Osteoporos Int
DOI 10.1007/s00198-012-2204-6

REVIEW

How important is vitamin D in preventing infections?
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Abstract Interaction with the immune system is one of the
most recently established nonclassic effects of vitamin D
(VitD). For many years, this was considered to be limited to
granulomatous diseases in which synthesis of active 1,25-
dihydroxyvitamin D3 (1,25(OH),D;) or calcitriol is known
to be increased. However, recent reports have supported a
role for 1,25(OH),D; in promoting normal function of the
innate and adaptive immune systems. Crucially, these
effects seem to be mediated not only by the endocrine
function of circulating calcitriol but also via paracrine (i.e.,
refers to effects to adjacent or nearby cells) and/or intracrine
activity (i.e., refers to a hormone acting inside a cell) of 1,25
(OH),Ds5 from its precursor 25(OH)D5, the main circulating
metabolite of VitD. The ability of this vitamin to influence
human immune responsiveness seems to be highly depen-
dent on the 25(OH)Dj; status of individuals and may lead to
aberrant response to infection or even to autoimmunity in
those who are lacking VitD. The potential health signifi-
cance of this has been underlined by increasing awareness
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of impaired status in populations across the globe. This
review will examine the current understanding of how VitD
status may modulate the responsiveness of the human im-
mune system. Furthermore, we discuss how it may play a
role in host resistance to common pathogens and how ef-
fective is its supplementation for treatment or prevention of
infectious diseases in humans.
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Introduction

In addition to the traditional role of vitamin D (VitD) in
skeletal homeostasis, there has been a great deal of interest
about its activity in regulating several other facets of human
health. VitD induces differentiation and inhibits prolifera-
tion of various normal and cancer cells, while evidence
suggests for different roles of VitD and of its active metab-
olites in a large number of tissues [1]. There has also been a
great deal of interest in the potential role of VitD in host
resistance to infections, which came as a result of the fol-
lowing four findings [2—6]:

1. The immune system is able to produce the enzyme
(cytochrome 27B1 (CYP27B1)=25-hydroxyvitamin
D3 1-«x-hydroxylase) that converts the circulating
form of VitD (25-hydroxyvitamin D3 (25(OH)D3))
to its active form (1,25-dihydroxyvitamin D3 (1,25
(OH),D3)) or calcitriol;

2. The majority of immune system cells possesses VitD
receptors (VDR) mainly after they have been stimulated,;

3. 1,25(0OH),D; production in the immune system led to
the induction of antibacterial products such as catheli-
cidin which in turn inhibited replication of Mycobacte-
rium tuberculosis in vitro;
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4. And finally, impaired VitD status is common to many
population across the globe and could contribute to the
increased burden of common infectious diseases across
the world.

The potential immunomodulatory roles of VitD are fur-
thermore of interest when we consider that inflammation
significantly contributes to ethiopathogenesis of osteoporo-
sis [7]. Moreover, infections are an important cause of
morbi-mortality after hip fractures, and it has been demon-
strated that VitD supplementation reduced hospital re-
admission due to severe infections in this often severely
25(OH)Ds-deficient population [8].

This association of VitD with infectious disorders had been
suggested in fact for more than a century. Then, the practice of
treating subjects with tuberculosis (TB) in a sun-exposed
open-air mountains location [9], impressively described by
Thomas Mann in The Magic Mountain [10], resulted in a
double benefit on photocutaneous synthesis of 25(OH)D;
(i.e., lower concentrations of ozone and increased sunlight
exposure) [11]. The Nobel Prize of medicine was for the
matter given to N. Finsen who demonstrated that UV light
was beneficial in treating lupus vulgaris, a devastating skin
condition caused by M. tuberculosis [12]. Even earlier, the
first clinical investigation using rational methodology was
conducted in 1848 at the Brompton Hospital for Consumption
and Diseases of the Chest to investigate the use of cod liver oil
in the treatment of TB in London [13]. Thus, 542 patients with
phthisis treated with cod liver oil were compared with 535
patients who received standard treatment alone. Although
there were no important differences between the two groups
in the number of patients who improved (cod liver oil, 63 %
vs. control, 61 %), in 18 % of the group receiving cod liver oil
the disease progression stopped compared with only 5 % in
the control group. In addition, 33 % of patients given standard
treatment alone deteriorated or died, compared with only 19 %
of those given cod liver oil. One of the most striking effects
was an increase in the patient’s weight (70 % gained weight,
21 % lost, and 9 % remained stationary). Subsequently, the
use of cod liver oil was widely practised in the late nineteenth
and twentieth centuries and death rates from M. tuberculosis
infection in the UK declined steadily in the following years
[13, 14]. While this practice even continues to the present day,
cod liver oil is not a good dietary source of VitD. Although it
is very rich with approximately 1,360 IU/tablespoon [15], it
also contains retinol (i.e., vitamin A) that recently has been
positively correlated with the risk for low bone mineral den-
sity and fractures [16].

The immunomodulatory role of 1,25(OH),D; was initial-
ly proposed more than 25 years ago [3]. This was based on
the findings that monocytes/macrophages from individuals
with granulomatous diseases synthesize calcitriol from the
circulating precursor 25(OH)D; [17, 18]. More recently, a
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clearer picture of 1,25(OH),D; as determinant of immune
responsiveness has been obtained. Indeed calcitriol via en-
docrine (i.e., refers to substances that affect the activity of
another part of the body via their direct secretion into the
bloodstream), paracrine (i.e., refers to effects localized to
adjacent or nearby cells), and/or intracrine (i.e., refers to a
hormone that acts inside a cell) mechanisms [19, 20], may
modulate the two arms of the immune system (i.e., innate
and adaptive immunity) [3, 21-23].

Finally, answers to the question of whether VitD status
may regulate immunity and its deficiency was associated
with the occurrence of infectious diseases began to arise
from two entirely different sources [24]: in vitro analysis
of the immunomodulatory actions of 25(OH)D; and 1,25
(OH),D5 [3], and from epidemiological observation of the
link between VitD deficiency and susceptibility to infectious
diseases [1, 4, 5, 25].

This review will examine the ways by which VitD status
may interfere with the responsiveness of the human immune
system. Furthermore, we discuss how the VitD status may
play a role in host resistance to common pathogens and how
effective is its supplementation for treatment or prevention
of infectious diseases in humans.

VitD: a helpful immunomodulator
Host defence to pathogens: the art of war

The purpose of the human immune system is to recognize
invading foreign organisms, prevent their spread, and ulti-
mately clear them from the body. It is an extraordinarily
complex system that relies on an elaborate and dynamic
communication network using soluble mediators (i.e., cyto-
kines), implicating billions of cells that patrol the body and
interact with antigens in order to deal with all pathogens
[26]. In response to microbial attacks, the first line of host
defence is represented by innate immunity. Its mechanisms
are fast but neither specific nor fixed in their mode of action.
While the innate immune system is effective in stopping
most pathogens at early stages of invasions, it responds to
foreign antigens in a generic way without conferring long-
lasting and protective immunity. Once microbes have
breached epidermal and/or mucosal, they are recognized
by pattern-recognition receptors such as toll-like receptors
(TLR) [27]. TLRs are single, membrane-spanning, noncata-
lytic receptors that recognize structurally conserved mole-
cules derived from pathogens and thereby activate innate
immune cells (consisting mainly of monocytes, macro-
phages, natural killer cells, and dendritic cells (DCs)). DCs
are heterogeneous in terms of their location, phenotype, and
function. They express different types of soluble mediators
(i.e., cytokines and chemokines) which also exert
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complementary by modulating T cell responses [28]. Typical-
ly myeloid DCs are valuable antigen-presenting cells (APCs)
[29] and plasmacytoid DCs are more closely associated with
immune tolerance [30]. Whether all innate immunity cells are
able to identify and remove foreign substances present in
organs, tissues, into the blood and lymph stream, they not
only interact with pathogens but also with each other. In
addition, they modulate the adaptive immune response by
regulating timing, type, and amount of cytokines [31].

The functioning of adaptive immunity is slower to start but
powerful enough to terminate almost all infections that elude
the innate immune system. The adaptive immune system is
composed of highly specialized, systemic cells and processes
that eliminate antigens or prevent pathogenic growth. It is
highly adaptable to antigens responding in a very specific
way that finally confers long-lasting and protective immunity
[32]. This sophisticated system of defence stimulates B and T
cells, resulting in humoral (i.e., antibody) and cell-mediated
immune response, respectively. The antibody-mediated im-
munity is usually dedicated to protection against extracellular
pathogens, toxins and unfortunately can also induce autoim-
munity. The cell-mediated immune system protects more
against intracellular infections and cancer development.

The primary interaction with the adaptive immune system is
made through a process known as antigen presentation [26].
The subsequent activation and differentiation of naive B cells
are induced by antigen and CD4" T-helper cells (Th) while
naive T cells are activated by contact with APCs. In turn,
activation of naive Th leads to the generation of Th subgroups
with distinct cytokine profiles, mainly represented by Thl (i.e.,
interleukin (IL)-2, interferon (IFN)-y, and tumour necrosis
factor (TNF)-o) and Th2 (i.e., IL-3, IL-4, IL-5, and IL-10).
They respectively support cell-mediated (Thl) and humoral
immunity (Th2) [33, 34]. More recently, a third subgroup of
IL-17 secreting T cells (Th17) has been identified. It plays a
crucial role in combating certain pathogens and in autoimmune
diseases [35-37]. In addition, a regulatory T cell (Threg) sub-
group suppresses immune responses of other cells. It is consid-
ered as an important “self-checkpoint” built into the immune
system to prevent excessive reactions [38, 39]. Finally, Th22 is
involved in specific epidermal immunity [40] and Th9 in
defending against helminth infections [41]. Upon stimulation,
naive B cells differentiate into memory and antibody-secreting
B cells (i.e., long-lived plasma cells). Long-term immunity is
assumed by memory B and T cells (i.e., CD4" and CD8" T
cells) into the blood and lymph nodes, as well as long-lived
plasma cells and memory T cells in the bone marrow [42].

How does VitD interact with immune cells?
VitD regulates skeletal and calcium homeostasis through the

binding of 1,25(0OH),D; to VDR localized in the nucleus of
various cells [1, 20, 43]. The VDR, also known as nuclear

receptor subfamily 1, group I, member 1, is a member of
the nuclear receptor family of transcription factors [44].
Upon activation by calcitriol, the VDR binds to hormone
response elements on DNA sequences resulting in ex-
pression or transrepression of specific gene products
[45, 46]. Downstream targets of this nuclear receptor
are involved in the mineral metabolism but in a variety
of other metabolic pathways. An activated VDR modu-
lates the transcription of at least 913 genes and down-
stream gene products and regulates potent anti-
proliferative and pro-differentiative [43, 47].

The finding that the majority of immune system cells
(i.e., macrophages, B and T lymphocytes, neutrophils and
DCs) possess VDR, mainly after activation, produced the
idea that calcitriol could have pleiotropic effects on immune
cells [20, 48]. In addition, some VDR transcription-
independent actions play also key roles in regulating the
immune system [20, 49].

VitD and innate immunity

Target cells such as monocytes/macrophages and DCs not
only express VDR but also the VitD-activating enzyme or
CYP27BI1. As depicted in Fig. 1, these cells can directly
utilize circulating 25(OH)Dj; for intracrine activity that pro-
motes antibacterial responses to pathogens (i.e., cathelicidin
(hCAP) and defensin (32) [20]. Indeed, in addition to phago-
cytosis of pathogens, these cells also sense pathogen-
associated molecular patterns through their TLRs. The latter
upregulates the expression of genes that code for the VDR
and CYP27B1 [23]. In turn, 1,25(OH),D3 enhances the
antibacterial potential by interacting with the promoter of
the hCAP [50]. It so promotes microbial killing in phago-
cytic vacuoles and chemioattraction for neutrophils and
monocytes [51]. However, in order to activate hCAP and
enhance macrophage functions, it is necessary to reach
sufficient levels of circulating 25(OH)D; [52].

Moreover, it appears that this action of 1,25(0OH),D; may
be dependent on the presence of IFN-v [53, 54] suggesting a
link with adaptive immunity [55].

Similarly, epithelial cells, trophoblasts, and decidual
cells are able to respond to an intracrine hydroxylation
of 25(OH)D; to promote antibacterial responses but can
also respond to systemic 1,25(OH),Ds; [52]. Strikingly,
calcitriol also inhibits TLRs expression so inducing a
state of hypo-responsiveness to pathogen-induced molec-
ular cascades. This serves as a negative feedback mech-
anism, thus preventing excessive TLR activation and
inflammation at a later stage of infections [56]. Other
cells, such as neutrophils, do not appear to express
CYP27B1 and are therefore likely to be regulated by
circulating levels of calcitriol produced by the kidneys
(i.e., through endocrine effect) [57].
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Fig. 1 This figure depicts how VitD may influence the innate immune
response. VitD derived from the action of sunlight on the epidermis
(VitD; only) or obtained from diet (VitD, or Dj3) is metabolized at first
in the liver to form 25-hydroxyvitamin D (25(OH)Dj;), the main
circulating form of VitD. Monocytes/macrophages and DC expressing
the VitD-activating enzyme CYP27B1 (25-hydroxyvitamin D3 1-«
hydroxylase) and the VitD receptor (VDR) can utilize 25(OH)D; for
intracrine responses via local conversion to active 1,25(OH),Ds. In
monocytes/macrophages, intracrine synthesis of 1,25(OH),D3 pro-
motes antibacterial responses to pathogens. In DCs, this intracrine
activity inhibits DC maturation and thereby modulates helper T cell

VitD and adaptive immunity

The tissue-specific synthesis of calcitriol from 25(OH)D;
has been shown to be important for both T and B cells
immune responses as presented in Fig. 2. Overall, the effect
of calcitriol on the cell-mediated immune system includes
modulating of T cell antigen receptor (TCR), decreasing
Th1/Th17 CD4" cells and cytokines, increasing Threg,
downregulating T cell-driven immunoglobulin (Ig)-G pro-
duction, and inhibiting DCs differentiation [21]. Indeed, in
DCs, intracrine activation of 25(OH)D; inhibits DCs matu-
ration, thereby permitting induction and modulation of an
initial CD4" T cell response [58]. In this scenario, by acting
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(Th) functions. The Th responses may also be modulated in a paracrine
fashion, with DC-generated 1,25(0OH),D; acting on VDR-expressing
Th cells. Intracrine immune effects of 25(OH)D; also occur in
CYP27B1/VDR-expressing epithelial cells. Neutrophils, which do
not appear to express CYP27B1, are likely to be affected by circulating
levels of active VitD synthesized by the kidneys. VDR-expressing Th
are potential targets for systemic 1,25(OH),D; as well. Similarly,
epithelial cells are able to respond in an intracrine fashion to 250HD
as well as to 1,25(0OH),D; to promote antibacterial responses (adapted
from Hewison [2])

as an inhibitor of maturation, 1,25(OH),D5 inhibits T cells
proliferation [17]. Thus, the calcitriol signalling represses
the transcription of genes encoding Thl [59, 60] and Th17
[21] cytokines in order to polarize the CD4" T cells
responses toward a more regulatory Th2 [61] or Threg
phenotypes [3, 62]. These two phenotypes are considered
key components of VitD capacity to suppress Thl-driven
autoimmunity responses [17, 62]. Th17 cells also play a
crucial role in combating certain pathogens (i.e., Candida
albicans, Cryptococcus neoformans, Helicobacter pylori,
Klebsiella pneumoniae, M. tuberculosis, and Staphylococ-
cus [35]), but they have also been linked to tissue damage
and inflammation [36, 63]. However, the precise role played
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by VitD in regulating Th17 cells is not yet completely
elucidated [3]. Thus, CD4" T cell responses to 25(0H)D5
are mediated in a paracrine fashion; DC-generated 1,25
(OH),D; acting on VDR-expressing CD4" T cells as
depicted by Fig. 1. In summary, it seems that 1,25(OH),D;
helps maintain self-tolerance by damping overly zealous
adaptive immune system responses while enhancing protec-
tive innate responses [21]. However, the mechanism by
which variations in VitD status may influence T cell func-
tionalities is less clear. In other words, are there direct
effects on T cells by systemic 1,25(OH),D3, indirect effects
via DC expression of CYP27B1 and intracrine synthesis of
calcitriol, or direct effects following synthesis of 1,25
(OH),D5 by CYP27B1-expressing DCs or monocytes and/
or finally intracrine conversion of 25(OH)D; by T cells
themselves? Moreover, the direct effect of 1,25(OH),D5 on
the function and differentiation of naive T cells is poorly
known [3]. While naive T cells are known to express very
little or even no VDR, a recently published study has shown
that 1,25(OH),D5; might directly modulate the TCR [64].
This was observed through a complex pathway leading via
the alternative mitogen-activated protein kinase p38 to suc-
cessive induction of VDR and phospholipase C gamma 1
(PLC-y1), which are required for subsequent classical TCR
signalling and T cell activation.

Despite the fact that for many years VDR was considered
to be constitutively expressed on human B-cells and could
be upregulated during cell activation, the ability of 1,25
(OH),D; to suppress B cells proliferation and Ig production
was initially considered to be an indirect effect mediated via
CD4" T cells [3]. However, recent in vitro studies have
observed that B cells were capable of intracrine responses
to 1,25(OH),D;. Moreover, the finding that VDR expres-
sion in B cells was regulated by 1,25(OH),D; suggested that
calcitriol might also exert differential effects on activated
versus resting B cells and have different effects in individ-
uals with different levels of serum 1,25(0OH),D; [22]. In-
deed, the inhibitory effects of 1,25(OH),D3 mediated by the
upregulation of the VDR, as presented in Fig. 2, in fact
require a threshold level of VDR engagement for the anti-
proliferative effect to become apparent. Interestingly,
CYP27B1 mRNA was found also expressed by resting B
cells and could be further induced by stimulation but not by
1,25(0OH),D;3. However, CYP24A1 (i.e., 1,25(0OH),D5 24-
hydroxylase, the enzyme that inactivates calcitriol) was
found significantly upregulated following the incubation of
human B cells with 1,25(OH),Ds, suggesting that the activ-
ity of VitD; on B cells might be influenced not only by VDR
expression but also by the capacity to degrade the active
molecule. In contrast to the VDR, CYP24A1 was not altered
by B cell activation, demonstrating that human B cells can
respond to 1,25(OH),Dj5 directly. The increased susceptibil-
ity of activated B cells to many of the effects of 1,25

(OH),D5 might reflect the up-regulation of VDR but not
CYP24A1 by these cells [22]. The precursor, 25(OH)D3,
had similar effects on purified B-cells compared with the
active form, but at higher concentrations [3]. Finally, 1,25
(OH),D5 limits ongoing B cell proliferation and modulates
B cell responses. Its effects on plasma cell and memory cell
differentiation however result from the suppression of on-
going B cell proliferation [65], which is required before the
differentiation steps can occur [66]. These effects appear to
be particularly significant in conditions in which there is a
diffuse B-cell activation, such as systematic lupus erythe-
matosus and other autoimmune diseases [67] that lends to
further support the role played by VitD in B cell-related
autoimmune disorders [2, 4]. Other B cells targets modulat-
ed by 1,25(0OH),D5 include IL-10 [68] and CCR10 [69],
suggesting that B cell responses to VitD are extended to
regulating allergic immune response [70] and mucosal im-
munity [4, 21].

In summary, it is now clear that effects of VitD on
monocytes, macrophages, DCs, and lymphocytes are not
constrained by the metabolic pathways associated with clas-
sical endocrine actions of 1,25(0OH),Ds. Instead, it is now
important to also consider intracrine and paracrine pathways
that are subject to a distinct set of modulatory signals, and
which may also be influenced by disease-specific dysregu-
lation [19]. However, it is also important to mention that
most of these data resulted from in vitro studies carried out
in cell-cultures in which exogenous 1,25(0OH),D; was added
at levels above the physiological serum range. Finally, this
raises the question of whether VitD effectively interferes at
physiological concentrations with host immune cells. This
could also suggest that intracell synthesis of 1,25(OH),D;
and intracrine activity might be more effective in achieving
these responses [3]. Conversely, some of these data are also
supported by studies on VDR and CYP27B1 knock-out
mice which presented an increased number of mature DCs
and aberrant DCs trafficking [2].

Mechanisms by which VitD may enhance anti-microbial
immunity

While it has been demonstrated that 1,25(OH),D53 enhanced
the bactericidal activity of human macrophage against M.
tuberculosis [71], its exact role in determining pathogenesis
and immune response to diverse pathogens has gained in-
terest [3]. Thus, recent studies, for the most part conducted
in animal models and ex vivo human cells, have provided
new insight into the involvement of VitD deficiency and its
supplementation in the anti-microbial response to various
bacterial (e.g., H. pylori, Pseudomonas aeruginosa, Borde-
tella bronchoseptica, Salmonella, and Shigella) [72—76] and
viral infections (e.g., Influenzae, Respiratory Syncytial Virus
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Fig. 2 Overview of immunomodulatory actions of 25(OH)D; and
1,25(0OH),D3 on monocytes and macrophages, dendritic cells, effector,
and memory T and B lymphocytes. All these cells possess the enzymes
to perform the hydroxylation steps to generate 1,25(OH),D;. Through

(RSV), Human Immunodeficiency Virus (HIV), hepatitis C
virus (HCV)) [75, 77-80] and even in immune response to
vaccination (e.g., influenza, hepatitis B, measles, rubella,
and Mycobacterium bovis bacillus Calmette—Guérin vacci-
nations) [50, 81-84].

Our current understanding of the immunomodulatory role
of VitD may help to suggest potential mechanisms by which it
could act on host immunity against pathogens [85]. Based on
the ability of 25(OH)Dj; and 1,25(0OH),Dj; to modulate innate
and adaptive immune response (i.e., suppression of the oxida-
tive burst, Th1-mediated and B cell immune responses), calci-
triol would be expected to impair the host defences to
pathogens. Indeed, as previously described, the Th1/Th17
immune responses are protective during infections [34, 35].
Furthermore, 1,25(0OH),D3; would be predicted to increase
Threg cells [38, 39]. The evidence provided by studies con-
ducted in VDR knock-out, wild-type, and VitD-deficient mice
do not support either a beneficial or harmful effect of 1,25
(OH),D3 on host immunity to Listeria monocytogenes [86,
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endocrine, paracrine, and intracrine mechanisms, 1,25(OH),D; binds
to the vitamin D receptor (VDR) to induce a range of effects (adapted
from Di Rosa et al. [3] and Van Bell et al. [4])

87], Leishamania major [88], M. bovis [89], M. tuberculosis
[23], C. albicans [90], Herpes simplex [90], Shistosoma man-
soni [85, 91], and Bordetella pertussis [85] that require either
Th1/Th17 or Th2-mediated immune response [85].
However, the role played by calcitriol in regulating innate
immunity and its ability to induce antibacterial peptides,
such as cathelicidin or (3-defensin [23], suggests a less
straightforward outcome of any in vivo changes of 25
(OH)D; and/or 1,25(0OH),D; and resulting effects on host
resistance to infections [92, 93]. Both autophagy and
calcitriol-mediated innate immunity have been shown to
confer protection against intracellular M. tuberculosis infec-
tion [94]. In monocytes/macrophages, this occurs primarily
in response to activation of TLRs, that induces expression of
VDR and localized synthesis (i.e., intracrine) of 1,25
(OH),D5 from circulating 25(OH)D5 [23, 51, 95]. In turn,
1,25(0OH),D; enhances cathelicidin synthesis by interacting
with the promoter hCAP [72, 95]. This has been observed in
vivo and ex vivo in human studies. Adams et al. [96] has
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demonstrated in 50 individuals with low bone mineral den-
sity and otherwise healthy that supplementation with
50,000 UI of VitD, twice weekly for 5 weeks increased
production of antibacterial hCAP following TLR activation
of monocytes; 38 % of them were VitD insufficient. While
baseline 25(OH)Dj; status and VitD supplementation had no
effect on circulating levels of hCAP, ex vivo changes in
hCAP were measured. Under these VitD-“insufficient” con-
ditions, the TLR2/1 ligand 19 kDa lipopeptide or the TLR4
ligand bacterial lipopolysaccharide and monocytes showed
respectively a 5.0- and 5.5-fold increase, expression of
VitD-activating CYP27B1 but decreased expression of
hCAP mRNA (10.0- and 30.0-fold, both p<0.001). Follow-
ing TLR stimulation with 19 kDa bacterial lipopeptide,
expression of hCAP not only correlated with 25(OH)D;
levels in serum culture supplements (p<0.0001) but was
significantly enhanced by exogenous 25(OH)D; and with
serum from in vivo VitD-supplemented subjects. Further
studies have demonstrated that human cathelicidin served
as a mediator of VitD-induced autophagy [21]. Finally,
effective innate immunity against many bacterial pathogens
requires macrophage responses that up regulate phagocyto-
sis and direct antimicrobial pathways [97]. With respect to
antibacterial effects, it is interesting to note that cathelicidin
can exhibit antiviral properties [98], so that its induction by
VitD may enhance protection against diseases such as influ-
enza [50]. While many reports demonstrated the effect of
VitD on the increased expression of antimicrobial peptides
[99], the effect of either VitD or 1,25(0OH)2D3 on the
specific peptides against influenza infection has not been
tested in vitro or in vivo [50].

The induction of cathelicidin by 25(OH)D; and 1,25
(OH),D; has been reported in several human cell types
outside the classical immune system such as keratinocytes
[100], gastrointestinal [101, 102] and bronchial epithelial
cells [72], myeloid cell lines [51], decidual [103], and tro-
phoblastic cells [104]. Thus, this innate antibacterial effects
may be common to many human tissues and are therefore
likely to influence a wide range of disease scenarios [2, 93].
Cells of gastrointestinal surfaces, including epithelial cells
and lamina macrophages, which are also constantly exposed
to luminal bacteria, play key roles in normal intestinal
development and innate immunity. For example, the Paneth
cells, known to secrete antimicrobial peptides, are regulated
by VDR (see Fig. 2) [101, 102]. Studies in VDR mice
demonstrated increased bacterial loads in the intestine [105].
Recent endoscopic studies in humans have demonstrated
that 3-defensin was secreted in the gastric mucosa after
infection by H. pylori [74]. It may therefore constitute a
major aspect of immune defence against this pathogen at the
mucosal surface. Furthermore, induction of cathelicidin by
stimulated 1,25(OH),D5 in cystic fibrosis bronchial epithe-
lial cells causes an increased antibacterial activity against P.

aeruginosa and Bordetella bronchiseptica [72]. Similarly,
human biliary epithelial cells present an intense immunore-
activity for cathelicidin and the VDR [106]. Thus, some
battles against pathogens at mucosal surfaces seem also
regulated by VitD and VDR [21, 102]. Finally, it appears
that optimal VitD status may have key immunomodulatory
properties in infectious disease settings, and this is by down-
regulating excessive and therefore toxic cytokine responses
while allowing the clearance of various microbial species
through the production of antimicrobial peptides [3] (see
Fig. 2).

Association between VitD serum levels and susceptibility
to infections

VitD serum levels: what is the target?

The concentration of 25(OH)Dj; in the serum is thought to
be the best indicator of VitD status. It is a stable circulating
metabolite of VitD and its concentration is close to around
1,000-fold higher that of 1,25(OH),D3. 25(OH)Dj; has a half
life of 1-2 months in contrast to 1,25(OH),D3; which is
several hours [5]. While there is now overwhelming and
compelling scientific and epidemiologic data demonstrating
the beneficial effects of VitD supplementation on skeletal
homeostasis and bone health, the 25(OH)Dj that is optimal
for these health outcomes is still debated [2]. In the 2011
report of the Institute of medicine (IOM), a serum level of
50 nmol/L (20 ng/mL) 250HD3 was suggested as sufficient
to optimize bone mineral density as a marker of skeletal
health for most populations in the USA and Canada [107].
This report was endorse by many organization such as the
American Society for Bone and Mineral Research, and the
cautious recommendations of the IOM have been supported
by others [108, 109]. However, this support was not univer-
sal [110], and the IOM proposal received a more hostile
reception from many researchers in the world of VitD
[111-114]. A key underlying cause of this dichotomy of
opinion was the remarkable increase of data highlighting
nonclassical effects of calcitriol, and the health consequen-
ces this may have in humans with impaired VitD status [2].
Thus, for example, the International Osteoporosis Founda-
tion recommends that the human body requires a blood level
of 25(OH)D; above 75 nmol/L (i.e., 30 ng/mL) for maxi-
mum health [115]. This choice is mainly driven by a con-
centration associated with good bone health and a close
estimate for maximal parathyroid hormone suppression and
decreasing the likelihood of secondary hyperparathyroidism
[5, 15]. Consequently, a serum concentration of <50 nmol/L
(i.e., <20 ng/L) is considered as deficient and between 50 and
75 nmol/L (i.e., 20 to 32 ng/L) as insufficient. It has been
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estimated that for every 100 IU of VitD ingested that the blood
level of 25(OH)D; increases by 2.5 nmol/L (i.e., 1 ng/mL).

In the lack of agreed consensus on the optimal level
for VitD status in many countries, there are no up-to-date
guidelines to define deficiency and insufficiency [55].
Theoretically achieve, a blood level above 75 nmol/L
requires the ingestion of 3,000 IU of VitD a day [6].
There is evidence, however, that when the blood levels
of 25(OH)D; are less than 15 ng/mL, the body is able to
more efficiently use VitD to raise the blood level to
about 50 nmol/L (i.e., 20 ng/mL). To raise the blood
level of 25(OH)D; above 20 ng/mL and to reach the
minimum 75 nmol/L requires the ingestion of at least
1,000 TU of VitD a day for adults [1]. One important
note is that current target serum concentrations and dos-
age recommendations for VitD resolves around its appli-
cation in bone health, while the effective dose eliciting
an effect on the immune system in vivo remains to be
determined [5].

Association between VitD serum levels and susceptibility
to infections

Ginde et al. [75], in a large cohort study of 18,883 partic-
ipants aged 12 years or older (secondary analysis of the third
National Health and Nutrition Examination Survey), has
observed that serum 25(OH)D5 levels were inversely asso-
ciated with recent upper respiratory tract infections (URTI).
With a median serum 25(OH)D; of 29 ng/mL (i.e.,
~72 nmol/L—interquartile range, 21-37 ng/mL), recent
URTI were reported in 24 % of participants with 25
(OH)D; levels of <10 ng/mL, 20 % with levels of 10 to
<30 ng/mL, and 17 % with levels of >30 ng/mL (i.e.,
>75 nmol/l; p<.001). The rate of recent URTI was 19 %
(95 % confidence interval (95 % CI, 18-20 %)) in the
population studied. After adjusting for demographics and
clinical factors (season, body mass index, smoking history,
asthma, and chronic obstructive pulmonary discase
(COPD)), lower levels were still independently associated
with recent URTI. Compared with 25(OH)D; levels of
>30 ng/mL (i.e., 75 nmol/L), the odds ratio (OR) for devel-
oping a recent URTI was 1.36 (95 % CI, 1.01-1.84) and
1.24 (95 % CI, 1.07-1.43) for levels <10 and <30 ng/mL,
respectively. This association between 25(OH)D; levels and
URTI seemed even stronger in individuals with asthma and
COPD (OR, 5.67 and 2.26, respectively), two diseases in
which 25(OH)Dj; deficiency is linked to accelerated decline
in lung function, increased inflammation, and further re-
duced immunity [116, 117]. Although 25(OH)D; levels of
<30 ng/mL (i.e., <75 nmol/L) and URTI were more frequent
during the winter season, this inverse association was pres-
ent throughout the year [75]. Similar results were observed
in a population of North American children with mild-to-
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moderate persistent asthma in which VitD insufficiency was
common and associated with higher odds of severe exacer-
bation over a 4-year period [118]. Conversely, in patients
with severe COPD, baseline 25(0OH)D; levels were not
predictive of subsequent acute exacerbation [119]. Plasma
concentrations were measured at baseline in the 973 partic-
ipants on entry to a l-year study designed to determine if
daily azithromycin decreased the incidence of acute exacer-
bations. A total of 33 % were insufficient (>20 ng/mL but
<30 ng/mL); 32 % were deficient (<20 ng/mL); and 8.4 %
had severe deficiency (<10 ng/mL). However, within this
very vulnerable population many other confounding risk
factors for infection can explain this lack of significance
such as deficiencies in other micronutrients or decreasing in
the epithelial ciliary clearance and cough reflex [50, 120].

Serum levels of 25(OH)D; below 30 ng/mL (i.e.,
75 nmol/L) seem to also play a role in TB prevalence and
susceptibility to active disease [121]. The incidence of virus
infection typically peaks in the winter months when cutane-
ous VitD synthesis is lower [122]. Indeed, recent epidemi-
ological evidence suggests that throughout the world
influenza infection also occurs mainly during the month
following the winter solstice, when circulating 25(OH)D;
levels reach the nadir [123]. In children with inadequate
serum levels, infections seem particularly of viral origin.
Concordantly, several studies have pointed out to the poten-
tial protective role of adequate serum 25(OH)D5 concentra-
tions against influenza and RSV infections [77].

While 25(OH)D; and 1,25(OH),D; related pathways have
been mainly studied in relation to the host response to influ-
enza infections, they interestingly seem to play a role in the
control of HIV infection as well. Indeed, an increased preva-
lence of VitD deficiency in HIV-infected individuals has been
noted in comparison with uninfected hosts [78]. More inter-
estingly, shorter survival times were associated with abnor-
mally low serum calcitriol while positive impacts on the
CD4+ T-cell counts were observed after VitD supplementa-
tion [98, 124]. These results indicate that serum 1,25(OH),D3
is correlated with the degree of immune deficiency during
HIV infection; low serum levels being associated with in-
creased incidence of acquired immunodeficiency syndrome
events [125, 126]. In laboratory models of HIV infection,
pretreatment of human monocytes and macrophages with
1,25(0OH),D3 prevented HIV infection in certain cell lines
[127] but increased viral replication in some others [128].
More recently, Bergman et al. demonstrated that epithelial
expression of cathelicidin contributed to the local protection
against HIV-1 infection by inhibiting directly the replication
of the virus [98]. However, while serum 25(OH)D; levels of
30 ng/mL (i.e., 75 nmol/L) or more are necessary for optimal
induction of host defence against pathogens, higher levels
(i.e., 40 ng/mL or 100 nmol/L) do not seem to provide
additional benefit [50, 75, 129].
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Beyond serum levels of 25(OH)D;

Studies of VDR polymorphisms in humans support the
hypothesis that variability in VitD status and host genes
encoding VitD-responsive elements affects the immune re-
sponse. A large number of single-nucleotide polymorphism
(SNP) have been identified for the VDR gene as very
recently reviewed by Di Rosa et al. [3] and Hewison [2].
Children with ff genotype (i.e., homozygous for the pres-
ence of the Fokl site; “f’ yields a VDR with three times
more amino acids than the “F” form, but apparently less
active [130]) had an increased risk of acquiring acute lower
respiratory tract infections, predominantly RSV [131]. This
genotype is also more common in patients with TB [132,
133] and has been implicated in down-regulating IL-12 and
IFN production [134]; nevertheless, others were unable to
replicate these observations [135, 136]. In a recent random-
ized control-trial in which high doses of VitD were admin-
istered, no effect on sputum conversion time was observed
when assessed in relation to Fokl genotype [137] while
other VDR SNPs appeared to influence response to VitD
supplementation [135, 136].

Genetic polymorphisms within the VitD system are not
only restricted to VDR genes. While SNPs of the CYP27B1
gene have been shown to affect susceptibility to autoim-
mune diseases [2, 4], the best characterized inherited varia-
tions are provided by the gene coding for the VitD-binding
protein (DBP) [138]. In a study conducted by Chun et al.
[139], differences in serum concentration and genotype of
DBP played a pivotal role in modulating the capacity of 25
(OH)Ds to target monocytes. Three common allelic forms of
the DBP are present in the serum at varying concentrations
(GelF>GelS>Ge2) and exhibit varying affinities for 25
(OH)D; and 1,25(0OH),D; (Ge1F>Ge1S>Ge2). DBP influ-
ences renal synthesis of calcitriol by facilitating glomerular
re-absorption of 25(OH)D;_ subsequent metabolised by kid-
ney CYP27BI1. This effect is more important for high-
abundance/affinity Gc1F. DBP also transports VitD metab-
olites to peripheral target cells such as monocytes where
however its actions appear to be the opposite of those
observed in the kidney. Indeed, the intracrine conversion
of 25(OH)D; to 1,25(0OH),Dj; usually induces antibacterial
responses (e.g., enhanced production of hCAP). In mono-
cytes, responses to 25(OH)D5 are more pronounced in the
presence of low affinity forms of DBP (i.e., Ge2 and GclS)
compared with high-affinity GelF [2]. This finally suggests
that monocytes respond more to “free” rather than DBP-
bound 25(OH)Ds. The link between DBP genotype and host
defence in humans has only been investigated in one study.
In this case control study, Martineau et al. have recruited
534 adult and children with tuberculosis and 400 healthy
controls in UK, Brazil, and South Africa [140]. The Gc2/2
genotype was strongly associated with susceptibility to

active TB, compared with Gcl/l genotype (OR, 2.81
(95 % CI, 1.19-6.66); p=.009). This association was pre-
served if serum 25(OH)D; was <20 nmol/L (i.e., 8 ng/mL;
p=.01) but not if serum 25(OH)D; was >20 nmol/L.

Translating the role of VitD in protecting against
infectious diseases

In parallel to the evidence pertaining to the immune-
modifying effect of VitD, there has been a particular interest
on the possible role of VitD supplementation as adjunctive
therapy in settings of infection [5, 25]. All controlled human
trials of VitD therapy for infection identified through a
literature search are presented in Table 1. Of the 20 studies
identified [79, 80, 137, 141-157], only two were not ran-
domized controlled studies [146, 147]. They demonstrated
substantial heterogeneity in baseline patient demographics,
sample size, VitD status and VitD intervention strategies.
Some are conducted in paediatric populations [144, 145,
147, 151, 153, 154] whereas other in postmenopausal wom-
en [148], hemodialysis [156], HIV- [153, 154] or hepatitis C
virus (HVC) [79, 80] infected patients or in the elderly
population [146, 149]. Sample size ranged from 24 to
3,444 individuals. Cholecalciferol was usually favoured
over ergocholecalciferol in all but one study [142].

VitD supplementation and bacterial infectious diseases

Seven human trials of VitD replacement as treatment
[141-144] or prevention [137, 145, 146] of bacterial disease
have attempted to translate the mechanism of mediated mac-
rophage activation to the human host. Four were conducted in
TB-infected patients [137, 141, 143, 144] and yielded mixed
results (see Table 1). The outcome of a preventive study
conducted by Martineau et al. was encouraging [142]; the
administration of a single dose of 100,000 IU of ergochole-
calciferol to purified protein derivative-positive contacts of
active TB cases improved their immunological control of
bacilli Calmette-Guérin [25]. While Morcos et al. [144] and
Nursyam et al. [143] reported faster resolution of TB symp-
toms and higher rates of sputum conversion respectively, both
studies however failed to report baseline and follow-up 25
(OH),D5 levels, leaving uncertainly about the adequacy of
repletion in each case. The most rigorously designed study
was conducted by Wejse et al. [141]. It demonstrated no clear
benefit of adjunctive vitamin therapy in TB treatment. How-
ever, although VitD was administered at doses higher than the
total of 300,000 IU given to the intervention group, particular
attention to potential confounding factors affecting 25
(OH),D; levels in the control group would have been done;
they remained surprisingly similar at baseline, 2 months, and
8 months [25]. Increased exogenous intake of VitD or
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Table 1 Intervention trials on VitD replacement as treatment or prevention of bacterial, viral, and parasitic infections (an update of Yamshchikov et
al. [25] and Khoo et al. [5])

Infectious diseases Reference Study VitD supplementation VitD status Results
(post-
Design Population Dosage (IU) Duration replacement)
Bacterial

Mycobacterium tuberculosis

Preventive therapy Martineau et al. RCT 192 adults TB contacts (UK) 100,000 Once S (91 %) B
[142]
Adjunctive therapy Morcos et al. [144] RCT 24 children with pulmonary and 1,000/day 2 months NS C
extra-pulmonary TB (Egypt)
Nursyam et al. RCT 67 adults with smear-positive 10,000/day 6 weeks NR B
[143] pulmonary TB (Indonesia)
Wejse et al. [141] RCT 365 adults with pulmonary TB 100,000 0, 2, and NS A
(Guinea-Buissau—Africa) 5 months
Martineau et al. RCT 146 adults with pulmonary 100,000 14, 28, and S A
[137] TB (UK) 42 days
Helicobacter pylori Kawaura et al. [146] CT 34 female nursing home residents 40/day >20 years NR B
(Japan)
LRTI Manaseki-Holland  RCT 3,046 children (Afghanistan) 100,000/3 18 months S A
et al. [145] months
Viral
LRTI Manaseki-Holland RCT 3,046 children (Afghanistan) 100,000/3 18 months S A
et al. [145] months
URTI Rehman et al. [147] CT 24 children with >6 respiratory or 60,000/week 6 weeks NR B

antibiotic requiring illness in prior
6 months and 20 control (India)

Aloia et al. [148] RCT 208 postmenopausal women (USA)  800/day and 2,000/ 24 months NR B
day 12 months
Avenell et al. [149] RCT 3,444 old adults (England) 800/day 24-62 months NS A
Li-Ngetal. [150] RCT 162 adults (USA) 2,000/day 12 weeks S (75 %) A
Laaksi et al. [152] RCT 164 adult males (Finland) 400/day 6 months S (29 %) A
Influenza Aloia et al. [148] RCT 208 postmenopausal women (USA)  800/day and 24 months NR B
2,000/day 12 months
Urashima et al. RCT 167 children (Japan) 1,200/day 4 months NR B
[151]
HIV Arpadi et al. [153] RCT 56 HIV-seropositive children 100,000/2 weeks 12 months S (44 %) A
and adolescents (USA)
Kakalia et al. [154] RCT 54 HIV-seropositive children 800-1,600 TU/day 6 months S (39-67 %) A
Hepatitis C Abu-Mouch et al. RCT 72 adults with chronic HVC 2,000 TU/day 48 weeks S (100 %) B
virus (HVC) [79] (genotype-1; Israel)
Nimer et al. [80] RCT 50 adults with chronic HVC 2,000 TU/day 36 weeks S (100 %) B
(genotype 2-3; Israel)
Parasitic
Schistosoma Snyman et al. [155] RCT 59 adolescents infected with 200 5 days NR C
haematobium S. haematobium (South Africa)
Immune response to vaccination
Hepatitis B Moe et al. [156] RCT 31 hemodialysis patients (USA) 144 pg* 12 weeks NR A
Influenza Kriesel et al. [157] RCT 175 adults (USA) 40° Once NR A

A no study end-points met (negative study), B all study end-points met (positive study), C some study end-points met (mixed study), S serum 25
(OH)D; significantly increased and/or corrected deficiency (the exact percent of the population who achieved desirable levels is mentioned between
brackets when informed), NS no significant difference between the two groups, NR not reported, RCT randomized controlled trial, CT controlled
trial, VitD vitamin D, URTI upper respiratory tract infection, LR7I lower respiratory tract infection, H/¥V human immunodeficiency virus, 78
tuberculosis, /U international unit

? Paricalcitol=19-nor-1,25(0OH),D,, being an analogue of 1,25-dihydroxyergocalciferol, the active form of VitD,

® Intramuscularly administered

independent effects improving nutritional status within the  incidence of first episodes of pneumonia in 3,046 infants
control group could probably contributed to affect the statis-  aged 1-11 months [145]. One of the most important issue to
tical power of the study. be considered relates to the generalisability of study results

More recently, Manaseki-Holland et al. have reported no  is that severe malnutrition was common in the study popu-
beneficial effect of VitD supplementation in preventing the  lation and participants might therefore have been at high risk
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of deficiencies in other micronutrients such as calcium and
vitamin A, both of which could modify effects of VitD
supplementation; results of this study cannot necessarily
be applied to better nourished populations [158]. Finally,
one study was conducted in elderly women nursing home
resident receiving VitD supplementation of 40 IU/day for
two decades compared with subjects receiving no supple-
mentation [146]. Although the study reported a lower inci-
dence of infection with H. pylori, its primarily retrospective
design, limited sample size, poor repletion potential of the
very low vitamin dose, and failure to document baseline and
follow-up 25(OH), D5 status remain conflicting the potential
value of VitD as adjunctive therapy in bacterial infections.

VitD supplementation and viral infectious diseases

Ten studies have been performed to help to translate infor-
mation from laboratory and animal models of viral infection
in setting of VitD deficiency. Most of them were random-
ized controlled trials concerning outcomes related to pneu-
monias [145] and URTI [147-152] of which one focusing
specifically on influenza [148]. HIV [153, 154] and hepatitis
C [79] infections were also investigated. Similarly to bacte-

rial infections, they also yielded mixed results (see Table 1).

Indeed, currently, clinical studies assessing the potential
benefits of VitD supplementation in reducing the occurrence
of URTI have not been conclusive in adult populations
[147-150, 152] while it seems to be protective in children
[147, 151]. A same picture is observed in preventing influ-
enza infections. As presented in Table 1, this could be
explained by an inadequacy dosage of the VitD supplemen-
tation leading to a lack of effect on serum 25(OH)D; con-
centrations [5]. In the study conducted by Laaksi et al.
[152], only 29 % of the treatment group attained concentra-
tion > 80 nmol/L. Moreover in a post hoc analysis, Aloia et
al. have found a decline in the rates of self-reported influ-
enza and cold symptoms in individuals taking the supple-
mentation [148]. Although 2,000 IU cholecalciferol
significantly increased 25(OH)Dj; concentrations in the trial
conducted by Li-Ng et al. [150], negative results were
unexpectedly attributed to lower GM-CSF, IFN-y, 1L-4,
IL-8, and IL-10 levels in the intervention group as compared
with those assigned to the control group [159].

To evaluate, in a randomized fashion, the impact of VitD
supplementation on CD4 count in HIV-infected patients,
Kakalia et al. randomly assigned children to receive no or
VitD supplementation [154]. At baseline, only 15 % of
children were VitD sufficient (i.e., 25(OH)D5 of >75 nmol/
L) and their immune capacity was preserved. While VitD
supplementation significantly improved serum 25(OH)D;
levels to reach desirable levels, even in doses as high as
1,600 IU/day, it did not impact the CD4 count. Similar
results were reported by Arpadi et al. [153]. However,

because of the potential antagonistic relationship between
antiretroviral therapy and VitD metabolism and particularly
its effect on 1,25(OH),Dj; rather than 25(OH)D5 [25].

To examine whether adding VitD improved the HCV
viral response to antiviral therapy, two randomized con-
trolled trials have been conducted in chronic HCV genotype
1 [79] and genotype 2-3 individuals [80]. In the two trials,
individuals were treated with pegylated o-interferon com-
bined with ribavirin (PEG/RBV) and were randomly
assigned to receive no or oral VitD supplementation
(2,000 IU/day) for 48 [79] and 36 weeks [80] respectively.
In both studies, to the treatment group VitD was given for 12
[79] and 4 [80] weeks before the initiation of antiviral
treatment in order to reach serum 25(OH)D; levels at
>30 ng/mL (i.e., > 75 nmol/L). Moreover, due to possible
difference in VitD status and alanine aminotransferase lev-
els, the study populations were stratified according to ethnic
group (i.e., Russian/Jewish/Arab). Finally, adding VitD to
conventional PEG/RBYV therapy for treatment-naive patients
with chronic HCV genotypes 1, 2, and 3 infections signif-
icantly improved the viral response. Moreover, low 25
(OH)D; levels were predictive of negative treatment out-
come. Despite these positive results, before to suggest rou-
tine testing of VitD levels prior to combination therapy and
replacement during treatment for chronic HCV, additional
studies in other ethnic and larger populations, and taking
into account genetic polymorphisms within VDR are need-
ed. Indeed, it is well known that people of African and
Hispanic descent, for example, are less likely to respond to
standard antiviral therapy [160] probably due to a polymor-
phism of the /L28B gene [161] but the impact of diet on
liver fibrosis and on response to IFN therapy has been also
reported [162].

VitD supplementation and other pathogens

Intervention trials in other pathogens such as fungi, protozoa
and other parasites are very limited [25]. One trial, con-
ducted by Snyman et al. [155] has however demonstrated
the beneficial impact of VitD supplementation on levels of
activated eosinophils and Shistosoma-specific antibodies in
adolescent under or not antiparasitic therapy. By contrast, no
evident clinical benefit was observed.

Finally, the current body of evidence supports the view
that VitD supplementation holds promises as risk-modifying
intervention in tuberculosis, influenza and viral upper respi-
ratory illnesses. But it also supports the need for further
controlled studies because research is still fraught with
considerable methodological and epidemiological chal-
lenges. Not only the optimal regimen of VitD supplementa-
tion remains to be determined, but future trials in this area
may benefit from studies that include larger populations
taking into account variation in ethnicity, geographical
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location and seasonal variability in VitD status and consider-
ing more aggressive supplementation regimen (i.e., total dose
~2,000 IU daily for 812 weeks) to achieve the target serum
25(OH)D; level of 75 nmol/L [5]. Some of the aforemen-
tioned studies also included nonspecific outcomes and inade-
quate documentation of the effectiveness of the selected
repletion regimen in terms of improving the VitD status of
the host. Thus, measurement and reporting of prerepletion and
postrepletion serum 25(OH)Ds levels are also an essential
component of future studies in this field [25].

VitD and immune response to vaccination

Consecutively to the potent effects of VitD on cytokine
production and regulation of immunity, the influence of its
serum levels on the immune response to vaccination and its
role as a potential vaccine-enhancing agent have been in-
vestigated [157, 163]. Indeed, with specific regard to vacci-
nation, it is of special interest that on activation via TLRs by
vaccine antigen and/or adjuvants DCs upregulate
CYP27BI1. In an animal model locally produced 1,25
(OH)2D3 induced migration of these DCs from the site of
vaccination to nondraining lymphoid organs, where they
could stimulate antigen-specific T and B cells to mount a
strong and persistent antibody response to diphtheria vacci-
nation [164, 165]. Thus, while 1,25(OH),D; blunt B cell
functions, it would then paradoxically stimulate vaccine
effectiveness through its effects on innate immunity.

Thus, retrospectively, in groups of patients with chronic
kidney disease, prostate cancer, VitD deficiency was an
independent and significantly negative predictor of poor
antibody formation after hepatitis B vaccination [81]. Con-
versely, repleting VitD status was associated with more
frequent serological responses to influenza vaccine [166].
Moreover, studies have demonstrated a strong inverse asso-
ciation between IFN-y responses to M. tuberculosis purified
protein and VitD concentrations in infants [84].

The addition of 1,25(OH),D; to a variety of vaccine
preparations increased immunity to H. simplex virus,
tetanus toxoid, hepatitis B surface antigen, and HIV
glycoprotein 160 [157, 163]. Co-administration of calci-
triol with trivalent influenza vaccine in mice enhanced
both mucosal and systemic antibody response, and the
animals’ ability to neutralize live influenza virus in-
stilled in the nose [167, 168]. However, when 1.0 pg
of 1,25(0OH),D; was intramuscularly co-administered
with influenza vaccine at the site adjacent to vaccination
in a randomized control-study conducted in 175 healthy
human volunteers (18—49 years of age), humoral immu-
nity was not enhanced [157]. Serum influenza hemag-
glutination inhibition (HAI) titres were used to assess
the ability of the host immune response to neutralize the
infectivity of the virus [169]. However three important
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limitations are drawn from this study. First, the subjects
were young and healthy and since the serum 25(OH)Dj
status were not measured at baseline, it is most probable
that those individuals were neither VitD deficient nor
insufficient. This reinforces the idea, as previously men-
tioned with respect to the host defence against patho-
gens, that higher than optimal levels (i.e., 40 ng/mL or
100 nmol/L) do not seem to provide an additional
benefit [50, 129]. Second, significant pre-vaccination
HAI titres were measured in nearly all subjects. This
indicates that the subjects had considerable immunity to
three vaccine influenza strains before their vaccination.
Since a clear inverse relationship exists between pre-
immunization serum HAI and antibody response after
vaccination this could have masked the potential
vaccine-enhancing effect of 1,25(OH),D; [50]. Third,
vitamin supplementation and vaccine were simultaneous-
ly administered; the delay between the two injections
was too limited to expect any beneficial biological
effects on DCs, on macrophages, or on cells composing
the adaptive immunity. This is true even if the active form of
VitD was considered in the study, because the endocrine
activation pathway, as depicted in Fig. 1 does not seem to be
the main mechanism by which calcitriol modulates innate
immunity. More recently, the influence of VitD on influenza
vaccine immunogenicity in HIV was assessed using data from
a phase 3, randomized trial conducted during the 2008-2009
influenza season [170]. Thirty-three percent of participants
were on supplemental VitD at baseline. Neither seroconver-
sion nor seroprotection rates were predicted by VitD use for
any of the three vaccine strains. Finally, one controlled study
is ongoing to determine the increase in specific cell-mediated
immune response from herpes zoster vaccination in nursing
home residents after 4 months of high-dose compared with
standard-dose VitD3 supplementation (http://clinicaltrials.
gov/ct2/show/NCT01262300—final data collection and pri-
mary outcome measure, March 2013).

Interestingly, specific allelic variations and haplotypes
of the VDR genes seem to also modulate the immune
response to vaccines. Using a tag SNP approach, 745
healthy children were genotyped for the 391 polymor-
phisms in their VDR genes [82]. Significant associations
between multiple VDR SNPs/haplotypes and measles-
specific 1L-2, IL-6, IL-10, IFN-«, IFN-y, IFNA-1, and
TNF-o cytokine secretions were found, suggesting that
several allelic variations and haplotypes in the VDR
genes influence adaptive immune responses to measles
vaccine. Similarly, Ovsyannikova et al. [83] genotyped
714 healthy children for 148 candidate SNP markers
and presented evidence that, after two doses of
rubella-containing vaccine, polymorphisms in VDR but
also in innate immunity-related genes can influence
adaptive cytokine responses to rubella vaccine.


http://clinicaltrials.gov/ct2/show/NCT01262300
http://clinicaltrials.gov/ct2/show/NCT01262300
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Conclusions

In conclusion, although implications of 25(OH)D; and 1,25
(OH),D; synthesis in the maintenance of host immune
defence against pathogens and immune homeostasis are still
under active investigation, the current idea of their function
as “more than just a key player in bone formation” seems
reasonable. This review demonstrates that immune cells are
not only targets for 1,25(OH),D; but are also able to locally
activate this hormone from circulating 25(OH)D; arguing
for intracrine, paracrine, and endocrine activities of VitD.

Current epidemiological data support that VitD insuffi-
ciency/deficiency increases susceptibility to various patho-
gens. However, the underlying mechanisms are yet to be
clarified and further investigate. Complementarily, the role
of inherited polymorphism in DBP, CYP27B1, and VDR
should be also further elucidated. Finally, although evidence
about the skeletal functions of VitD support the need of
maintaining 25(OH)D; at the desirable serum level (i.e.,
>75 nmol/L), despite the major research advances that have
been made over the last 5 years our understanding of the
nonclassical actions of VitD is far from complete. On the
basis of the clinical trials reviewed and even though results
from bench and translational studies are very promising, the
strongest evidence supports further research, clinical stud-
ies, and larger population-based epidemiological analyses in
order to validate the health benefits of optimized serum 25
(OH)D3 status.
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