of cannabinoid receptor 2 in inhibiting EGF/EGFR pathway in
breast cancer has recently been reported (111). Thus, the addition
of vitamin D to the list of reagents modulating pain pathways
via regulating EGFR signaling (see Figure 2) further implies that
EGFR acts as a key convergent pathway in pain and as suchmight
represent a novel pharmacological target for the development
of new drugs and/or repurposing of existing anti-cancer EGFR
inhibitors for pain therapy.

VITAMIN D AND REGULATION OF OPIOID
SIGNALING

Despite the recent harrowing crisis of opioid dependency and
its adverse sequalae in patients, opioids remain among the most
widely used and indispensable analgesics for the treatment of
moderate to severe pain. At present, no other oral therapeutic
drug provides instant and effective relief of severe pain (151,
152). In rats, a vitamin D-deficiency diet was able to modulate
the analgesic effect of the opioid, morphine- an effect that
was blunted following administration of cholecalciferol (153).
Cholecalciferol supplementation also induced dysregulation of
opioid peptide genes, specifically POMC, PDYN, and PENK
that code for endogenous opioids in the cerebrum (64, 154). In
addition to modulating the expression of opioid agonists that are
involved in pain perception, cholecalciferol supplementation did
not affect the expression levels of opioid receptors. However, this
supplementation was shown to dysregulate transcription levels
of G protein subunits (Gαo) and effectors like subunits of the
voltage-gated calcium channels (Cav2) and the adenylyl cyclase
type 5 (AC5) enzymes as well as many other genes involved in
opioid receptor signaling (64).

Calcium Channels
Voltage-gated Cav2 channels are effectors of opioid receptors
that initiate their activity through direct binding of G protein
subunits. Following receptor activation, the Gβγ dimer released
from Gαi/o protein binds to the intracellular loop between the
transmembrane (TM) TM I and TM II of Cav2α1 channel
subunits (155, 156). This binding shifts channel activation to
more depolarized potentials (157) and decreases the activation
kinetics of the calcium currents (158, 159), resulting in
reduced synaptic vesicle fusion with the plasma membrane
for neurotransmitter release (160). This opioid modulation of
channel activity is thus involved in the analgesic effect of opioids.

Functional studies showed that expression of delta opioid
receptors (DORs) in sensory neurons from rat trigeminal (161)
or dorsal root ganglia (162) inhibited voltage-gated calcium
channels following stimulation with DOR agonists. In addition,
characterizing the different subtypes of calcium channels subject
to DOR inhibition was elucidated using specific toxins and
nominated Cav2.1 (P/Q-type) and Cav2.2 (N-type) channels as
notable effectors of DORs (163–165) in DRG sensory neurons.
Both Cav2.1 and Cav2.2 are localized in axon presynaptic
terminals and play an important role in synaptic transmission
between somatosensory neurons and dorsal horn neurons (166).
However, while Cav2.1 is found in large-diameter DRG neurons,
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Cav2.2 is more expressed in small-diameter neurons (167–169).
Surprisingly, similar to opioid receptors, vitamin D receptors
have a widespread expression within the rat central nervous
system and are found in high levels within distinct portions of the
sensory, motor and limbic systems (72). VitaminD receptors, like
Cav2 channels, are also expressed in DRG neurons (69, 70, 170)
and whether those receptors could affect opioid signaling by
dimerizing with opioid receptors or by directly modulating the
expression levels of Cav2 channels or other effectors, like the G
protein-coupled inwardly rectifying potassium (GIRK or Kir3)
channels involved in the analgesic effects of opioids (171–174),
is still unknown.

Adenylate Cyclase
The cAMP signaling pathway regulated via the stimulation of
AC enzymes is one of the key mediators of opioid actions (172,
175, 176). Membrane-bound AC isoforms are highly expressed
in the central nervous system and have overlapping expression
patterns with opioid receptors. In the striatum, stimulation of
DORs or mu opioid receptors (MORs) which are found to be co-
expressed with AC5 (177–179), inhibits cAMP production and
causes locomotor activation (176, 180). Those responses were
attenuated in mice lacking AC5 (AC5−/−), making this enzyme
an important component of the signal transduction mechanisms
induced by opioid receptors.

cAMP signaling mediated by DORs may also contribute to
the analgesic effects of opioids. In AC5−/− mice, the analgesic
effect of acute opioid stimulation was reduced compared to wild-
typemice (180). Moreover, those results were specific for the AC5
enzymes since acute pain responses did not differ in mice lacking
either AC1, AC8 or both isoforms compared to wild-type animals
(181). However, like DOR and AC5, the vitamin D receptor is
also expressed in the striatum and the prefrontal cortex (72). In
addition, cholecalciferol supplementation was shown to induce
down-regulation of AC5 gene in the cerebrum (64) and might
than define a potential effect of vitamin D on the analgesic effects
of opioids via the cAMP pathway.

VITAMIN D LEVELS AND OPIOID USE

Low serum vitamin D levels have been linked to the
development of opioid side effects and dependency. Among
opioid-dependent patients recruited from the methadone
maintenance treatment (MMT), more than half recorded a
low vitamin D status (182). This common association deserves
attention since high prevalence of chronic pain has also
been observed in drug-dependent populations (183, 184).
Chronic muscle and joint pain are common features of
opioid withdrawal and are usually attributed to the effect
of methadone (185). But, whether these conditions or other
forms of chronic pain are affected by altered nutritional or
metabolic factors related to vitamin D deficiency in drug-
dependent populations is still unknown. Also, it should be
noted that long-term therapy with some medications commonly
used to treat chronic pain, such as steroids, antiepileptic
drugs, and anticonvulsants can decrease levels of vitamin D
(186–188). Therefore, it could be appropriate to recommend

vitamin D supplements when levels are either deficient or
insufficient with regards to the patient’s medical conditions,
current medications and skin exposure to sunlight. Nonetheless,
vitamin D supplementation was recently shown to improve
cognitive function and mental health in patients undergoing the
MMT program (189).

Moreover, it has been suggested, using animal models, that
ultraviolet B (UVB) light exposure induces strong analgesic
effects due to elevation of endogenous opioids in the skin
(190). This elevation in the POMC-derived peptide, β-endorphin,
generated in response to UV radiation (191–193) was suggested
to produce an opioid receptor-mediated addiction that leads to
an increase in the nociceptive thresholds with pain relieving
actions. However, since UVB light is responsible for the
formation of vitamin D (194), it would be of interest to know if
vitamin D plays a role in releasing β-endorphins to develop such
addiction and if signaling pathways involved in this addiction are
similar to those involved in exogenous opioid addiction.

It is known that sustained activation of opioid receptors
results in compensatory mechanisms that increase cAMP
production (195), referred to as AC superactivation- one of
the key mechanisms leading to the development of physical
dependence (196–198) and tolerance to opioids (172, 199–
202). However, since cholecalciferol supplementation was shown
to dysregulate AC5 gene expression (64), it might also be
believed to play a critical role in modulating the development
of opioid dependence and tolerance by affecting the AC
superactivationmechanism. This correlationwas partially proved
by demonstrating the involvement of vitamin D deficiency in
quickening the development of tolerance to opioid analgesics
(153). In this study, rats raised for 3–4 weeks on a vitamin
D-deficient rachitogenic diet developed tolerance to morphine
faster than control rats, an effect that was prevented by
cholecalciferol treatment.

Association between vitamin D levels and opioid use has
also been investigated in human subjects. In an observational
study, palliative cancer patients with 25-OHD levels <50 nmol/L
required higher opioid (fentanyl) dose for pain relief compared
to those with 25-OHD levels above 50 nmol/L (203). In a follow-
up study, palliative cancer patients with 25-OHD levels <75
nmol/L were given vitamin D with a dose of 4,000 IU daily.
After 1 month of supplementation, a decrease in fentanyl doses
was observed compared to untreated controls (11). Together,
these observations describe a significant correlation between low
vitamin D levels and increased opioid consumption.

VITAMIN D TOXICITY

Both hypovitaminosis D (low levels of vitamin D) and
hypervitaminosis D (high Levels; also known as vitamin D
toxicity) are linked with unwanted effects and symptoms. Low
levels of serum 25(OH)D3 concentration typically below 12 ng
ml−1 (30 nmol l−1) are associated with an increased risk of
rickets/osteomalacia (204), however the precise serum levels of
25(OH)D3 that cause toxicity are not known. Those patients with
serum levels >100 ng/ml are defined as being “at risk of toxicity”
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whereas serum values >150 ng/ml are considered “toxic” (205–
207). However, another report suggests that serum levels above
50 ng/ml may be “at risk of toxicity” (208).

Hypervitaminosis D is usually diagnosed from presenting
symptoms (see below), high serum 25(OH)D3 levels as well as
elevated serum and urine level of calcium and reduced serum
level of intact parathyroid hormone. Vitamin D toxicity is
more likely in the modern age where excessive screening and
media attention have led to widespread (mis)use of vitamin
D supplements including as a result of over-prescribing by
physicians (209, 210). It is thought to arise from chronic use of
high dose vitamin D supplements and not from abnormally high
exposure of skin to the sun or from eating a regular diet (211,
212). Data from National Health and Nutrition Examination
Survey (NHANES) of US residents gathered between 1999 and
2014 found a 3% increase in the number of subjects taking
potentially unsafe amounts of vitamin D—more than 4,000
international units (IU) per day- and a nearly 18% increase in
the number of people taking more than 1,000 IU of vitamin
D daily, well exceeding the Institute of Medicine recommended
dose of 600 to 800 IU (213). These findings are consistent
with another report showing concentrations of 25(OH)D3 have
also modestly increased over this time frame from a similar
population data-set (214). As a result of increasing use of
vitamin D usage, a substantial increase in the number of
reports of vitamin D intoxication, with the majority (75%)
of reports published since 2010 (207). Hypervitaminosis D
may also result from medication/prescription errors as well as
formulation errors such as under reporting (wrong strength) on
labels by unlicensed manufacturers of supplements and fortified
foods (207, 215, 216).

Hypervitaminosis D, by definition, arises from elevated
plasma concentrations of 25(OH)D3 and its metabolites such as
24,25(OH), 25,26(OH)2D3, and 25(OH)D3-26,23-lactone (217).
Although the exact role of the individual metabolites is not
well-understood, vitamin D toxicity is thought to arise from
a saturation of its catabolizing enzymes such as CYP24A1
and hyperactivation of the vitamin D/VDR signaling pathways
especially those regulating calcium levels (210, 218, 219).

It appears that short excursions into very high vitamin D
serum levels such as after a single megadose of 300,000 IU
might be safe (220) whereas chronic high doses of vitamin D in
human subjects results in the following clinical manifestations:
GI abnormalities >90%, Azotaemia ∼80%, Polydipsia/Polyurea
∼50% Encephalopathy 40%, Nephrocalcinosis 40%, Pancreatitis
∼10% (207, 221, 222). Persistent vomiting as a result of vitamin
D toxicity has also been recently reported (223). These clinical
effects are largely thought to result from the vitamin-D-induced
hypercalcemia that also leads to fatigue, generalized weakness
and anorexia. The main mechanism of increased calcium in
serum is due to vitamin D-induced bone resorption that can
be blocked by bisphosphonates- known specific inhibitors of
bone resorption- that are used clinically to treat hypercalcemia
(224). In addition, hypervitaminosis D can also lead to increased
absorption of dietary calcium from the GI tract, though this likely
represents a minor contribution to the raised calcium levels in
serum (224).

Hypervitaminosis D has been associated with increased risk
of falls and bone fractures in post-menopausal women receiving
high dose supplements (209). In extreme cases, vitaminD toxicity
results in acute kidney injury (AKI). Chronic administration
of mega doses (600,000 IU) has been shown to cause AKI
and symptoms associated with hypercalcemia (210, 221, 225–
227). In one study, 51 out of 62 patients receiving unusually
high doses of vitamin D supplements developed AKI (226). The
exact mechanisms for vitamin D associated renal complications
are poorly understood but one rational explanation for the
renal injury is hypercalcemia-induced severe dehydration. Renal
toxicity may also be precipitated by and/or exacerbated by
nephrocalcinosis (kidney stones) due to increased calcium
deposition in renal tubules (228).

Vitamin D toxicity may also result from increased vitamin
D/VDR signaling and/or decreased levels of catabolizing
enzymes that could conceivably lead to hypervitaminosis D and
subsequent toxic pharmacological effects (211, 212). However,
as to what role is played by the “local vitamin D system”
in cell/tissue specific toxicity remains poorly understood. For
example, could overactivity of the “local vitamin D system”
lead to a state of “local hypervitaminosis D” that then results
in local cell/tissue toxicity? This would be important not only
for its effects on the kidney but in other tissues such as in
neurons involved in pain sensing and processing. Although, the
contribution of the local vitamin D enzyme system to specific
local tissue injury or damage is not well-understood, recent
data suggests that the kidneys may be particularly prone to
vitamin D toxicity. In addition to the normal uptake of vitamin
D, the kidney proximal tubules also have the capability for re-
uptake of DPB bound-vitamin D (DBP-D) through a Megalin
and cubilin complex (229, 230). Thus, renal uptake of vitamin D
by these multiple mechanisms could potentially result in higher
accumulation and toxicity of vitamin D in the kidneys during
hypervitaminosis D.

It should be noted, however, that vitamin D toxicity is rare
and not all individuals with high serum 25(OH)D3 levels (even
those with >150 ng/mL) manifest with clinical symptoms of
vitamin D toxicity (24, 217, 218, 231, 232). Indeed, a recent study
suggests that despite 167 patients having serum 25(OH)D3 levels
>150 ng/mL, only 19 patients went on to develop vitamin D
toxicity with AKI (210).

Vitamin D toxicity is more likely in extremes of age (children
and elderly), in patients with impaired renal function, and those
on certain prescription drugs such as thiazide diuretics (that
decrease urinary calcium excretion) as their co-administration
with vitamin D (that enhances intestinal calcium absorption)
may theoretically result in hypercalcemia (233, 234).

Hypervitaminosis D and associated toxicity is largely
preventable as it arises mainly from over-administration
of high doses of vitamin D either by the patient, given
by the physician/health care professional or because of
manufacturer/formulation errors (207). Nonetheless, it is clear
that further studies are needed to achieve a better understanding
and definition of the precise cut-off levels for vitamin D toxicity
in serum as well as in understanding the role of the local
vitamin D system in mediating cell-specific toxicities (“local
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hypervitaminosis D”) that might arise even when circulating
serum 25(OH)D3 levels are not abnormally high.

CONCLUDING REMARKS AND
PERSPECTIVES

One in 5 of the adult population in the US is reported to
suffer from chronic pain and 20% of these patients do not gain
significant pain relief from currently available analgesic therapies.
Vitamin D is speculated to provide clinical benefit in patients
with chronic pain and several observational studies exist that
have shown pain relief with vitamin D supplements (see Table 1).
However, systematic reviews do not conclusively show patients
benefit from vitamin D use in chronic pain (3, 235). There
are multiple reasons for this discrepancy between the different
clinical trials on vitamin D in pain which are discussed in more
detail elsewhere [e.g., (3, 4)].

One of the concerns is the precise definition for serum
25(OH)D3 levels for its deficiency, for normal range and cut-
off for toxicity. The difficulty in establishing pathophysiologically
deficient 25(OH)D3 levels has been attributed to variations in
methodological (statistical tools), the difference in experimental
assays used (technical), and in the geographical latitude or other
variations in the individuals being studied (236). Thus, it is
argued that the so called “normal” range for serum 25(OH)D3
levels should be defined on an individual basis and in the clinical
context (236). Serum variations can also arise from genetic
polymorphisms in vitamin D processing enzymes and changes
in vitaminD pharmacokinetics and pharmacodynamics. Another
layer of complexity can arise from the specific variations in
the individuals’ disease state and this is particularly important
in chronic pain that exhibits extreme heterogeneity amongst
individuals and its perception can be very personalized. This
leads to great challenges in the accurate assessment of pain

especially when relying on self-reporting of pain by sufferers.
Thus, there is an urgent need for the development of reliable
biological markers of pain that can be accurately used in assessing
pain in clinical trials. There is therefore a need for well-
controlled large randomized clinical trials that account for the
many variations, including having reliable biomarkers of pain,
to conclusively determine the analgesic benefit of vitamin D in
chronic pain.

The underlying molecular mechanism by which vitamin
D/VDR modulates pain are not fully understood. In this review
we have highlighted the potential interaction of pain signaling
genes/pathways that are regulated by vitamin D/VDR. The
reviewed literature suggests that vitamin D and/or its receptor
can play a key role in modulating pain. Known pain genes
such as NGF, GDNF, and EGFR, and opioid signaling are
important components in pain signaling. We present here
literature evidence for how vitamin D/VDR signaling might
cross-talk with and regulate these genes that are critical in pain
signaling. Further experimental studies in vitro and vivo are
necessary to study these potential interactions specifically in pain
models. Such studies could highlight the potential usefulness of
vitamin D either alone or in combination with existing analgesics
to better treat chronic pain.
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Maria de Fátima C. Pereira 4, Jessica P. Moreira 5, Ronir R. Luiz 5,

Cesar S. Claudio-Da-Silva 6, Monica A. L. Gabbay 7, Sergio A. Dib 7, Carlos E. B. Couri 8,

Angelo Maiolino 9, Carmen L. K. Rebelatto 10, Debora R. Daga 10,

Alexandra C. Senegaglia 10, Paulo R. S. Brofman 11, Leandra Santos Baptista 2,12,

José E. P. Oliveira 3, Lenita Zajdenverg 3 and Melanie Rodacki 3
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Objective: To evaluate the short term safety and potential therapeutic effect of allogenic

adipose tissue-derived stromal/stem cells (ASCs) + cholecalciferol in patients with

recent-onset T1D.

Methods: Prospective, phase II, open trial, pilot study in which patients with recent

onset T1D received ASCs (1 × 106 cells/kg) and cholecalciferol 2000 UI/day for 3

months (group 1) and were compared to controls with standard insulin therapy (group

2). Adverse events, C-peptide (CP), insulin dose, HbA1c, time in range (TIR), glucose

variability (continuous glucose monitoring) and frequency of CD4+FoxP3+ T-cells (flow

cytometry) were evaluated at baseline (T0) and after 3 months (T3).

Results: 13 patients were included (8: group 1; 5: group 2). Their mean age and disease

duration were 26.7 ± 6.1 years and 2.9 ± 1.05 months. Adverse events were transient

headache (n = 8), mild local reactions (n = 7), tachycardia (n = 4), abdominal cramps

(n = 1), thrombophlebitis (n = 4), mild floaters (n = 2), central retinal vein occlusion

(n = 1, complete resolution). At T3, group 1 had lower insulin requirement (0.22 ± 0.17

vs. 0.61±0.26IU/Kg; p = 0.01) and HbA1c (6.47 ± 0.86 vs. 7.48 ± 0.52%; p = 0.03)

than group 2. In group 1, 2 patients became insulin free (for 4 and 8 weeks) and all were in
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honeymoon at T3 (vs. none in group 2; p = 0.01). CP variations did not differ between

groups (−4.6 ± 29.1% vs. +2.3 ± 59.65%; p = 0.83).

Conclusions: Allogenic ASCs + cholecalciferol without immunosuppression was

associated with stability of CP and unanticipatedmild transient adverse events in patients

with recent onset T1D.

ClinicalTrials.gov registration: NCT03920397.

Keywords: type 1 diabetes, pancreatic function, transplant, adipose tissue-derived stromal/stem cells, vitamin D

INTRODUCTION

Type 1 Diabetes (TID) is a chronic disease caused by T-
cell mediated autoimmune destruction of pancreatic β-cells.
Patients with T1D require lifelong insulin treatment, which may
lead to hypoglycemic episodes and interfere in quality of life.
Interventions to cure T1D have been pursued. Even preservation
or recovery of some residual mass of β cells, albeit not enough to
cure the disease, could have potential benefits such as reduction
in glycemic variability, severe hypoglycemia, insulin requirement
and risk of chronic complications (1–5).

Clinical interventions aiming to cure T1D target the
prevention of autoimmune destruction of pancreatic β cells,
regression of insulitis, preservation or recovery of β cells
residual mass (3, 6, 7). Various therapeutic methods have been
evaluated for patients with T1D, including cytostatic drugs,
monoclonal antibodies, and pancreas/islets transplantation. They
have some limitations in clinical practice, such as adverse events
of immunosuppressants, risk of immune rejection and surgical
complications (bleeding, portal vein thrombosis and bile leakage)
(8–12). Although some of these treatments have initially shown
satisfactory outcomes, their effects have not been sustained
for long periods and/or their potential side effects limit their
repetitive use. In previous studies, most favorable metabolic and
pancreatic function outcomes were linked to a better T regulatory
cell function (13–15).

Adult stem cells transplantation has emerged as a potential

treatment for T1D due to its intrinsic regenerative capacity and

immunomodulatory properties. The rationale for its use is to
arrest β cells autoimmune destruction and generate functional
cells. Mesenchymal stromal/stem cells seem attractive as they
have been tested for other autoimmune diseases with promising
results (16–24) and do not require immunosuppression, even
when allogenic sources are used. In vivo and in vitro studies
showed that MSCs are capable of suppressing immune response
by inhibiting thematuration of dendritic cells, suppressing T cells
function and inducing expansion of regulatory T cells (16–19).
A recent meta-analysis of the clinical efficacy and safety of stem
cell therapy for T1D indicated that the treatment seems relatively
safe and effective, but most studies are small, use hematopoietic
stem cells with immunosuppression and autologous origin (20).
In that meta-analysis, patients with recent-onset T1D that
received MSCs (from bone marrow or umbilical cord tissue)
did not have significant reduction in HbA1c or improvement
in C-peptide levels, but 20% of treated T1D patients achieved
exogenous insulin independence at some point (20). Adipose

tissue-derived stromal/stem cells (ASCs) have not been evaluated
for this purpose.

ASCs are an abundant source of adult stromal/stem cells,
easily accessible by liposuction. These cells seem to display
more potential immunosuppressive properties than other
mesenchymal stem cells, with more pronounced cytokines
secretion, suggesting a promising therapeutic application in
autoimmune diseases, such as T1D. As ASCs do not express co-
stimulatory molecules on their surface, they are unable to activate
alloreactive T cells and could therefore be used for allogenic
transplantation without the need for immunosuppression (18,
19). Studies that tested ASC for musculoskeletal disorders,
perianal fistula in Crohn’s disease and psoriasis showed potential
therapeutic effects (21–23). Their use is currently been tested for
autoimmune diseases, especially multiple sclerosis (24, 25).

Vitamin D (VitD) seems to have immunomodulatory effects.
In vitro and in vivo studies showed that sufficient levels of VitD
could preserve residual β cells and insulin secretion. VitD appears
to inhibit lymphocyte proliferation, inhibit cellular autoimmune
pathways and stimulate T regulatory response (26–28). However,
results with the use of vitamin D for patients with T1D are still
inconsistent (29–31).

Since T1D pathogenesis is multifactorial, interventions
to approach islet autoimmunity should probably include a
combination of agents with differentmechanisms of action. Some
authors have already suggested that acting at different points
of the autoimmune process is more effective than treatment
with a single therapy (32–34). The agents used for intervention
in patients with T1D should have the lowest possible toxicity
potential, especially if periodic repetition of the proposed
treatment is considered. Our aim was to evaluate the short-
term safety and efficacy of ASCs infusion from healthy donors
and daily cholecalciferol (VitD) supplementation in patients with
recent-onset T1D, a combined therapy that offers the opportunity
of immunomodulation without the need of immunosuppression.

RESEARCH DESIGN AND METHODS

Patients and Study Design
This is a prospective, single-center, open trial, phase II, in
which patients (Group 1) with recent onset T1D received a
single dose of allogenic adipose tissue derived stem/stromal
cells (ASCs) and cholecalciferol (Vit D) 2,000 IU/day for 3
months or were included in a control group that received
standard insulin therapy with multiple injections (Group 2).
This trial was registered at ClinicalTrial.gov (NCT03920397) and
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approved by Ethics Research Board of the University Hospital
Clementino Fraga Filho (HUCFF)/ Federal University of Rio
de Janeiro (UFRJ). Participants or their legal representatives
(in minors) signed an informed consent before inclusion
(protocol 17488313.1.0000.5257).

Inclusion criteria were: diagnosis of T1D according to
American Diabetes Association (ADA) criteria for < 4 months;
age between 16 and 35 years; pancreatic autoimmunity (anti
glutamic acid decarboxylase or GADA+). Exclusion criteria
were: current or prior malignant diseases; pregnancy or desire to
become pregnant within 12 months of the study; breastfeeding;
HIV(+), Hepatitis B or C (+); diabetic ketoacidosis at
diagnosis; glomerular filtration rate < 60 ml/min and use of
immunosuppressors or glucocorticoids. Similarly to Voltarelli
JC and Couri CE, we decided to exclude patients with previous
diabetic ketoacidosis as the first patient included in their trial with
diabetic ketoacidosis failed to benefit from AHST (35).

Stem/Stromal Cells Differentiation
Procedures
ASCs differentiation potential into adipocytes, osteoblasts, and
chondrocytes, were evaluated in third passage with a commercial
medium (Lonza, Walkersville, EUA). The medium inducer was
changed every 3 days during 3 weeks. To adipogenic and
osteogenic differentiation, cells were seeded on glass coverslips
(Sarstedt, Newton, NC, USA) in 24-well plates (Sarsted). Briefly,
cells were treated with Bouin’s fixative (Biotec, Labmaster,
Paraná, Brazil) for 10min, washed twice with 70% ethanol
and once with Milliq water. Oil Red O (Sigma-Aldrich) was
used to visualize lipid-rich vacuoles and hematoxylin-eosin (HE)
(Biotec) was used for nuclear staining. Osteogenic differentiation
was evaluated by Alizarin Red S (Fluka Chemie, Buchs, UK)
and light green (Sigma-Aldrich) was used to counterstain. For
chondrogenic differentiation, cells were grown in micromass
culture. Briefly, 5 × 105 cells in 0.5ml of medium were
centrifuged at 300 g for 10min in a 15mL polypropylene tube to
form a pellet. Without disturbing the pellet, cells were cultured
for 21 days with medium inducer. On day 21, cell aggregates
were fixed in 10% formaldehyde for 1 h dehydrated in serial
ethanol dilutions and embedded in paraffin blocks. Toluidine
Blue staining (Sigma-Aldrich) demonstrate the presence of
intracellular matrix proteoglycans. Control cells were kept in
DMEM-F12 medium with 15% FCS.

Stem/Stromal Cells Lipoaspirate and
Culture
Adipose tissue samples were obtained through liposuction
procedures of three healthy female individuals undergoing
aesthetic surgery at Hospital Universitário da Universidade
Federal do Rio de Janeiro, RJ, Brazil. Donors’sorology was negative
for syphilis, Chagas disease, Hepatitis B virus (HBV), Hepatitis
C, HIV 1 and 2, HTLV I/II. All donors were Cytomegalovirus
(CMV) IgG positive with PCR negative in blood samples and
in ASCs.

ASCs were isolated, cultured and characterized as previously
described (18). Samples were processed at Core Cell Technology

of Pontifícia Universidade Católica do Paraná. Briefly, 100ml
of adipose tissue were washed in sterile phosphate-buffered
saline (PBS) (Gibco Invitrogen). One-step digestion by 1 mg/ml
collagenase type I (Invitrogen) was performed for 30min at
37◦C during permanent shaking, followed by filtration through
100µm mesh filter (BD FALCON, BD Biosciences Discovery
Labware, Bedford, MA, USA). Cell suspension was centrifuged
at 800 g for 10min, and erythrocytes were removed by lysis
buffer, pH 7.3. The remaining cells were washed at 400 g for
10min and cultured at a density of 1 × 105 cells/cm2 in T75
culture flasks and DMEM-F12 (Gibco Invitrogen) supplemented
with 10% of fetal calf serum (FCS), penicillin (100 units/ml)
and streptomycin (100µg/ml). Culture medium was replaced
3 days after seeding, and then twice a week. ASCs were sub-
cultured after reaching 80% confluence, with 0.5% trypsin/EDTA
(Invitrogen) solution. Cells were replated at a density of 4 × 103

cells/cm2 for expansion.
Quality control of cell suspension sterility was evaluated by

tests to detect bacteria and fungi (Bact/Alert 3D, Biomerieux),
endotoxins (EndosafeTM PTS, Charles River) and Mycoplasma
(KIT MycoAlertTM PLUS Mycoplasma Detection, Lonza). Cell
viability was performed by flow cytometry using vital dye 7-AAD
(7-Aminoactinomycin D—BD#559925) to determine percentage
of viable cells and Annexin V protein (BD#51-65875X) to
determine percentage of cells in apoptosis. Cytogenetic analysis
was performed by GTG-banding method.

Cells were characterized by flow cytometry before the
clinical application, using the following monoclonal antibodies:
FITC-labeled CDç/14 (BD#555397), CD45 (BD#555482),
CD19 (BD#555412), CD44 (BD#555478); PE-labeled CD73
(BD#550257), CD90 (BD#555596), CD166 (BD#559263),
PerCP-labeled HLA-DR (BD#551375); APC-labeled CD34
(BD#555824), CD105 (BD#562408), CD29 (BD#559883)
(BD Pharmingen). At least 100.000 events were acquired on
BD FACSCaliburTM flow cytometer (BD Biosciences), and
data were analyzed using FlowJo 10 (TreeStar) software11A

(Supplementary Material 1).

ASCs Infusion
At the day of infusion, ASCs monolayer were dissociated as
described above and 1 × 106 cells/kg of the donor patient were
suspended in 5ml of saline solution with 50% albumin and 5%
ACD (Anticoagulant Citrate Dextrose Solution). Cell suspension
was sent to the hospital in cooler with recycled ice.

An aliquot of cells was evaluated after transportation
for monitoring viability and phenotype of ASCs by flow
cytometry. Cells were washed with PBS-BSA 3% (bovine serum
albumin) and incubated at 4◦C for 30min with the following
monoclonal antibodies conjugated to fluorescent dyes: CD105-
FITC (fluorescein isothiocyanate), CD73-PE (phycoerythrin)
and CD90-APC (allophycocyanin), all from BD Biosciences,
Franklin Lakes, NJ, USA. Unstained cells were used as controls.
Then, cells were washed with PBS-BSA 3% and incubated with
7AAD (7 Amino Actinomycin D). Twenty thousand events were
acquired in FACSAria III cytometer (BD Biosciences) and data
were analyzed using FACSDiva 8.0 software (BD Biosciences).
The percentage of viable cells was estimated by 7AAD exclusion.
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Patients that received ASCs were admitted into hospital in
the day of the infusion. A single dose of ASCs was infused in
a peripheral upper arm vein during 15–20min. Patients were
discharged from hospital 24 h after infusion. Patients started
taking oral cholecalciferol 2,000 IU in the same day.

Clinical and Biochemical Evaluation
All participants were followed for 3 months. At baseline, they
were interviewed and had a physical exam. Weight, height,
body mass index (BMI), blood pressure, heart frequency,
frequency of hypoglycemia and insulin dose/kg of body weight
were evaluated in the first visit (T0) and after 1 (T1) and
3 (T3) months. Insulin dose adjustments were done at each
visit as necessary, according to glycemic control. Cases and
controls received the same diabetes education, nutritional
recommendations and help with management from health care
providers. Honeymoon phase was defined as insulin dose ≤ 0.5
IU/Kg and HbA1C < 7.5% (36). Blood samples were collected
prior to ASCs infusion and at T1 and T3 for the following
measurements: HbA1c—Glycated hemoglobin method- HPLC-
High Performance Liquid Chromatography by boronate affinity
(Trinity Biotech, USA), blood count and biochemistry analysis.
Pancreatic function was evaluated through C-Peptide (CP)
measurement (Microparticle Chemiluminescent Immunoassay
method, Architect Abbott, Spain, following the manufacturer’s
protocol) 0 (basal; 8 h fasting), 30, 60, 90, and 120min after
a liquid mixed meal (Glucerna R©). The area under the curve
(AUC) was calculated. Insulin usual dose was administered after
each test was completed. All tests were performed with fasting
glucose between 70 and 250 mg/dL. Glutamic acid decarboxylase
antibodies (GADA) and Islet Tyrosine Phosphatase 2 (IA2) were
analyzed (ELISA-human antibodies tested by quantitative ELISA
method—Enzyme-Linked Immunosorbent Assay, Euroimmun
brand and Molecular Devices Spectra max reader, Germany).

Glucose Variability Assessment
Retrospective analysis of 72 h continuous glucose monitoring
system (CGM—Ipro Medtronic) data was performed in 7 T1D
patients and 4 controls at T0 and T3.

Mean glucose, glucose standard deviation (SD), J-Index, M-
value, glycemic risk assessment in diabetes equation (GRADE),
high blood glucose index (HBGI), low blood glucose index
(LBGI), mean amplitude of glucose excursions (MAGE), mean of
daily differences (MODD) and continuous overall net glycemic
action at 1 h (CONGA 1) were calculated as described in original
publications (37–39). The percentage of glucose reading in time
in range (TIR) established as 70–180 mg/dL was recorded (40).

All volunteers received individual face-to-face consultation
sessions, which included individualized diet prescriptions based
on American Diabetes Association current recommendations
(dietary energy content of 45–55% carbohydrates, 15–20%
protein, and 25–35% total fat, ≤7% saturated fatty acids
(SFA), 5–15% monounsaturated fatty acids (MUFA); ≤10%
polyunsaturated fatty acids (PUFA), and 30–50% total fiber
intake) (41) and advice on food selection and carbohydrate
counting method. During CGM period, all foods and drinks
consumed were documented.

Flow Cytometry
Mononuclear cells were isolated from peripheral blood
samples by density centrifugation on Ficoll (Ficoll-Paque, GE
Healthcare). Blood samples diluted in an equal volume of
phosphate buffered saline (PBS) 0.01M were overlaid on Ficoll-
Paque and centrifuged at 500 g for 15min, with centrifugation
stop break turned off. The ring of mononuclear cells formed
in tubes was harvested, washed twice with PBS containing
3% of bovine serum albumin (3% PBS-BSA) and incubated
for 30min at 4◦C, shielded from light, with the following
fluorochrome-conjugated anti-human monoclonal antibodies:
CD45RA-PE (Clone HI100), CD3 PE-CF594 (Clone UCHT1),
CD4-PERCP CY5.5 (Clone RPA-T4) and CD8-APCH7 (Clone
SK1), with anti-human FoxP3—Alexa 647 (Clone 259 D/C7)
(BD Biosciences, Franklin Lakes, NJ, USA). Cells were washed
with PBS and followed the intracellular FoxP3 staining protocol,
according to manufacturer’s recommendations (BD Biosciences).
Briefly, surface-stained cells were fixed and permeabilized using
the buffers from Human FoxP3 Buffer Set (BD Biosciences).
Cells were washed in PBS and incubated with anti-human
FoxP3-Alexa 647 antibody (BD Biosciences) for 30min at
room temperature in the dark. After the incubation period,
cells were washed with PBS and treated with 0.5mL of BD
FACSTM Lysing Solution (BD, Biosciences) during 10min
at room temperature, to remove residual erythrocytes. A
hundred thousand events were acquired on FACSAria III (BD
Biosciences), which was calibrated using Cytometer Settings
and Tracking (CST) beads (BD Biosciences) according to
the cytometer manufacturer’s recommendations. Background
staining was determined using unstained cells. An FMO
(Fluorescence Minus One) control was used to set the boundary
between negative and positive fluorescence for FoxP3. Cells
incubated with a single antibody coupled with a fluorescent dye
were used for compensation purposes. Data were analyzed using
FACSDiva 6.0 software. A gate on lymphocytes was defined in
a forward scatter (FSC) vs. side scatter (SSC) dot plot, followed
by gating on CD45RA+CD3+ lymphocytes, followed by gating
on CD4+ or CD8+ cells. Finally, a gate was set to determine the
percentage of FoxP3+ cells among CD45+CD3+CD4+ cells or
CD45+CD3+CD8+ cells.

T-cells were evaluated on blood samples before (T0), one (T1)
and three (T3) months after ASCs infusion.

Safety Tests
Adverse events were recorded during the procedure and during
the hospitalization. At each outpatient visit (T0, T1, and T3),
patients underwent an interview, clinical exam and biochemical
evaluation to monitor for adverse events. Laboratorial evaluation
included: blood count, lipids, renal, and hepatic function, TSH,
free tyroxine, calcium, phosphorus and 25 OH vitamin D
(performed using the automated biochemical equipment CMD
800 IX1).

Statistical Analysis
The primary outcome was the presence of severe adverse events.
The secondary outcomes were other adverse events, changes in
insulin uses, A1c and CP AUC. The sample size was established
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by convenience sampling according to the number of cells that
were available for the intervention procedure. Data are expressed
as mean +/– standard deviation. Descriptive statistics have
been used to summarize patient’s characteristics. Comparisons
of categorical variables have been performed by means of Chi
Square test. Continuous variables have been compared by Mann-
Whitney test. Wilcoxon test were used to compare results at
baseline and after follow-up. Statistical tests are based on a 2-
sided significance level of 0.05. SPSS software, version 21.0 was
used for statistical analyses.

RESULTS

Characteristics of the Study Group
Sixteen newly diagnosed T1D volunteers fulfilled inclusion
criteria and agreed to participate. Three were excluded due
to glucocorticoid use, impaired renal function and pulmonary
tuberculosis. Thirteen cases were evaluated: eight patients
received ASCs infusion + vitamin D (Group 1) and five
were included as controls (Group 2) (Figure 1). The study

was disclosed in brazilian endocrinologists social media. The
first five candidates were included in group 1. The next eight
were included by randomization. All completed 3 months
of follow-up.

Clinical characteristics of the study group are described in
Tables 1, 2. The mean age was 26.75 ± 6.11 years for group
1 and 20.6 ± 3.84 years for group 2 (p = 0.04). Their disease
duration were 2.9 +/−1.05 and 3.0 ± 0.70 months, respectively
(p= 0.84). All received insulin through subcutaneous injections.
Biochemical, metabolic and immunological characteristics before
and after intervention are reported in Table 2.

ASCs Infusion
Differentiation to adipocytes, osteoblasts, and chondrocytes
was qualitatively assessed based on cell morphology and
cytochemistry (Figure 2).

After 21 days, large, rounded cells with cytoplasmic lipid-
rich vacuoles, for adipogenic differentiation were observed.
Osteogenic differentiation was assessed by mineralization of
extracellular matrix. In chondrogenic differentiation assays, the

FIGURE 1 | Flow Diagram of the clinical trial.

Frontiers in Immunology | www.frontiersin.org 5 June 2020 | Volume 11 | Article 993151

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


Araujo et al. Stem Cells and Diabetes

TABLE 1 | Characteristics of the study group.

Group Age (Gender) Ethnicity BMI T1D ASCs Ins Ins Ins HbA1C HbA1C HbA1C CP CP CP

T0 T1 T3 T0 T1 T3 T0 T1 T3

#1 (G1) 26 (M) W 26.06 4 78 0.84 0.64 0.47 9.90 7.60 6.20 104.85 63.60 157.05

#2 (G1) 35 (M) NW 25.91 4 74 0.17 0.15 0.18 8.0 7.50 6.60 148.95 162.60 149.70

#3 (G1) 28 (M) W 23.38 2 65 0.21 0.18 0.17 6.30 5.60 5.50 340.50 470.7 388.95

#4 (G1) 34 (F) W 23.56 2 73 0.07 0.07 0.11 7.50 6.90 6.20 328.50 317.7 291.90

#5 (G1) 23 (F) NW 20.76 1.7 60 0.15 0.15 0.12 7.90 6.30 6.40 178.95 158.85 99.30

#6 (G1) 16 (F) W 20.96 3.5 55 0.47 0.47 0.49 6.90 5.80 5.70 318.75 354.30 251.10

#7 (G1) 28 (F) W 23.71 2 69 0.25 0.20 0.25 7.60 6.60 6.90 233.70 270.00 243.45

#8 (G1) 24 (M) W 26.06 4 66 0.30 0.18 0 7.40 7.20 8.30 153.00 204.00 108.15

#9 (G2) 16 (M) W 18.25 2 – 0.92 0.82 0.92 10.6 6.90 7.80 86.25 140.70 173.70

#10 (G2) 20 (F) NW 23.71 3 – 0.92 0.69 0.64 6.80 6.80 6.90 90.30 127.95 78.75

#11 (G2) 18 (M) NW 18.20 3 – 0.60 0.60 0.70 6.90 7.40 7.20 102.75 118.65 106.20

#12 (G2) 25 (F) W 20.60 3 – 0.20 0.20 0.20 7.70 7.10 8.20 160.2 147.90 123.15

#13 (G2) 24 (M) W 19.30 3 – 0.50 0.50 0.60 10.10 7.40 7.30 113.25 101.55 48.45

Body mass index (BMI) expressed as kilogram of body weight/centimeter2 height was measured at the time of the transplant. ASCs number of cells was calculated according to patient

weight × 106. G1, patient that received ASCs + VitD or Group 1; G2, control or Group 2; W, white; NW, non-white; T1D, Type 1 Diabetes duration in months; T0, basal period, T1, 1

month after intervention, T3, 3 months after intervention; Ins, insulin dose (IU/Kg); A1C, glycated hemoglobin (mg/dl,%); CP, the area under the curve of C-Peptide (ng/ml).

TABLE 2 | Comparison between group 1 and 2 before and after ASCs infusion + VitD.

Indexes T0 T1 T3

Group 1 Group 2 P-value Group 1 Group 2 P-value Group 1 Group 2 P-value

HbA1C (mg/dl,%) 7.68 ± 1.04 8.42 ± 1.80 0.36 6.68 ± 0.75 7.12 ± 0.27 0.24 6.47 ± 0.86 7.48 ± 0.52 0.03

Insulin dose (IU/Kg) 0.31 ± 0.24 0.62 ± 0.30 0.08 0.25 ± 0.19 0.56 ± 0.23 0.02 0.22 ± 0.17 0.61 ± 0.26 0.01

GADA (mIU/L) 261.69 ± 138.77 182.13 ± 130.06 0.32 674.33 ± 1348.57 144.87 ± 151.81 0.41 697.75 ± 1338.72 245.08 ± 219.77 0.47

IA2 (mIU/L) 158.28 ± 270.59 818.74 ± 1718.42 0.31 156.68 ± 267.33 817.66 ± 1779.01 0.31 163.19 ± 280.34 815.77 ± 1780.05 0.32

TSH (mIU/L) 3.51 ± 3.06 3.76 ± 2.47 0.88 3.34 ± 3.30 3.48 ± 2.32 0.94 3.27 ± 3.08 3.45 ± 2.57 0.92

Vitamin D (ng/ml) 35.31 ± 14.07 21.74 ± 7.03 0.07 39.42 ± 6.28 25.35 ± 7.22 0.01 46.96 ± 8.13 24.73 ± 4.80 0.01

CD4+ FOXP3+ (%) 10.22 ± 7.14 15.28 ± 8.34 0.27 17.55 ± 6.29 11.72 ± 3.18 0.12 14.62 ± 8.97 10.76 ± 6.27 0.42

CD8+ FOXP3+ (%) 13.85 ± 9.74 5.52 ± 2.78 0.09 15.85 ± 7.33 5.87 ± 1.85 0.03 10.72 ± 9.04 11.25 ± 9.02 0.09

CP AUC (ng/ml min) 225.90 ± 92.91 110.55 ± 29.72 0.02 250.22 ± 129.49 127.35 ± 18.31 0.03 211.20 ± 100.42 106.05 ± 47.25 0.06

Media 6.94 ± 1.44 7.37 ± 1.13 0.66 −− −− – 6.79 ± 1.87 6.94 ± 0 0.94

SD 1.66 ± 0.69 1.84 ± 1.05 0.75 −− −− – 1.67 ± 0.93 2.36 ± 0 0.51

M-Value 0.95 ± 5.02 3.61 ± 2.96 0.42 −− −− – 1.02 ± 5.48 9.19 ± 0 0.20

MAGE 1.31 ± 0.34 0.59 ± 0.27 0.56 −− −− – 1.14 ± 0.80 0.67 ± 0.28 0.95

J Index 25.58 ± 13.15 29.39 ± 11.42 0.67 −− −− – 25.53 ± 16.88 29.00 ± 0 0.85

MODD −− −− – −− −−− – 2.20 ± 0.68 3.27 ± 0 0.50

GRADE 0.61 ± 0.82 0.61 ± 0.32 0.99 −−− −− – 256.69 ± 722.05 0.99 ± 0 0.75

LBGI 2.75 ± 1.97 2.77 ± 2.20 0.99 −− −− – 2.57 ± 1.87 6.17 ± 0 0.11

HBGI 4.55 ± 4.38 3.87 ± 2.75 0.81 −− −− – 3.92 ± 4.23 5.82 ± 0 0.68

CONGA-1 1.36 ± 1.02 1.91 ± 0.47 0.41 −− −− – 1.37 ± 0.79 1.83 ± 0 0.60

Time in range (%) 92.71 ± 4.27 81.00 ± 18.16 0.12 −− −− – 89.43 ± 13.50 57.50 ± 9.19 0.11

Glycemic variability indexes are expressed in mmol/L. Data are expressed as mean± standard deviation. T0, basal period, T1, 1 month after intervention, T3, 3 months after intervention,

HbA1C, glycated hemoglobin; GADA, Glutamic acid decarboxylase antibodies; IA2, Islet Tyrosine Phosphatase 2; CP AUC, the area under the curve of C-Peptide; SD, standard deviation;

MAGE, mean amplitude of glucose excursions; MODD, mean of daily differences; GRADE, glycemic risk assessment in diabetes equation; LBGI, low blood glucose index; HGBI, high

blood glucose index; CONGA-1, continuous overall net glycemic action at 1 h. GADA and IA2A titers were considered positive > 10I U/ml. Bold values means p value ≤ 0.05.

presence of intracellular matrix proteoglycans and chondrocyte-
like lacunae were observed. Untreated control cultures did not
exhibit spontaneous differentiation after 21 days of cultivation.

Group 1 (n = 8) received intravenous transfusion of ASCs
(mean dose: 67.37± 7.65 × 106 cells). ASCs were characterized
by immunophenotyping, and mean percentage labeling of cells
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FIGURE 2 | Characterization of adipose tissue-derived stromal/stem cells. (A) Adipose tissue-derived stromal/stem cells morphology. (B) BM-MSC differentiation. Cells

were incubated for 21 days in the presence of specific differentiation agents for adipocytes, osteoblasts and chondrocytes. Differentiation into adipocyte lineage was

demonstrated by staining with Oil Red O (B4), Alizarin Red S staining shows mineralization of the extracellular matrix in osteogenic differentiation (B5) and toluidine blue

shows the deposition of proteoglycans and lacunaes in chondrogenic differentiation (B6). Untreated control cultures without adipogenic, osteogenic or chondrogenic

differentiation stimuli are shown (B1–B3). (C) Representative figure of the flow cytometric analysis. The red line indicates isotype control and the blue line represent.
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was as follows: CD105 93.47%; CD73 96.20%; CD90 99.77%;
CD29 98.83%; CD166 94.75%; CD44 89.76%; CD14 1.57%; CD34
0.52%; CD45 0.84%; CD19 0.64% and HLA-DR 0.68%. All tests
for microorganism’s growth control were negative. All samples
were approved by cytogenetic quality control for therapeutic use
and no clonal chromosomal rearrangements were detected. After
isolation and culture, 95.1% of viability was obtained.

Adverse Events
No serious adverse events were observed. Patients in group
1 presented the following immediate transient adverse events:
transient headache (n = 8), mild local infusion reactions (n =

7), tachycardia (n = 4), and abdominal cramps (n = 1). Four
patients developed local superficial thrombophlebitis within the
first week without systemic manifestations and two reported
transient mild eye floaters during infusion, with no subsequent
visual abnormalities. One patient developed central retinal vein
occlusion at T3, with complete resolution.

Pancreatic Function
At baseline, group 1 presented higher CP levels than group 2
(225.90 ± 92.91 vs. 110.55 ± 29.72 ng/ml; p = 0.02). At T1, the
difference between groups was significant (250.22 ± 129.49 vs.
127.35 ± 18.31 ng/ml; p = 0.03), which was not observed at T3
(211.20 ± 100.42 vs. 106.05 ± 47.25 ng/ml; p = 0.06) (Table 2
and Figure 3). There was a correlation between CP at T0 and at
T3 (p = 0.03; R = 0.66). Groups 1 and 2 had similar percentage
of CP AUC decrease during follow-up (−4.6 ± 29.1% vs. +2.3
± 59.65%; p = 0.83). Neither cases or controls had significant
changes in CP over time (p= 0.57 e p= 0.68).

Glycemic Control
At baseline, there were no significant differences in HbA1c (7.68
± 1.04 vs. 8.42 ± 1.8%; p = 0.60), insulin dose (0.31 ± 0.24 vs.
0.62 ± 0.30 IU/Kg; p = 0.06) or TIR (92.71 ± 4.27% vs. 89.42
± 13.5%; p = 0.35) between groups. One month after infusion,
2 patients in group 1 became insulin free, for 4 and 8 weeks
each. At this time, lower insulin requirement were observed in
group 1 when compared to group 2 (T1: 0.25 ± 0.19 vs. 0.56
± 0.23 IU/Kg, p = 0.02) and this difference persisted after 3
months (T3: 0.22 ± 0.17 vs. 0.61 ± 0.26IU/Kg, p = 0.01). At
T3, group 1 also had lower HbA1c than group 2 (6.47 ± 0.86
vs. 7.48 ± 0.52%; p = 0.03). Mean glucose readings in TIR were
89.43 ± 13.5 in group 1 vs. 57.50 ± 9.19% in group 2 (p = 0.11).
The decline in HbA1c over time was significant in cases (p =

0.04) but not in controls (P = 0.68) and changes in insulin dose
were not significant in either of the groups (p = 0.27 and p =

1.00). Moreover, at T3 all patients (n = 8) of group 1 were in
honeymoon phase vs. none in group 2 (p = 0.01). Both groups
had similar percentage of HbA1C reduction (−14.79 ± 13.68%
vs. −8.37 ± 17.1%; p = 0.72) without statistically significant
differences in insulin requirement (−14.48 ± 13.68% vs. +1.2 ±
19.97%; p= 0.52).Table 2 and Figure 3 summarizes these results.
Neither CP at T0 or age were correlated to the rate of decline
in HbA1c (p = 0.57; R = 0.17 and p = 0.87; R =−0.04). There
was an inverse correlation between insulin dose requirement and
Vit D levels at T1 (p = 0.05; r = 0.58) and T3 (p = 0.01; r =

0.77). Although there was no association between vitamin D and
HbA1c at T1 (p = 0.99; r = 0.01), a negative correlation was
found at T3 (p= 0.03; r = 0.67).

Retrospective analysis of blinded 72 h CGM did not
show significant differences in SD, M-Value, MAGE, J-
Index, MODD, GRADE, LBGI, HBGI, CONGA-1 between
groups, as shown in Table 2. Glucose profiles are shown in
Supplementary Material 2.

Frequency of FOXP3-Expressing
Lymphocytes
There was no significant difference between groups for %
CD4+FoxP3+cells, but group 1 showed higher frequency of
CD8+FoxP3+ cells at T1 when compared to group 2 (p = 0.03),
as shown in Table 2 and Figure 4.

There was a negative correlation between %CD4+FoxP3+
cells and: (1) HbA1C (p = 0.01; r = 0.71), (2) mean glucose (p
= 0.02, r = 0.77); (3) SD (p = 0.01, r = 0.82); (4) M-Value (p =

0.02, r = 0.03); (5) J-Index (p = 0.01, r = 0.02); (6) HBGI (p =

0.01, r = 0.87) and (7) MODD (p = 0.04, r = 0.77) at T3. No
significant correlation was found between % CD4+FoxP3+ cells
and MAGE (p = 0.77; r = 0.12). Frequency of CD4+FoxP3+
cells was positively correlated to TIR (p= 0.04; r =−0.76).

At T1, %CD8+FoxP3+ cells were positively correlated with
CP (p = 0.04; r = 0.72). At T3, a negative correlation was found
between % CD8+FoxP3+ vs. HbA1C (p = 0.04; r = 0.73) and
HBGI (p= 0.02, r= 0.78).

Additional data are shown in Supplementary Materials 1, 2.

DISCUSSION

We evaluated the short-term safety of ASCs infusion from
healthy donors and daily oral cholecalciferol in patients with
recent-onset T1D, as well as their potential therapeutic effect
on glycemic control and pancreatic function. In most cases,
mild and transient adverse events were observed (local reactions,
tachycardia), except for one patient that presented central vein
occlusion 3 months after infusion, with complete resolution.
This reaction was probably not associated with the therapy
since it occurred months after the intervention. A higher risk
for this condition has been previously reported in individuals
with diabetes (42) but the association between recent-onset
T1D and this condition has not been shown. Two cases of
central retinal vein occlusion have been previously reported in
patients with hematologic malignancies receiving hematopoietic
stem cell transplantation but not with adipose tissue-derived
stromal/stem cells (43, 44). Tachycardia and thrombophlebitis
may be associated with high cellularity concentration, high
viscosity or other cell stabilizing products.

This was the first trial to test allogenic ASCs without
immunosuppression plus VitD supplementation in newly
diagnosed T1D patients. Allogenic source of cells was chosen due
to the possibility of impairment of mesenchymal stromal/stem
cells immune properties in individuals with T1D (44–46). The
use of allogenic cells in this short-term evaluation was associated
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FIGURE 3 | Levels of HbA1C, insulin dose and C-Peptide during follow-up. The levels were evaluated on blood samples before (T0) and three (T3) months after ASCs

infusion. Group 1 presented lower HbA1C (p = 0.03) and insulin dose (p = 0.01) in comparison to group 2. Group 1 presented similar CP AUC (p = 0.06) in

comparison to group 2.

FIGURE 4 | Variation of FoxP3+ cells among CD45+CD3+CD8+ cells. The levels of T-cells were evaluated on blood samples before (T0), one (T1) and three (T3)

months after ASCs infusion. (A) Individual variation of FoxP3+ cells among CD45+CD3+CD8+ cells of group 1. (B) Individual variation of FoxP3+ cells among

CD45+CD3+CD8+ cells of group 2. At T1, group 1 presented a higher frequency of CD45+CD3+CD8+FoxP3+ cells in comparison to group 2 (p = 0.03). At T0

and T3 no significant difference was found (p = 0.17 and p = 1.00, respectively).

with mild and transient unanticipated adverse events, although a
longer follow-up is still required.

After a 3 month follow-up, those that underwent ASCs
infusion + VitD had a better glycemic control and lower
insulin requirement than the group in standard treatment.
We cannot exclude that the better glycemic control in the
treated individuals are due to the higher baseline CP or slightly
older age, which have been associated with more sustained
residual β-function in previous studies (5, 47). However,
neither basal CP or age were correlated to A1c decrease in
this study and the sample comprised mostly young adults.
Moreover, separate longitudinal analyses were performed for
each group and indicated an improvement in HbA1c in the
intervention group but not in controls. This suggests that the
intervention itself might have a potential therapeutic effect (2, 4,
5, 48).

A therapeutic effect of the intervention in glycemic control
could be related to the ASCs, VitD or more probably to the
combination of both acting in multiple pathways to arrest β

cell destruction. The inverse correlation between VitD levels
and both insulin requirements and HbA1C seen in group 1
suggests a role of VitD in the process (26–28). However, most
results with vitamin D supplementation from previous clinical
trials are inconsistent and do not indicate a significant effect
on glycemic indices in patients with recent-onset T1D (29,
31). Interestingly, Gabbay et al. have shown lower CP decline
in patients with recent-onset T1D that received vitamin D
supplementation (30).

Although it is not possible to determine if a potential beneficial
effect of the combined intervention was caused by immune
modulation or by the differentiation of ASCs in β cells, the higher
frequency of CD8+FoxP3+ T cells in those that underwent the
intervention suggests an increase in T cell regulatory response.
Immunoregulatory CD8+ T cells have been reported before
(49) and were also associated with clinical response in a T1D
trial with humanized Fc-mutated anti-CD3monoclonal antibody
hOKT3 (50). However, as CD127 staining or other markers for
cell characterization were not performed, we cannot exclude
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that the higher FOXP3 expression represents solely T cell
activation (51, 52).

Both CD4+FoxP3+ and CD8+FoxP3+ cells were inversely
correlated not only to HbA1C but also to various metrics
of glucose variability, which suggests that a T cell regulatory
response in early onset T1Dmight reduce glucose excursions, but
might also be related to T cell activation. (2, 6–8, 50–52).

This study had some limitations. Firstly, the small sample
size could explain the lack of statistical significance observed
in some parameters. However, this was a pilot study with the
priority to establish the safety of ASCs and the feasibility of the
trial. Other limitations were the lower baseline CP and age in
the control group, when compared to the intervention group.
Nevertheless, we compared the percentage of changes in CP,
insulin requirements and A1c variation as well as longitudinal
changes in these parameters within each group. An additional
limitation was the absence of a group treated solely with vitamin
D and insulin, to determine if the positive results were related
to ASCs, vitamin D or both. Moreover, a longer follow-up is still
necessary to determine the long-term safety and efficacy of this
intervention. The use of Glucerna R© instead of higher glycemic
index carbohydrate preparations for CP evaluation might also be
a limitation as this might have slightly underestimated pancreatic
residual secretion but the same test was performed for all
subjects with the carbohydrate content recommended for mixed
meal test.

In summary, this was the first study to test allogenic ASCs
infusion + VitD without immunosuppression in patients with
recent onset T1D. After a 3 month follow-up, patients that
underwent intervention showed stability of CP, better glucose
control and lower insulin requirement than patients that received
only standard treatment, but the favorable outcome may be
related to random baseline differences between groups. A larger
sample and a longer follow-up period are necessary to further
investigate the safety of the treatment and to determine the
efficacy of ASCs infusion combined to VitD supplementation
for recent-onset T1D. However, this pilot study is an important
early assessment of ASCs and vitamin D supplementation as a
potential combined therapy for T1D.
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Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by multiple

organ involvement, including the skin, joints, kidneys, lungs, central nervous system and

the haematopoietic system, with a large number of complications. Despite years of study,

the etiology of SLE remains unclear; thus, safe and specifically targeted therapies are

lacking. In the last 20 years, researchers have explored the potential of nutritional factors

on SLE and have suggested complementary treatment options through diet. This study

systematically reviews and evaluates the clinical and preclinical scientific evidence of diet

and dietary supplementation that either alleviate or exacerbate the symptoms of SLE. For

this review, a systematic literature search was conducted using PubMed, Scopus and

Google Scholar databases only for articles written in the English language. Based on the

currently published literature, it was observed that a low-calorie and low-protein diet with

high contents of fiber, polyunsaturated fatty acids, vitamins, minerals and polyphenols

contain sufficient potential macronutrients and micronutrients to regulate the activity of

the overall disease by modulating the inflammation and immune functions of SLE.

Keywords: diet, nutrients, autoimmune diseases, systemic lupus erythematosus (SLE), polyunsaturated fatty

acids, vitamins, minerals, polyphenols

INTRODUCTION

Systemic lupus erythematosus (SLE), an autoimmune disease, is characterized by abnormal
inflammatory responses due to complex, aberrant humoral and cellular immune responses.
The pathogenesis of SLE is largely unknown; however, data from the literature suggest that
manifestation of this disease is the result of several environmental, hormonal, and nutritional
factors that, in predisposed subjects, contribute to impaired cellular, and humoral immune
responses (1–3). Accordingly, the presence of autoantibodies is nearly universal among patients
with SLE. Indeed, having antinuclear antibodies specifically against double-stranded DNA
(dsDNA) is a hallmark classification criterion for SLE; this and other clinical and immunological
criteria must be satisfied for SLE classification as proposed by the European League Against
Rheumatism and American College of Rheumatology (4). Autoantibodies also contribute to the
synthesis of multiple immune complexes and exert direct cytotoxic effects. As a result, SLE affects
the whole body with no system spared; finally, damage occurs in multiple organs including the
kidneys, central nervous system (CNS), skin, joints and haematopoietic system (5, 6). Although SLE
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represents a prototypical autoimmune disorder, its prevalence
is relatively low, estimated between 6.5 and 178.0 per 100,000
people, with an incidence ranging from 0.3 to 23.7 per 100,000
people per year (7).

The contribution of lifestyle-associated factors is still a matter
of controversy in SLE; however, dietary habits and dietary-
related microbiome composition are receiving more attention
from researchers (8, 9). Indeed, some SLE-related clinical features
are associated with nutrition; perhaps not as an aetiological factor
but as a clinical repercussion (10). Thus, SLE represents a mosaic
of metabolic changes and mineral and vitamin deficiencies
superimposed by the systemic presentation of arthritis, nephritis,
vascular events and organ damage to the heart, CNS, kidneys, and
skin, which contribute to increases in themorbidity andmortality
of these patients (6, 11, 12). In the last two decades, many
clinical, and preclinical studies have investigated the impact of
diet and nutrients on SLE inflammatory response and disease
activity. This has become an important highlighted topic and
remains under investigation by many researchers. Nutritional
therapy including restrictions on carbohydrate and protein and
the use of nutritional supplements (i.e., vitamins, minerals
and polyphenols) is a promising way to control inflammatory
responses in SLE (8, 13). Nutritional supplements may exert
potentially prophylactic effects with fewer or no side effects than
those of the classic pharmacological therapies besides reducing
co-morbidities and improving the quality of life of patients
with SLE.

As a broad range of evidence has demonstrated that some
diets and nutrients have antioxidant, anti-inflammatory and
immunomodulatory effects on immunoinflammatory diseases,
the present study evaluates the impact of diet and nutrients on
SLE based on the existing in vivo studies in animal models and
human subjects.

METHODS: SEARCH STRATEGY

A systematic search strategy was developed by combining
the terms SLE, “Systemic lupus erythematosus,” lupus, food,
nutrient∗, diet, intake, antioxidant∗, nutrition∗, benefit∗,
nutrition∗, physicochemical, dietary, bioactive, composition,
supplement∗, vitamin∗, mineral∗, phenol∗, “olive oil,” and
curcumin, where quotations represented an exact term and an
asterisk (∗) denoted a root word or wildcard term. PubMed,
Scopus, and Google Scholar electronic databases were searched
combining the appropriate keywords with Boolean logical
operators “AND” and “OR” using “Advanced” and “Expert”
search options (Appendix). Only English-language articles
were searched. There was no year restriction, and the final
systematic search was conducted on 22 December 2019.
Review articles, non-English articles, errata, letters, comments,
editorials, and duplicate articles among different databases
were excluded. Duplicate studies that resulted from different
electronic databases were removed and managed by EndNote
software (version X8). Study selection methodology is illustrated
in Figure 1.

MACRONUTRIENTS

Macronutrients represent the group of environmental substances
widely used by organisms for vital processes such as growth,
body development, and bodily functions. Several theories have
described the effects of macronutrient- or macronutrient-derived
molecules including glucose, amino acids, and fatty acids on
body weight regulation, maintenance of homeostasis, and the
immune response.

Carbohydrates
Carbohydrates are among the macronutrients that provide
energy and, when consumed in excess, contribute to increased
energy storage and subsequent weight gain. Although there
is no clear evidence that altering the proportion of total
carbohydrate in the diet is an important determinant of energy
intake, nutritional imbalance, and excess carbohydrate dietary
intake have been suggested as risk factors that exacerbate
clinical manifestations of several autoimmune diseases such as
rheumatoid arthritis and SLE (14). Obesity is a well-known risk
factor for low-grade inflammation characterized by activation
of several pathways involved in the expression of inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-α) and
interleukin (IL)-6. Activation of these proinflammatory pathways
significantly contributes to the perpetuation of the inflammatory
response, which are at least partly responsible for the severe
co-morbidities seen in SLE patients (15). Indeed, patients
with SLE are characterized by a high-risk of developing
metabolic syndrome, insulin resistance and type 2 diabetes
mellitus (T2DM) (16), which can contribute to increased risk
of developing cardiovascular co-morbidities, a leading cause of
premature death in SLE patients (17).

Indeed, several studies have shown that up to 35% of SLE
patients are overweight and 39% are obese, and these patients are
characterized by a higher concentration of inflammatory markers
including C-reactive protein (CRP) (18, 19). Recent studies have
suggested that obesity is associated independently with SLE
disease activity (20, 21). Corticosteroids remain the first choice
of treatment for SLE, but their administration is linked to excess
weight gain and the development of corticosteroid-induced
diabetes. Obesity was detected as an independent risk factor
in worsening the functional capacity, fatigue, and inflammation
status of patients with SLE (20, 22–24).

Mouse Models
Mouse models provide excellent insight into the pathogenesis of
SLE and the observation of dietary-induced changes. Notably,
the restriction of calorie intake leads to substantial changes
in the immune response. For example, in a study with a
lupus-prone mouse model (NZB/NZW F1), calorie intake
restriction effectively delayed the onset of proteinuria and
significantly decreased serum levels of anti-dsDNA antibodies.
Calorie restriction also had a significant impact on the B-
cell population, resulting in a reduction of their frequency
and activity. Parallel to this, a decline in CD8+ T cells and
a higher proportion of naïve CD4+ and CD8+ T cells have
been observed (25). This finding is of special importance as it
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FIGURE 1 | PRISMA flow diagram showing the process of selecting relevant studies.

shows the direct impact of calorie restriction on B-cell and T-
cell compartments, key immunocompetent cell compartments
involved directly in SLE pathogenesis (26, 27). In another
SLE-prone mouse model, when a 40% calorie-restricted diet
was provided, B:T cell and CD4+:CD8+ T-cell ratios were
significantly lowered compared with the control group (28). This
suggests a decline in the predominance of abnormally activated
T cells and regulatory T (Treg) cells that potentially reduces
disease activity.

The impact of calorie intake on autoimmune system
functioning is not restricted to immune executive cells. At the
end of the last century, Troyer et al. (29) showed that a calorie-
restricted diet was successful in modulating the key inflammatory
ligand platelet-derived growth factor (PDGF) subunit A and
the thrombin receptor, resulting in the suppression of murine
lupus nephritis. Quite recently, the direct mechanism of this
finding has been explained, elucidating the role of PDGF as a
growth factor that regulates cell proliferation and is responsible

for mesangial proliferation, periostin formation and progressive
glomerulosclerosis (30).

Less is known about the humoral response in this regard.
The influence of calorie restriction on the expression of main
cytokines and synthesis of immunoglobulin (Ig)G has been tested
in NZB/NZW F1 mice. In the study, reduced calorie intake
contributed to the reduction of interferon (IFN)-γ , IL-10, and IL-
12 mRNA expression besides the reduction of IgG secretion in
the submandibular glands (31).

Human Study
During the last several decades, the prevalence of excess body
weight has increased rapidly worldwide and is now recognized
as a main public health crisis (32). Obesity has a strong impact
on organism functioning and is linked to the development
of all diseases of civilization, including metabolic syndrome,
atherosclerosis and T2DM. Strong evidence also links obesity to
many autoimmune disorders including SLE (8, 33, 34). Obesity
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in SLE patients is associated with a poorer outcome, higher
disease activity and higher cumulative organ damage (34, 35).
Therefore, the importance of prevention and treatment of obesity
is widely acknowledged. Unfortunately, these recommendations
are chiefly driven from cross-population studies; thus, data on the
direct impact of body weight reduction on disease activity in SLE
are limited.

The influence of body weight reduction on SLE activity
has been addressed by Davies et al. (36). They enrolled 23
overweight female subjects (BMI: >25 kg/m2) with SLE who
were on corticosteroid therapy. A 6-week controlled trial where
a low glycaemic index diet (n = 11) or a calorie-restricted diet
(n = 12) was implemented resulted in significant weight loss,
reduction in waist and hip measurements and fatigue in both
treatment groups. Of note, caloric restriction did not cause any
flares of disease. However, these results must be interpreted
with caution because they from only one study that addresses
this issue, and the population studied was small. Nevertheless,
it is surprising that such an important problem has not yet
attracted greater attention, and more studies in this field are
required. Presently, evidence supports the idea that a hypocaloric
diet reduces the disease activity of SLE. By contrast, however,
not all obese patients share inflammatory profiles, and not all
individuals in a healthy weight range are metabolically healthy
(37, 38). This underscores the need for proper nutrition or weight
loss as only two factors of many for lupus patients (18). Lifestyle
modifications such asmeditation and exercise can also ameliorate
lupus symptoms (39–43). Therefore, patients with SLE should
maintain a balanced diet with caution to avoid excess daily calorie
intake besides avoiding a sedentary lifestyle, especially in the case
of obese patients or patients with a tendency toward obesity.

Proteins
The restriction of dietary protein has been addressed in several
studies in patients with SLE and animal models. These data
should be interpreted in a wider context as diet composition
rather than protein restriction alone may show beneficial effects
on SLE course. As an example, a traditional Mediterranean
diet provides protection from certain chronic diseases including
autoimmune disorders. This diet consists of vegetables, fruits,
nuts, grains, olive oils and fish with limited meat consumption.
Reduction of protein intake may be a reasonable approach in
cases of lupus nephropathy as high protein intake contributes
to reduced renal filtration, directly leading to the progression
of kidney damage (44). Indeed, Milovanov et al. (45) observed
that early restriction of dietary protein (0.6 g/kg/day) slowed the
decline in glomerular filtration rate in patients with SLE-induced
chronic kidney disease. In a cross-sectional study on Brazilian
juvenile subjects with SLE (n = 22), consistent bone mineral
loss was detected when subjects were treated with excessive
proteins (46).

It has also been postulated that not only proteins but also
selected amino acids may influence the course of SLE. In a
case-controlled study, levels of serum L-canavanine (a non-
proteinogenic amino acid) was significantly high (p < 0.01) in
a group of Mexican patients with SLE (n = 100) compared with

those of healthy controls (n= 100). This was therefore postulated
to be a risk factor in developing SLE (47).

Among the many mechanisms by which amino acids
modulate the immune response, regulation of mechanistic target
of rapamycin (mTOR) attracts special attention. The signaling
of mTOR is recognized as the most important intracellular
pathway that coordinates local nutrients and systemic energy
status at the organismal and cellular levels (48). Moreover, it is
deeply involved in the immune response; thus, any dysfunction
in this pathway may result in an aberrant immune response
and predisposition to the development of autoimmunity (49).
The role of the mTOR pathway is usually discussed in the
context of T-cell function (50). It has been shown recently that
T-cell dysfunction observed in SLE is at least partially due to
the activation of mTOR caused by reduced glutathione (GSH)
depletion via mitochondrial hyperpolarisation (51, 52). It was
established that supplementation with N-acetylcysteine (NAC),
a precursor of GSH, significantly improved the activity of SLE
disease by profoundly blocking mTOR activity (p < 0.0009) in
T cells and reversing GSH depletion (53). Regarding the other
amino acids, in case-controlled studies (54, 55), lower levels of
tryptophan and higher levels of kynurenine (a metabolite of
tryptophan) with activation of the kynurenine pathway were
detected in patients with SLE. Indeed, an interventional study
showed that NAC treatment significantly reduced the levels of
kynurenine (p= 2.8× 10−7) in patients with SLE (56). Therefore,
supplementation with NAC or a GSH-rich diet and nutrients may
exert a therapeutic role in the management of SLE.

Contrary to this, a diet low in phenylalanine and tyrosine
showed a protective role against nephropathy (57) and reduced
autoantibody production in a mouse model (NZB/W) of SLE
(58). In another study, high L-arginine intake was associated
with renal fibrosis and shortened the life span of MRL/lpr SLE
mice (59).

Considering the role of proteins and amino acids, it should
be emphasized that a diet of moderate protein intake is
recommended, and a high-protein diet should be avoided
especially by patients with lupus-related kidney diseases (e.g.,
overt lupus nephropathy). Major sources of dietary proteins
are shown in Table 1 based on the United States Department
of Agriculture (USDA) National Nutrient Database for Standard
Reference (60).

Essential Fatty Acids
Fatty acids (FAs), especially polyunsaturated FAs (PUFAs),
are an effective and essential dietary factor for patients
with SLE (61). Among PUFAs, omega-3 (ω-3) fatty acids
[i.e., docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA)] can reduce the level of inflammatory mediators
(Figure 2) as well as CRP. EPA and DHA can further reduce
lymphocyte proliferation, macrophage-mediated and cytotoxic
T-cell-mediated cytotoxicity, synthesis of proinflammatory
cytokines, and chemotaxis from monocytes and neutrophils.

In a lupus-prone mouse model, when animals were fed
with DHA, IFN-related genes were suppressed besides
reduced autoantibody levels and glomerulonephritis (62).
In another lupus-prone mouse model (female NZBWF1), the

Frontiers in Immunology | www.frontiersin.org 4 July 2020 | Volume 11 | Article 1477162

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


Islam et al. Diet, Nutrients, and SLE

TABLE 1 | Major nutrient sources related to systemic lupus erythematosus.

Nutrients Sources*

MACRONUTRIENTS

Amino acids Eggs, meat, dairy products, pulses/legumes, whole cereals, royal jelly, and seafoods.

Polyunsaturated fatty acids Omega-3 Fish oil, krill oil, flaxseed oil, canola oil, soybean oil, olive oil, nuts, margarine, and fishes (i.e., salmon, tuna, sardine,

herring, mackerel, sablefish, whitefish).

Omega-6 Safflower oil, sunflower oil, soybean oil, maize oil, sesame oil, canola oil, corn oil, poppyseed oil, nuts, walnut oil,

primrose oil, margarine, ruminant, meat, eggs, and milk.

Fiber Beans, cereals, pulses/legumes, whole grains, vegetables, fruits, curry powder, cinnamon, dried rosemary, dried

oregano, coriander seed, dried basil, chili powder, and cloves.

MICRONUTRIENTS

Vitamins A Carrots, sweet potatoes, pumpkins, spinach, shallots, kale, pepper, liver, fish oil, various meats, and tropical fruits.

B complex Fortified cereals, peanut butter, potatoes, dried peppers, nuts, banana, avocado, eggs, chicken, various red

meats, liver, mollusks, salmon, and sardine.

C Tangerine, orange juice, apple, papaya, guava, litchis, kiwi, broccoli, tomato, carrot, pepper, and whole cereals,

green tea, coriander leaf.

D Sunlight exposure, eggs, liver, fatty fishes (i.e., salmon eel, mackerel, trout sturgeon, swordfish, and sardine), fish

oil, cod liver, mushrooms, and supplemented dairy products.

E Wheat germ, sunflower oil and seeds, canola oil, soybean, whole cereals, nuts, almonds, peanut butter, milk, fish,

spinach, pepper, and margarine.

Minerals Calcium Dairy products, dried basils, dried tofu, kale, soybean, spinach, sardine, and fortified whole cereals.

Zinc Mollusks, whole cereals, peanut butter, seeds, white beans, soybean, spinach, milk, beef, turkey, and lamb.

Sodium Table salt, soy sauce, salted fishes (i.e., mackerel and salmon), wasabi, salted tofu, chili powder, canned foods,

and cheeses with salt.

Selenium Pike, carp, rainbow trout, mollusks, wheat germ, whole cereals, sunflower seeds, nuts, fish (tuna, cod, haddock,

salmon, crayfish, herring), egg, chicken liver, turkey, lamb, beef, mustard seed, fortified flours and products, and

ricotta.

Iron Fortified whole cereals, dried basil, dried spearmint, seaweed, cumin seed, fenugreek seed, turmeric, bay leaf,

soybeans, kale, pulses/legumes, mollusks, various meats, spinach, and broccoli.

Copper Beans, sesame seeds, sunflower seeds, dried basil, lentils, mushrooms, seaweed, nuts, mollusks, various meats,

and liver.

Polyphenols Various fruits and vegetables (i.e., grapes, oranges, watermelon, kiwi, apple, tomato, lettuce, broccoli, asparagus,

spinach, lentils, celery, parsley, thyme, and peppermint), green tea, coffee, walnut, green, and white beans, olive

oil, chamomile olives, and legumes.

*Based on the USDA, National Nutrient Database for Standard Reference 2018.

autoimmune response (i.e., increased levels of proinflammatory
cytokines) was triggered by airway silica exposure, resulting in
glomerulonephritis, lung damage and autoantibody formation. It
was established that an isocaloric diet containing DHA reduced
cytokine and chemokine synthesis, lymphocyte infiltration and
autoantibody synthesis by plasma cells in this model (63).

In the mid-1980s, Kelley et al. in his pioneer study (64)
demonstrated the direct impact of a fish oil diet (rich in EPA)
on prostanoid metabolism and function that ultimately led to
reduction of the inflammatory response in MRL/lpr mice. Many
years later, the mechanism of this phenomenon was explained.
The direct anti-inflammatory effect of EPA was due to the
inhibition of cyclooxygenase (COX)-1, a key enzyme in the
prostanoid synthesis pathway (65). Parallel to the inhibition of
COX, fish oil ω-3 PUFA suppressed autoantibody production
and reduced the gene expression of inflammatory response-
related products, especially in the spleen and kidney of a murine
SLE model. These mechanisms ultimately lead to the inhibition
of glomerulonephritis and inflammation and prolong the lifespan
of lupus-prone mice (66, 67). Fish oil maintained the enzymatic

ratios of reduced GSH to oxidized GSH (GSH:GSSG) and
the antioxidant profile in lupus-prone aged B/W mice (68).
Furthermore, DHA-enriched fish oil reduced IgG deposition and
caspase 1 in the kidney and anti-dsDNA antibody production
and lipopolysaccharide-induced IL-18 production in the serum.
It downregulated genes related to CD4+ T cells and decreased
the expression of TNF-α, CD80, CXCR3, CTLA-4, and various
ILs (i.e., IL-6, IL-10, and IL-18) in the kidneys and spleens of
SLE-prone mice (66, 67).

Translationally, these immunomodulatory mechanisms assist
to minimize inflammatory responses in patients with SLE (69–
71). Omega-3 PUFA from fish oil improved the endothelial
function of patients with SLE in one study (72) but not in
another (73). Besides their anti-inflammatory activity, dietary
fish oil supplements also have played important roles in
decreasing symptoms related to neuromotor and cardiovascular
involvement and have improved conditions of fatigue and
depression in patients with SLE (72, 74). Recently, in a
double-blind randomized controlled trial, Seluang fish (Rasbora
Spp.) oil (500 µL/day) reduced the inflammatory response in
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FIGURE 2 | Immunomodulatory benefits of nutrients in SLE (based on the studies on human and animal models). In the immune-mediated pathogenesis of SLE,

vitamin A inhibits anti-dsDNA antibodies, activation of B-cells, IFN-γ, CD4+ T-cell, Th17 cells, IL-10; vitamin D inhibits IL-10, IL-17, IFN-γ, B-cells, Th1, Th17, CD4+ T

cells; ω-3 PUFAs inhibit anti-dsDNA antibodies, CD4+ T-cells and ω-6 PUFAs inhibit anti-dsDNA antibodies, IL-10, and IFN-γ. Vitamin A, vitamin D, curcumin, EGCG,

and royal jelly were found to activate Treg cells. Anti-dsDNA, Anti-double-stranded DNA; PUFA, Polyunsaturated fatty acids; EGCG, Epigallocatechin-3-gallate.

patients with SLE by increasing serum levels of vitamin D and
reducing IL-1, IL-6, and IL-17 (75). Altogether, concentrated
fish oil increased the activity of renal antioxidant enzymes
(i.e., GSH peroxidase and catalase) and serum vitamin D
levels and reduced IL-1, IL-6, IL-1β, IL-17, and TNF-α

besides anti-dsDNA antibody production in the kidney, spleen
and liver.

A similar conclusion comes from studies on linoleic acid (ω-
6 PUFA). Conjugated linoleic acid (CLA, an isomer of linoleic
acid) demonstrated significant efficacy in SLE-induced rats by
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hindering cytokine and autoantibody production by controlling
splenomegaly. It also obstructed oxidative stress as well as the
nuclear factor kappa B (NF-κB) pathway and thus improved
SLE activity and minimized mortality rates (76–78). Moreover,
CLA demonstrated beneficial effects in SLE by improving the
lipid profile in animal models by exhibiting antioxidant and
anti-sclerotic activities (76–78).

Extra virgin olive oil (EVOO), as a main source of
unsaturated fatty acids, reduced disease activity in a pristane-
induced SLE mouse model by influencing proinflammatory
cytokine expression in the spleen and kidney besides
regulating prostaglandin E2 levels in the kidney and matrix
metalloproteinase-3 in the serum. The potential mechanisms by
which EVOO may exert beneficial effects on SLE activity may
involve such pathways as mitogen-activated protein kinase, Janus
kinase/signal transducer and activator of transcription, NF-κB,
NF-E2-related factor-2, and heme oxygenase-1 pathways (79).

Only two studies addressed the role of fatty acids in patients
with SLE. In a cross-sectional study on women with SLE (n =

105), a diet with inflammatory potential (measured here as high
dietary inflammatory index) was associated with a less-favorable
lipid profile in patients with SLE (80). A population-based study
(n = 456) suggested that a higher dietary intake of ω-3 fatty
acids and lower ω-6:ω-3 ratios were favorably associated with
self-reported lupus activity and sleep quality (81). This is an
interesting finding that suggests a direct influence of a ω-3-rich
diet on the disease activity and quality of life in patients with
SLE. Among many mechanisms that may potentially explain this
finding, the impact of EPA and DPA on the synthesis of serotonin
has been recently proposed (82). Higher serotonin levels may
simply alleviate dysfunction in the serotoninergic system, thereby
contributing to the reduction of neuropsychiatric symptoms,
depression and sleep disturbance (82).

Despite certain fatty acids significantly improving SLE
conditions, some research has indicated ambiguity concerning
their effectiveness in SLE (especially of ω-3 and ω-6 PUFAs),
which are related to overconsumption, dose-dependent
complexity, adverse immune responses and accelerated
autoimmune symptoms; these should be carefully considered
(83–85). Major sources of dietary PUFAs (ω-3 and ω-6), based
on theUnited States Department of Agriculture (USDA), National
Nutrient Database for Standard Reference (60), are shown in
Table 1.

Fiber
Dietary fiber consists of edible carbohydrate polymers with three
or more monomeric units that are resistant to endogenous
digestive enzymes and are thus neither hydrolysed nor absorbed
in the small intestine (86). Although fiber is present in a
wide range of plant-based food sources, consumption is low in
Western countries, contributing to changes in gut microbiota
that may influence the development of serious gastrointestinal,
cardiovascular and autoimmune disorders (87). Indeed, Statovci
et al. (88) observed that a westernized diet with low fiber
stimulates pathogenic bacterial growth inside the gut. Other
studies also found a connection between fiber intake and diversity
of intestinal microbiota (89, 90). Low levels of short-chain fatty

acids (SCFAs), an end product of fiber fermentation, due to
lower availability of dietary fiber can result in inflammation
and imbalance in innate and adaptive immunity (91, 92).
Parallel to this dietary residue, complex carbohydrates (fiber)
are substrates for fermentation that produces SCFAs, and these
serve as an energy source for gut microbiota. Thus, any changes
in fiber intake may lead to a reduction of the population
of gut microbiota (dysbiosis). Dysbiosis is not an uncommon
phenomenon in patients with SLE and can be partially explained
by the insufficient intake of dietary fiber (93–97). In a prospective
study on Japanese female patients with SLE (n = 43) (98), an
inverse correlation was observed between high intake of dietary
fiber and risk of active, possibly through improving overall
immune functions and suppressing active inflammation.

Therefore, an adequate intake of dietary fiber is recommended
in patients with SLE because of the beneficial effects of fiber
in reducing the disease activity by decreasing serum levels of
autoantibodies and inflammatory cytokines. The major sources
of dietary fiber are shown in Table 1 based on the United States
Department of Agriculture (USDA), National Nutrient Database
for Standard Reference (60).

MICRONUTRIENTS

Micronutrients comprise chemical compounds and essential
elements that are required by organisms in varying quantities
(usually very low) throughout life to orchestrate a range of
metabolic activities tomaintain health. This term usually refers to
the vitamins andminerals that cannot be synthesized by the body
and must be derived from the diet (99). Micronutrients typically
can be divided into four categories: water-soluble vitamins, fat-
soluble vitamins, microminerals and trace minerals.

Vitamin A
Vitamin A, a member of the fat-soluble vitamins, is an essential
factor with multiple functions, including maintaining immune
system, integrity and proper function besides acting upon
nuclear retinoic acid receptors regulating transcription of several
genes. In the MRL/lpr mouse model of lupus, vitamin A
exerts paradoxical effects on the development of autoimmune
lupus, resulting in decreasing inflammation in some organs
or exacerbation of disease course in others (100). In another
study with the (MRL/MPJ-lpr/lpr) SLE mouse model, vitamin
A deficiency exerted a suppressive effect on the activities of
abnormal T and B cells and suppressed serum anti-dsDNA
antibody production (Figure 2) (101). Ikeda et al. (102) observed
that 5–10 mg/kg oral administration of etretinate (a synthetic
vitamin A derivative) significantly reduced dermal thickness (p
< 0.05) in this SLE mouse model (MRL/lpr) compared with that
of the controls by inducting apoptosis in dermal infiltrating cells
and regulating cytokine production.

Considering human studies, Kinoshitak et al. (103) observed
that after treatment with retinoids, levels of anti-dsDNA antibody
and proteinuria were improved without side effects in patients
with lupus nephritis. Daily intake of 100,000U of vitamin A
produced enhanced antibody-dependent cellular cytotoxicity,
natural killer cell and IL-2 activities in patients with SLE (104).
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In a case-controlled study with Indonesian patients with SLE (n
= 62), vitamin A modulated T-helper type (Th17), and Treg cell
balance (105).

Vitamin B
The role of the vitamin B group in autoimmune patients is
usually discussed in the context of its insufficiency. Indeed,
several studies have indicated a low level of vitamin B in SLE
patients in comparison with those of healthy controls. Vitamin B2
(riboflavin) deficiency was detected in 88% of a cohort of Chinese
patients with SLE (n = 258) in an observational study (106).
Similarly, significantly low levels of vitamin B12 (cobalamin)
were observed (<180 pg/mL) in another cohort of patients with
SLE (n = 43) when compared with those of healthy individuals
(p < 0.0005); however, this was not significantly associated
with disease activity (107). Later, in a prospective study on
female Japanese patients with SLE (n = 43) (98), an inverse
correlation was observed between a high intake of vitamin B6
(pyridoxine) (1.7 mg/day) and the risk of active SLE, possibly
through improving overall immune functions and suppressing
active inflammation. Furthermore, immunotherapy with vitamin
B9 (folate) alleviated SLE-related symptoms in two lupus-prone
mouse models (NXBW/F1 and MRL/MpJTnfrsf6lpr), leading to
a significant prolongation of survival (p = 0.005) in both cases
(25–53 vs. 16–31 weeks for untreated mice) (108).

Vitamin C
In a 4 year prospective study on Japanese patients with
SLE (n = 279), it was observed that vitamin C intake
(109.99 mg/day) was significantly inversely associated (p =

0.005) with the risk of developing active SLE (109). These
researchers postulated that the antioxidant properties of
vitamin C modulated immune functions, regulated the release
of inflammatory mediators, decreased oxidative stress and
suppressed autoantibody production in the SLE subjects. In a
double-blind randomized placebo-controlled study of patients
with SLE (n = 39), after a 12 week combined therapy with
vitamin C (500mg/day) and vitamin E (800 IU/day), reduction in
lipid peroxidation was observed without affecting other oxidative
stress markers or endothelial function (110).

Vitamin D
Recently, the role of vitamin D in the development of various
autoimmune diseases has attracted attention. Vitamin D is
commonly recognized as a pleiotropic compound, and its role
goes beyond managing calcium metabolism. Not long ago,
it was confirmed that vitamin D exerted a strong effect on
cellular proliferation, differentiation and immune modulation.
Congruently, vitamin D exerted protective effects in several
diseases like hypertension, diabetes, cardiovascular diseases
(CVDs), autoimmune diseases and cancer development (111).
Studies on the role of vitamin D are especially important
because vitamin D deficiency is commonly observed in people
from developed countries and may potentially contribute to the
increasing burden of autoimmune diseases in the last few years
(112, 113).

A significantly high prevalence of vitamin D deficiency has
been observed in patients with SLE in Saudi Arabia (114),
Bahrain (115), the USA (116, 117), Canada (118), Jamaica (119),
Brazil (120), France (121), Hungary (122), Denmark (123),
and Spain (124, 125). In clinical studies on patients with SLE,
significant inverse correlations were observed between serum
levels of vitamin D and SLE disease activity index (SLEDAI) score
in Malaysian (126), Taiwanese (127), Thai (128), Indian (129),
Egyptian (130, 131), Saudi Arabian (132), Brazilian (133, 134),
Australian (135), American (136), Hungarian (122), and Chinese
(137) populations with an exception of Serbian SLE subjects (n=
46) (138). Interestingly, two prolonged follow-up studies (up to
329 months) observed no associations between reported dietary
intake of vitamin D during adolescence and risk of developing
SLE in adulthood (139) and in adult women (140), suggesting
that vitamin D metabolism may be at least partially related to
inflammatory status in autoimmune patients. Several reasons
for vitamin D inadequacy are independent of vitamin D dietary
intake. Specifically, in lupus patients, vitamin D deficiency
may be due to the avoidance of sunshine, photoprotection,
impaired vitamin D synthesis (renal insufficiency) or the
use of medications such as glucocorticoids, anticonvulsants,
antimalarials, and calcineurin inhibitors, which exert a negative
impact on the metabolism of vitamin D or downregulate the
functions of the vitamin D receptor (113).

Vitamin D and SLE Activity
Considering the role of vitamin D deficiency on the development
of SLE, Yu et al. (141) recently demonstrated that vitamin D plays
a protective role in the autoantibody-induced injury of podocytes
(kidney cells that wrap around capillaries of the glomerulus)
in patients with lupus nephritis, which could be a potential
novel therapeutic target to treat lupus nephritis. From a 24
week double-blind randomized placebo-controlled trial by Lima
et al. (142), it was established that supplementation of vitamin
D in patients with juvenile-onset SLE effectively improved
parameters of bone microarchitecture (p= 0.024). Bone marrow
mesenchymal stem cells from patients with SLE show impaired
proliferative capacity compared with that of normal controls
(143). Administration of an analog of vitamin D (EB1089)
promoted proliferation and osteogenic differentiation of stem
cells by the Smad 1/5/8 signaling pathway (144). Although
vitamin D deficiency was insignificantly correlated with higher
SLEDAI scores in Egyptian patients with juvenile-onset SLE
(145), it was later suggested that vitamin D supplementation was
effective for a significant reduction of SLEDAI (p = 0.01) and
improving fatigue (p= 0.008) in Brazilian patients with juvenile-
onset SLE (146). It was observed from two recent meta-analyses
that the serum levels of vitamin D were significantly low (p <

0.00001) in patients with SLE compared with those of healthy
controls (147), and vitamin D supplementation was significantly
effective (p < 0.001) in increasing these low serum vitamin D
levels in patients with SLE with improved fatigue (148). In a
group of patients with SLE, levels of mTOR mRNA were higher
in a group with severe vitamin D deficiency compared with a
group with vitamin D insufficiency (p = 0.036) indicating that
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severe vitamin D deficiency contributes to SLE pathogenesis via
increased expression of mTOR (149).

Cytokines and Innate Immunity
Increased levels of antinuclear antibodies, IL-23, and IL-
17 (important for Th17 development and function) were
also significantly associated (p < 0.05) with a vitamin D
deficiency (120). Abnormal activation of toll-like receptors
(TLRs) contributes to the pathogenesis of SLE, and, interestingly,
vitamin D exerts some of its immunomodulatory effects in
patients with SLE by significantly downregulating the expression
levels of TLR3 (p = 0.03), TLR7 (p = 0.0001), and TLR9
(p = 0.007) (150). Autoimmune diseases like SLE may result
from a conversion of Treg cells into Th17 cells, and in the
serum of patients with SLE, IL-17 levels were abnormally high.
After 6 months of vitamin D supplementation in a group of
Portuguese patients with SLE (n = 24), the FoxP3+:IL-17A
ratio was higher than that in the baseline (p < 0.001) (151).
Similar conclusions arose from studies on IFNs. Low levels of
vitamin D were significantly associated with high expression of
IFN-α (p < 0.05) (130) and high levels of IFN-α (p = 0.02)
(152) and IFN-γ (p = 0.03) (153) in the SLE group compared
with the control group. Vitamin D deficiency was associated
with impaired endothelial repair mechanisms and induction of
CVDs with the potential to activate the type I IFN signaling
pathway in SLE (154). Reynolds et al. (155) demonstrated that
vitamin D positively modifies endothelial repair mechanisms
by reducing CXCL-10 expression and thus reduces risks of
CVDs in SLE. Handono et al. (156) showed that vitamin D
significantly prevented endothelial damage (p < 0.05) induced
by increased neutrophil extracellular trap formation in patients
with SLE.

Adaptive Immunity
Vitamin D also induced the expansion of SLE Treg cells
(CD25high Foxp3+). However, Schneider et al. (157) did not
find any significant association between levels of vitamin D
and cytokine profiles in SLE patients. After long-term (12
months) monthly treatment with vitamin D in patients with
SLE, a significant enhancement (p = 0.03) of Treg cells
(CD4+CD45RA+CCR7−) was observed (158). Similarly, lower
levels of vitamin D caused a significant reduction (p = 0.015)
in the percentage of migrated Treg cells (CD4+CD25+CCR4+)
compared with that of healthy controls (159). The CD4+/CD8+

ratio was significantly higher (p < 0.001) in patients with
severe vitamin D deficiency compared with a vitamin D-
insufficient group (149), and vitaminD supplementation elevated
CD4+CD8+ double-positive T cells (160) or inhibited the
activation of CD4+ T cells (Figure 2) through inhibition of the
PKCδ/ERK pathway and reduced expression of inflammatory
factors (161). Through vitamin D supplementation for 6 months
in patients with SLE (n = 20), hypovitaminosis D, Treg-
cell balance (increased Treg cells and decreased effector Th1
and Th17 cells) and B-cell homeostasis were restored with
reduced anti-dsDNA antibodies (162). Low levels of vitamin
D (<20 ng/mL) were associated with reduced micro (mi)-RNA

expression in T cells (i.e., miRNA-377, miRNA-342, miRNA-10a,
miRNA-374b, miRNA-125a, and miRNA-410) of patients with
SLE compared with those of healthy controls, indicating that
unfavorable immunological alterations take place because of a
lack of vitamin D in patients with SLE (163).

Vitamin E
Considering the pivotal role of vitamin D in the development
of SLE, data on the fat-soluble vitamin E are still scanty. Some
animal studies have addressed this problem with contradictory
results. In the one study using SLE-prone NZB/W F1 mice
as a model, high-dose vitamin E supplementation (550
mg/kg all-rac-α-tocopheryl acetate) decreased anti-dsDNA IgG
antibody (Figure 2), oxidative stress, regulated cytokines (IFN-
γ and IL-6 secretion) and production of lymphocytes (B-cell
differentiation), subsequently alleviating the severity of SLE
with a prolonged lifespan (164). By contrast, Hsieh et al. (165)
observed that low-dose vitamin E supplementation (250 mg/kg
all-rac-α-tocopheryl acetate) was more beneficial for the survival
of SLE-prone MRL/lpr mice, lowering the levels of anti-dsDNA,
and anticardiolipin antibodies when compared with those of the
high-dose group (500 mg/kg all-rac-α-tocopheryl acetate).

Our current understanding of the role of vitamin E in
the development of SLE in humans is also limited. From a
prospective case-control study, lower levels of serum vitamin
E were detected in a group of SLE patients (0.64 ± 0.09
mg/dL) compared with those of normal controls (0.80 ± 0.21
mg/dL) (166). According to the study of Maeshima et al. (167),
oral administration of vitamin E (150–300 mg/day) in patients
with SLE suppressed synthesis of antibodies via a mechanism
independent of antioxidant activity. In a study with Egyptian
patients with SLE (n = 25) (168), when Nigella sativa and
vitamin E were supplemented together for 3 months, levels
of antioxidant enzymes such as reduced GSH and superoxide
dismutase were increased significantly when compared with the
levels before supplementation (p < 0.001). Moreover, levels
of IL-10, malondialdehyde, nitric oxide and inducible nitric
oxide synthase decreased significantly compared with pre-
supplementation levels (p < 0.001). Additionally, there was a
significant decrease in antinuclear antibodies (p < 0.001), anti-
dsDNA levels (p < 0.001), and SLEDAI score (p < 0.01).

Minerals
Like other micronutrients, minerals such as calcium, zinc,
sodium, selenium, iron and copper generally attenuate SLE
activity via different immunomodulatory mechanisms (Table 2).
However, special attention must be given to mineral intake
because it is best to restrict the consumption of some minerals
like sodium. Table 2 shows the major dietary mineral sources
based on the United States Department of Agriculture (USDA),
National Nutrient Database for Standard Reference (60).

NUTRACEUTICS

Evidence accumulated over the past decade has demonstrated
that various nutrients possess additional effects on body function
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TABLE 2 | Effects of dietary minerals on disease activities of SLE.

Minerals Study model Country Findings Year, References

Calcium Cross-sectional Spain Vitamin D-calcium supplementation increased the serum levels of vitamin D, however, do

not modify the serum calcium levels rather increased arterial stiffness significantly (IMT; p

= 0.041).

2019, (169)

Prospective

interventional

Saudi Arabia Vitamin D-calcium supplementation significantly improved the bone mineral density in

vitamin D-deficient SLE patients, however, not significantly attenuated immune markers or

disease activity.

2018, (170)

Case-control Egypt There was no significant correlation between SLEDAI score and calcium supplementation

(p = 0.861).

2016, (171)

Animal model USA In presence of high-calcium diet, vitamin D supplement markedly suppress inflammatory

T-cell activity in experimental MRL/lpr SLE mice.

2001, (172)

Zinc Animal model USA Zinc restriction reduced autoantibodies (i.e., anti-dsDNA antibody) and lymphoproliferation

in MRL/lpr SLE mice.

2001, (173)

Animal model USA Zinc-deficient diet retarded autoantibody (i.e., anti-dsDNA antibody) production in

NZB/NZW SLE mice.

1982, (174)

Animal model USA Depot-zinc therapy significantly reduced kidney damage in the B/W SLE mice (p < 0.01). 1981, (175)

Sodium Cross-sectional Mexico A positive correlation was detected between sodium intake and levels of

CD4+CD25+Foxp3+ Treg cells in SLE.

2018, (176)

Prospective Italy Due to dietary sodium intake, Th17 and Treg cells significantly decreased (p = 0.01) and

increased (p = 0.04), respectively. Additionally, serum IL-9 levels were significantly

reduced in SLE patients (p = 0.03).

2017, (177)

Animal model China Excessive intake of sodium in diet aggravated lupus nephritis through SGK1 pathway by

significantly increasing the Th1/Th2 and Th17/Treg ratios in MRL/lpr SLE mice.

2015, (178)

Selenium Animal model USA Selenium supplementation leads to impaired differentiation and maturation of

macrophages.

(179)

Selenium in the drinking water significantly improved the survival rate (p < 0.04) and

increased NK cell activity (p < 0.001) of the NZB/NZW SLE mice though there was no

effect on autoantibody (i.e., anti-ssDNA antibody) production.

1988, (180)

Iron Animal model USA Anemia and incidence of skin lesions were high in severely iron deficient MRL/MPJ-lpr/lpr

SLE mice.

1995, (181)

Copper Double blind, double

placebo-controlled trial

Ireland No significant effect on SLAM-R was observed. 2004, (182)

SLEDAI, Systemic lupus erythematosus disease activity index; dsDNA, Double stranded DNA; ssDNA, Single stranded DNA; IMT, Intima-media thickness; SGK1, Serine/threonine

protein kinase 1; Th, T helper; Treg, Regulatory T; IL, Interleukin; NK, Natural killer; SLAM-R, Revised Systemic Lupus Activity Measure.

and metabolism. Concordantly, several studies have shown that
nutrients modify the immune response as well as the integrity
of the organs and tissues. In connective tissue diseases where
a pharmacological approach is limited and introduces the risk
of several severe side effects, there is a demand for compounds
that potentially exert beneficial effects without side effects. Such
compounds are commonly referred to as nutraceuticals, and this
approach, although a bit controversial, has been tested in several
SLE studies.

Polyphenols
Curcumin
Curcumin, a major natural polyphenol of turmeric, exerted a
protective effect against lupus nephritis in SLE-prone MRL/lpr
mice by reducing serum anti-dsDNA antibody levels and
inhibiting the expression of the NLRP3 inflammasome, which is
believed to be a key player in the development of lupus nephritis
(183). An experimental study with SLE-prone MRL/lpr mice
demonstrated that curcumin aggravated CNS pathology (184).
Moreover, curcumin decreased anti-dsDNA IgG antibodies and

attenuated lupus nephritis upon interaction with Treg cells in
SLE-prone NZB/W F1 female mice (185).

Direct translation of these promising data into clinical
application is a difficult task; data in this field are scarce and
frequently controversial. In a small double-blind randomized
controlled trial (n= 39), when curcumin was administered along
with vitamin D in a group of patients with SLE who displayed
hypovitamin D, no significant differences arose in SLEDAI
reduction or decreased serum IL-6 and increased TGF-β1 (186).
Contrary to this, another study revealed that administration
of low doses of curcumin (0.1 and 1.0µg/mL) to cultured
CD4+ cells from patients with SLE significantly (p < 0.001)
modulated the Th17/Treg balance without affecting healthy
subjects (187). Similar to this in vitro experiment, low-dose
curcumin (0.1µg/mL) inhibited the expression and activation
of PYK2 in peripheral blood mononuclear cells (PBMCs) and
reduced the proliferation of PBMCs in patients with lupus
nephritis (188).

Although the results of completed studies are somewhat
promising, they are inconclusive, and more studies on the role
of curcumin in SLE are warranted.
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Virgin Olive Oil
In a pristane-induced BALB/c mouse model of SLE,
administration of virgin olive oil (VOO) and its phenol
fraction (with major components of hydroxytyrosol,
tyrosol, oleuropein aglycone, and ligstroside aglycone)
counteracted inflammatory pathways in cells of the monocyte–
macrophage lineage (189). Therefore, both VOO and its
phenol fraction are promising immunomodulators of SLE
activity. Epigallocatechin-3-gallate (EGCG), the major
bioactive polyphenol present in green tea, enhanced the
Nrf2 antioxidant signaling pathway, decreased renal NLRP3
inflammasome activation and increased systemic Treg cell
activity in NZB/W F1 SLE-prone mice (190). EGCG attenuated
inflammation in mesangial cells of SLE-prone MRL/lpr
mice via the PI3K/Akt/mTOR pathway by decreasing Akt
phosphorylation (191).

Limited data exist on the role of VOO in modulating
the immune response in SLE patients. An in vitro
study on PBMCs derived from SLE patients (192)
showed that the phenol fraction of VOO was successful
in modulating cytokine production and attenuated
induced T-cell activation, most likely through the NF-κB
signaling pathway.

Polyphenols and Microbiota
Cuervo et al. (193) determined an association between
polyphenol intake and fecal microbiota in Spanish patients
with SLE compared with healthy controls. Major dietary
sources of polyphenols include various fruits and vegetables
(oranges, lettuce, watermelon, kiwi, tomato, apple, lentils
and celery) as assessed through a semi-quantitative food-
frequency questionnaire. Interestingly, a well-balanced diet
with a high intake of apples and oranges besides other fruits
and vegetables rich in flavonoids has been associated with
the presence of beneficial microorganisms (i.e., Lactobacillus,
Blautia, and Bifidobacterium) in the fecal matter of these patients
with SLE.

Flavonoids
The results of a 6 year survey collected in 2016 showed
that higher serum levels of lycopene (enriched in tomatoes,
red carrots and watermelons) have a significant protective
effect on mortality when compared with lower levels (5.3
vs. 33.3%; p = 0.04) in subjects with SLE (194). Apigenin
(a mutagenic flavonoid rich in parsley, thyme, peppermint,
olives and chamomile) inhibited autoantigen presentation
and stimulatory functions of antigen-presenting cells
necessary for activation and expansion of autoreactive
Th1 and Th17 cells (Figure 2) and B cells in SLE by
downregulation of COX-2 expression (195). Nevertheless,
Pocovi-Gerardino et al. (196) documented no significant
correlation between the dietary intake of macronutrients,
micronutrients or antioxidants, and serum levels of CRP in
patients with SLE.

Royal Jelly
Royal jelly, a creamy product secreted by young nurse worker
bees (Apis mellifera), is composed of 10–12% carbohydrates,
12–15% proteins, and 3–7% lipids, vitamins, minerals and
polyphenols. In an open-label study, children with SLE (n
= 20) received 2 g of freshly prepared royal jelly daily for
12 weeks. The SLEDAI score significantly improved (p =

0.01) after 3 months of royal jelly therapy. Complement C3
(p = 0.009) and C4 (p = 0.014) levels also significantly
increased at the end of the 12-week treatment. Additionally,
percentages of CD4+CD25+high and CD4+CD25+highFOXP3+

cells (CD4+ Treg cells) were significantly increased after
royal jelly treatment (p < 0.01); however, the frequency
of Treg cells remained significantly lower than that in the
control group (p = 0.01). Moreover, CD8+CD25+high and
CD8+CD25+highFOXP3+ cells (CD8+ Treg cells) significantly
increased after royal jelly treatment (p < 0.01). Percentages of
CD8+CD25+high and CD8+ Treg cells in patients with SLE
at baseline (prior to royal jelly treatment) were significantly
lower than in the control group of children without SLE (p =

0.003) (197).
In another study, when royal jelly was administered in a

group of SLE-prone NZB/NZW F1 female mice, a significant
delay in the onset of the disease and prolonged lifespan
were observed. Additionally, serum levels of anti-ssDNA, anti-
dsDNA antibodies and autoreactive B cells were significantly
decreased (198).

CONCLUSIONS

Because dietary supplementation of various macronutrients
and micronutrients has exhibited immunomodulatory
effects including maintenance of homeostasis and
improvement of physical and mental well-being of
patients with SLE, it is recommended that these
patients consume a balanced diet that is low in calories
and protein but contains plenty of fiber, PUFAs (ω-
3 and ω-6), vitamins (A, B, C, D, and E), minerals
(calcium, zinc, selenium, iron and copper) and
polyphenol-containing foods.
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