Vitamin D in allergic disease: Shedding light on a complex

problem
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Vitamin D is unique among nutritional factors because the
intake of this special vitamin represents the sum of vitamin D
obtained from diet, nutritional supplements, and endogenous
production after exposure to sunlight. The current
recommended nutritional intake requirements reflect needs
based on its established role in calcium absorption and bone
health. However, recent studies have revealed that vitamin D
has important functions in the immune system and might
influence the course of immune-mediated disorders, including
atopic dermatitis and asthma. This review discusses the
scientific rationale for a role for vitamin D in immune function,
gives an update on allergic disease associations with lower
vitamin D serum levels, and discusses recent observations
relating to vitamin D in immune function. (J Allergy Clin
Immunol 2013;131:324-9.)
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The terminology, recommended laboratory values, and state-
ments of biological function for vitamin D are points of frequent
confusion. Therefore to begin any discussion of vitamin D in
human health, it is important to review the basics of the
physiology of this unique molecule and highlight what is
generally accepted and what remains a point of controversy.
The most common nutritional source of vitamin D is in the form
of vitamin D3. In the general population vitamin D status is best
monitored by measurements of serum 25-hydroxyvitamin D
(250H-D3) levels. The most biologically active form of vitamin
D is 1,25-dihydroxyvitamin D (1,25[OH],-D3). Vitamin D sta-
tus is carefully regulated on a systemic basis, and together with
parathyroid hormone (PTH), it carefully regulates the uptake
and use of calcium. The capacity to compensate for lower vita-
min D levels results in a nonlinear relationship between intake
and biological effects. Adjusting for these complex interactions
and based on the sum of the existing literature, recent Institute
of Medicine recommendations for adequate vitamin D intake
were based on obtaining a minimum 250H-D3 serum value
of 20 ng/mL (50 nmol/L). At the time these committee recom-
mendations were adopted, higher serum 250H-D3 values were
not consistently observed to be associated with greater health
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Abbreviations used
AD: Atopic dermatitis
CYP27B1: 25-OH-vitamin D3 1-a-hydroxylase
DC: Dendritic cell
1,25(0OH),-D3: 1,25-Dihydroxyvitamin D
250H-D3: 25-Hydroxyvitamin D
OR: Odds ratio
PTH: Parathyroid hormone
TLR: Toll-like receptor
Treg: Regulatory T
VDR: Vitamin D receptor

benefits." However, despite inadequate evidence from random-
ized clinical trials for additional health benefits at higher serum
250H-D3 values, many clinical laboratories continue to rou-
tinely report a value of 20 ng/mL as inadequate, and the endo-
crine society has stated that 250H-D3 values from 21 to 29
ng/mL are insufficient.”

Compounding the confusion, much misinformation has been
popularized regarding what sources of vitamin D intake are
adequate. In particular, great potential harm has been done by
claims that brief solar exposure is a satisfactory source of
vitamin D for the general population. The contradictory rec-
ommendations for how to obtain adequate vitamin D and the
total amount necessary for health are the source of ongoing
debate fueled by inadequate data. It is not the goal of this review
to address these or enter into this controversy. Instead, this
review will discuss recent progress from a wide variety of
laboratory studies that have illuminated mechanisms by which
vitamin D can influence immunity and present some promising
recent clinical observational studies that suggest possible effects
of vitamin D on the manifestations of allergic diseases. These
data have demonstrated that vitamin D is active in laboratory
models of immune function and shows the need for a better
understanding of this vitamin in maintaining a healthy immune
system.

MOLECULAR MECHANISMS FOR THE
IMMUNOLOGIC EFFECTS OF VITAMIN D

Vitamin D target genes typically contain vitamin D response
elements in their promoters, to which heterodimers of the
vitamin D receptor (VDR) and retinoid X receptors can bind to
transactivate expression of the target genes.” Coactivators of the
VDR, such as SRC3 and DRIP205, further regulate transcription
of vitamin D-dependent innate immune target genes.‘t’5 Insight
into how vitamin D can participate in rapid and local immune
responses was gained by understanding that the final activation
step for 250H-D3 to 1,25(0OH),-D3 is quickly stimulated in
monocytes and epithelial cells.®” Toll-like receptor (TLR) 2 lig-
ands and cytokines, such as TGF-f3 or IFN-v, can further trigger
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FIG 1. Overview of vitamin D and its interactions with cells of the immune system. Vitamin D3 intake is the
combination of dietary consumption and UV exposure. After 25- hydroxylation of vitamin D3 in the liver, the
serum 250H-D3 value is a good indicator of the level of intake. The optimal value for serum 250H-D3
remains a point of controversy. Hydroxylation of 2560H-D3 to 1,250H-D3 occurs mainly in the kidney, but
this step also occurs on peripheral cells, enabling rapid fine control of the activation of vitamin D in immune
cells. Laboratory evidence suggests 1,25(0H),-D3 can affect the function of a wide range of immunocytes,
generally enhancing innate defense mechanisms and inhibiting inflammatory events.

local conversion of stored inactive 250H-D3 to the highly ac-
tive 1,25(0H),-D3.%® This enzymatic activation of vitamin D
permits rapid triggering of gene expression and enables it to
participate in a relevant way during defense against microbes.
However, simple deficiency of 250H-D3 does not necessarily
result in loss of activity for genes activated by 1,25(OH),-D3.
For example, the antimicrobial peptide cathelicidin is strongly
induced by increased 1,25(OH),-D3 levels in cell culture.”1°
However, in vivo low vitamin D levels are accompanied by in-
creased PTH levels. PTH has been found to induce cathelicidin,
thus counteracting the potential for decreases in levels of this
antimicrobial peptide and maintaining appropriate immune de-
fense against infection by group A Streptococcus.'' Such obser-
vations of the existence of systems to compensate for low
vitamin D values in immune function supports the important
role of this molecule in immunity and sheds light on the diffi-
culty in consistently detecting clinical phenotypes associated
with specific serum vitamin D values. Of note, PTH was only
able to compensate for low vitamin D values if 1,25(OH),-D3
was present because PTH had no effect in the 25-OH-vitamin
D3 1-a-hydroxylase (CYP27B1) knock-out mouse model,
which is lacking the enzyme 25-OH-vitamin D1-a-hydroxylase
and therefore has no 1,25(0H),-D3.!!

CELLULAR EFFECTS OF VITAMIN D ON INNATE
AND ADAPTIVE IMMUNITY

Laboratory models of the effects of vitamin D on immune
function have shown a wide range of effects. Part of the difficulty
in attributing a clear physiologic role for vitamin D in immune

disorders stems from the many diverse and at times contradictory
observations (Fig 1). In the innate immune system vitamin D ap-
pears to improve antimicrobial defenses in general. As men-
tioned earlier, vitamin D induces endogenous expression of the
antimicrobial peptide cathelicidin. This can be seen in the skin,
in monocytes, and in the lung.'>'* Because cathelicidin has
been found in multiple experimental systems to be essential for
defense against a variety of microbial infections,'*'® it has
been proposed that vitamin D can enhance resistance to infec-
tion. Recently, Hong et al'® reported in mice that low-dose
UVB treatment to enhance cutaneous vitamin D production
also enhanced other elements of the skin innate immune system,
such as the antimicrobial peptides B-defensin 2 and B-defensin 3,
and this occurred in parallel with increased values of the epider-
mal lipid synthesis enzymes fatty acid synthase, serine C-palmi-
toyltransferase, and 3-hydroxy-3-methylglutaryl-coenzyme
A and differentiation markers, such as involucrin and filaggrin.
This effect was dependent on active vitamin D (1,25[OH],-D3)
because inhibition of the 25-OH-vitamin DI-a-hydroxylase
(CYP27B1) with ketoconazole blocked epidermal lipid synthe-
sis, antimicrobial peptide expression, and permeability barrier
homeostasis.'®

In addition to enhancing antimicrobial peptide expression and
skin barrier function, vitamin D also induces autophagy in human
macrophages. Autophagy is the ingestion of sequestered material
inside phagosomes, which is important in the defense against
infections, such as in patients with tuberculosis.'” Yuk et al'® used
physiologic vitamin D levels to show that vitamin D induces hu-
man cathelicidin in the peptide form of LL-37, which is localized
to autophagosomes to induce autophagy. Thus LL-37 enables
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both access to and killing of Mycobacterium tuberculosis in a vi-
tamin D-mediated manner. Notably, a large amount of literature
has been published suggesting that patients with M tuberculosis
infection have abnormal vitamin D intake or function.'

Natural killer cells play a critical role in the innate immune
system and are able to kill infected cells or tumor cells in an
MHC-independent manner. Vitamin D induces cathelicidin, and
cathelicidin was required for cytotoxic activity of natural killer
cells against tumor cells in a transplantable mouse melanoma
model.”

Complementing the protective actions of vitamin D in stimu-
lating antimicrobial functions, vitamin D also has been observed
to initiate events that support the dampening of excessive
inflammation. In monocytes vitamin D decreased expression of
TLRs and suppressed TLR-mediated inflammation." Vitamin D
was also observed to lead to enhanced cathelicidin and IL-10 pro-
duction by mast cells, thus providing another potential mecha-
nism by which vitamin D can decrease inflammation while
increasing antimicrobial action. A similar effect was seen in eo-
sinophils in a murine asthma model in which vitamin D reduced
eosinophil infiltrates in the respiratory system.*

In combination with the observations described above in innate
immune systems, vitamin D has also inspired much interest for its
potential to benefit inflammatory disorders by modifying the
function of cells classically associated with adaptive immunity.
Vitamin D decreased immune receptor expression on monocyte-
derived dendritic cells (DCs), inhibited DC activation by
LPS, and reduced the function of these cells.'>!*?* Vitamin D de-
creased proinflammatory cytokine release from PBMCs in gen-
eral and from T cells in particular.***> Vitamin D inhibited
T-cell proliferation through decreased Tyl cytokine secre-
tion.?®?” However, the direct effects on Ty2 cells are less clear.
One study found that vitamin D induced IL-4, IL-5, and IL-13
in vitro, whereas another study found no effect.?®3° Vitamin D
supplementation was not found to induce Ty2 responses
in vivo.>" Tn contrast, proinflammatory Ty17 responses were ob-
served to be blocked by administration of vitamin D in mice and
human subjects.32 Similar to observations described earlier in
mast cells, vitamin D increased IL-10 and decreased IL-2 produc-
tion from regulatory T (Treg) cells, thereby inducing a state of hy-
poresponsiveness.z‘"B’34 Mouse models have also demonstrated
the induction of Treg cells in response to either the topical vitamin
D analog calcipotriol or UV radiation to enhance endogenous pro-
duction of vitamin D.*>**® Vitamin D has been found to lead to in-
hibition of effector T cells, suggesting vitamin D deficiency can
promote autoimmunity by favoring the excessive production of
Tyl7 and Ty9 cells at the expense of IL-10-producing Treg
cells.”” Finally, vitamin D has also been shown to inhibit B-lym-
phocyte function and modulate the humoral immune response,
resulting in a diminished secretion of IgE.38

In early life the gastrointestinal tract is an important site of
codevelopment between the microbiota and the host immune
system. Interactions between the gut microbiota and host immune
cells in the intestine might affect the risk for having allergic
diseases, such as asthma, later in life (reviewed by Litonjua and
Gold”). Given the role of vitamin D in Treg cells and DCs, it is
possible that the host’s vitamin D status could modify the effect
of gut microbiota on the immune system. Interestingly, mice lack-
ing the VDR have chronic, low-grade gastrointestinal inflamma-
tion. Furthermore, T-cell homing into the gastrointestinal tract
was decreased, resulting in further enhanced inflammation in
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response to normally nonpathogenic microbes.*” Another study
showed that intact VDR function was able to directly attenuate
microbe-induced nuclear factor kB activation in the intestine.*!
In summary, these results indicate an important role for vitamin
D in the development of the immune system and in protection
from excessive inflammation in the gut and other organs
(reviewed by Ly et al*?).

ASSOCIATIONS OF VITAMIN D WITH ALLERGIC
DISEASES

Several groups have investigated whether 250H-D3 serum
values correlate with the risk of allergic disease. Dependent on the
threshold value used to define vitamin D insufficiency, it is very
common to identify large segments of the population that have
inadequate vitamin D intake. A Danish study that measured the
distribution of serum 250H-D3 in 182 participants in January
showed that 67% were vitamin D insufficient, as defined by
250H-D3 values of less than 50 nmol/L, and 18% were vitamin D
deficient (250H-D3 value, <25 nmol/L).** With the high preva-
lence of low serum 250H-D3 levels based on these threshold
values, it has been attractive to seek associations between low vi-
tamin D values and common immunologic disorders. For exam-
ple, a recent study measured serum 250H-D3 values in patients
with atopic dermatitis (AD), patients with psoriasis, and healthy
control subjects in Finland in the winter and found that atopic pa-
tients had significantly lower values than healthy control sub-
jects.** Interestingly, both low and very high 250H-D3 values
were associated with increased IgE values. Hypponen et al*®
showed that IgE concentrations were higher in study subjects
with low 250H-D3 values (<25 nmol/L) and with very high
250H-D3 serum values (>135 nmol/L). In children and adoles-
cents allergic sensitization to 11 of 17 investigated allergens
was more common in those with vitamin D deficiency. In partic-
ular, 250H-D3 values of less than 15 ng/mL were associated with
peanut (odds ratio [OR], 2.39), ragweed (OR, 1.83), and oak
(OR, 4.75) allergy.*®

Concerning childhood asthma, Brehm et al*’ observed that
children with asthma had low serum 250H-D3 values, even in
Costa Rica. Of 616 children with asthma, 21 (3.4%) had
250H-D3 serum values of less than 20 ng/mL (considered defi-
cient), and an additional 152 (24.6%) had values of between 20
and 30 ng/nL.*’ In a recent large prospective cohort study in
103 asthmatic children, Goleva et al*® found an inverse correla-
tion between serum 250H-D3 and IgE values (P = .006) and
an inverse relationship between daily inhaled corticosteroid doses
and serum 250H-D3 values (P =.05) or expression of the vitamin
D-regulated CYP24A1 gene in PBMCs (P = .03), indicating a
steroid-sparing effect of vitamin D3. Other studies did not con-
firm these results, and Hughes et al*® found no association be-
tween any of the UVR- or vitamin D-related measures and
childhood asthma. In contrast, greater time in the sun in winter be-
tween the ages of 6 and 15 years increased the odds of having hay
fever, and oral supplementation with cod liver oil in childhood
even increased the odds of a history of having both asthma and
hay fever.*’

Because the predisposition to allergies might already be
acquired in utero or during the development of the immune
system, several studies have also investigated whether maternal
vitamin D status influences the allergy risk in children. Camargo
et al’® reported that high 250H-D3 values during pregnancy
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decreased childhood wheezing by nearly 50% compared with low
maternal 250H-D3 values. They suggested that cord blood
250H-D3 values are inversely associated with the risk of respira-
tory tract infection and childhood wheezing but not with incident
asthma.’®>! However, Gale et al’> reported that high vitamin D
values during pregnancy might also be harmful with respect to al-
lergic disease development: children whose mothers had a
250H-D3 concentration during pregnancy of greater than 75
nmol/L had an increased risk of atopic eczema on examination
at 9 months (OR, 3.26) and asthma at the age of 9 years (OR,
5.40) compared with children whose mothers had a concentration
of less than 30 nmol/L. Vitamin D intake during pregnancy de-
creased the risk of wheeze symptoms in early childhood.”
Even though Erkkola et al>* showed that maternal vitamin D in-
take from foods during pregnancy was negatively associated
with the risk of asthma and allergic rhinitis in childhood, the in-
take of vitamin D supplements was not associated with a de-
creased risk for allergic disease. The same was demonstrated by
Nwaru et al’® in a prospective study in which maternal vitamin
D intake from foods during pregnancy was negatively associated
with the risk of food allergies at the age of 5 years. These obser-
vations were confirmed in a meta-analysis of 11 databases per-
formed by Nurmatov et al,® who concluded that high maternal
dietary vitamin D and E intakes during pregnancy were protective
against the development of childhood wheezing. In another study
those results were reproduced, and reduced maternal intake of vi-
tamin E, vitamin D, and zinc during pregnancy was associated
with increased wheezing outcomes in children.>’ Notably, correc-
tions for geographic region and month of examination did not
change this association in those studies.

AD is characterized by an impaired skin barrier, enhanced skin
inflammation, decreased induction of cathelicidin, and increased
susceptibility to microbial colonization and infection. Each of
these elements have been described earlier in this review to be
influenced by vitamin D, and thus it has been of interest to extend
these observations for clinical relevance. In children with AD,
mean serum 250H-D3 values were significantly higher in patients
with mild disease compared with those seen in patients with
moderate or severe AD.”® In some studies correcting serum con-
centrations of 250H-D3 to normal values promised benefit. For
example, one study reported significantly reduced IgE values in
atopic patients after supplementation.’> However, Back et al>’
showed that children who were supplemented with vitamin D
(>13 pg/d) showed an increased risk of either AD, allergic rhini-
tis, or allergic asthma.”® In particular, vitamin D intake led to an
increased risk of AD at the age of 6 years when a positive family
history for AD was already reported. Similarly, Hypponen et al®
showed that dietary intake of vitamin D during infancy promoted
allergic disease at age 31 years. Further supporting a deleterious
role for vitamin D supplementation, Milner et al®! found that early
vitamin supplementation in children was associated with in-
creased risk for asthma and food allergies. These results have
prompted the question of whether the mode of application of vi-
tamin D might also be important for promoting allergic diseases.
Kull et al® could show that vitamin D in water-soluble form
seemed to increase the risk of allergic disease up to the age of 4
years compared with supplementation of vitamin D administered
in peanut oil. Furthermore, Urashima et al®® showed in a random-
ized controlled trial that vitamin D supplementation in children
during the winter months reduced the rate of influenza
A infections and the frequency of asthma attacks. Also, a recent

MUEHLEISEN AND GALLO 327

pilot randomized controlled trial demonstrated a favorable effect
of vitamin D supplementation on AD symptoms in children dur-
ing the winter months.®* A prospective study has recently sug-
gested that vitamin D supplementation in asthmatic children
reduces the risk for recurrent respiratory tract infections and
thus the risk for disease exacerbation.”> These effects could
have been mediated by the induction of endogenous antimicrobial
peptides in the skin in patients with AD by means of oral vitamin
D supplementation.®® Supporting this hypothesis, Hata et al®® ad-
ministered an oral dose of 4000 IU of vitamin D3 daily to 14 pa-
tients with AD and 14 healthy control subjects. The patients with
AD experienced a 6-fold increase in cathelicidin levels. Thus
when enough substrate is added to the enzyme, as in the study
by Hata et al,% then keratinocytes might be able to produce ade-
quate 1,25(0OH),-D3 values to activate cathelicidins.

CONCLUDING REMARKS

Taken together, it is not yet possible to definitively assign an
absolute strategy for using vitamin D in the therapy of immuno-
logic disorders. Many confounding and unidentified variables
appear to be present in exiting studies that lead to inconclusive or
inconsistent results. There is overwhelming experimental evi-
dence that vitamin D acts on immune cell functions, but the
complexity of this system as it applies to the general population
has not yet made clear how to translate this information into
nutritional guidelines. Hopefully, better understanding of the
molecular mechanisms by which vitamin D influences specific
aspects of immune function will enable design of the appropriate
human trials to establish clinical efficacy.

REFERENCES

1. Rosen CJ, Abrams SA, Aloia JF, Brannon PM, Clinton SK, Durazo-Arvizu RA,
et al. IOM committee members respond to Endocrine Society vitamin D guideline.
J Clin Endocrinol Metab 2012;97:1146-52.

2. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney
RP, et al. Evaluation, treatment, and prevention of vitamin D deficiency: an Endo-
crine Society clinical practice guideline. J Clin Endocrinol Metab 2011;96:
1911-30.

3. Christakos S, Raval-Pandya M, Wernyj RP, Yang W. Genomic mechanisms in-
volved in the pleiotropic actions of 1,25-dihydroxyvitamin D3. Biochem J 1996;
316:361-71.

4. Bikle DD, Teichert A, Arnold LA, Uchida Y, Elias PM, Oda Y. Differential regu-
lation of epidermal function by VDR coactivators. J Steroid Biochem Mol Biol
2010;121:308-13.

5. Hawker NP, Pennypacker SD, Chang SM, Bikle DD. Regulation of human epider-
mal keratinocyte differentiation by the vitamin D receptor and its coactivators
DRIP205, SRC2, and SRC3. J Invest Dermatol 2007;127:874-80.

6. Schauber J, Dorschner RA, Coda AB, Buchau AS, Liu PT, Kiken D, et al. Injury
enhances TLR2 function and antimicrobial peptide expression through a vitamin
D-dependent mechanism. J Clin Invest 2007;117:803-11.

7. Liu PT, Stenger S, Li H, Wenzel L, Tan BH, Krutzik SR, et al. Toll-like receptor
triggering of a vitamin D-mediated human antimicrobial response. Science 2006;
311:1770-3.

8. Fabri M, Stenger S, Shin DM, Yuk JM, Liu PT, Realegeno S, et al. Vitamin D is
required for IFN-gamma-mediated antimicrobial activity of human macrophages.
Sci Transl Med 2011;3:104ra2.

9. Gombart AF, Borregaard N, Koeffler HP. Human cathelicidin antimicrobial peptide
(CAMP) gene is a direct target of the vitamin D receptor and is strongly up-
regulated in myeloid cells by 1,25-dihydroxyvitamin D3. FASEB J 2005;19:
1067-71.

10. Wang TT, Nestel FP, Bourdeau V, Nagai Y, Wang Q, Liao J, et al. Cutting edge:
1,25-dihydroxyvitamin D3 is a direct inducer of antimicrobial peptide gene expres-
sion. J Immunol 2004;173:2909-12.

11. Muehleisen B, Bikle DD, Aguilera C, Burton DW, Sen GL, Deftos LJ, et al. PTH/
PTHrP and vitamin D control antimicrobial peptide expression and susceptibility to
bacterial skin infection. Sci Transl Med 2012;4:135ra66.



328 MUEHLEISEN AND GALLO

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32

33.

34.

35.

36.

. Gorman S, Judge MA, Hart PH. Immune-modifying properties of topical vitamin

D: focus on dendritic cells and T cells. J Steroid Biochem Mol Biol 2010;121:
247-9.

. Schauber J, Dorschner RA, Yamasaki K, Brouha B, Gallo RL. Control of the innate

epithelial antimicrobial response is cell-type specific and dependent on relevant mi-
croenvironmental stimuli. Immunology 2006;118:509-19.

. Nizet V, Ohtake T, Lauth X, Trowbridge J, Rudisill J, Dorschner RA, et al. Innate

antimicrobial peptide protects the skin from invasive bacterial infection. Nature
2001;414:454-7.

. Gallo RL, Hooper LV. Epithelial antimicrobial defence of the skin and intestine.

Nat Rev Immunol 2012;12:503-16.

. Hong SP, Kim MJ, Jung MY, Jeon H, Goo J, Ahn SK, et al. Biopositive effects of

low-dose UVB on epidermis: coordinate upregulation of antimicrobial peptides
and permeability barrier reinforcement. J Invest Dermatol 2008;128:2880-7.

. Campbell GR, Spector SA. Hormonally active vitamin D3 (lalpha,25-dihydroxy-

cholecalciferol) triggers autophagy in human macrophages that inhibits HIV-1 in-
fection. J Biol Chem 2011;286:18890-902.

. Yuk JM, Shin DM, Lee HM, Yang CS, Jin HS, Kim KK, et al. Vitamin D3 induces

autophagy in human monocytes/macrophages via cathelicidin. Cell Host Microbe
2009;6:231-43.

. Gibney KB, MacGregor L, Leder K, Torresi J, Marshall C, Ebeling PR, et al.

Vitamin D deficiency is associated with tuberculosis and latent tuberculosis infec-
tion in immigrants from sub-Saharan Africa. Clin Infect Dis 2008;46:443-6.
Buchau AS, Morizane S, Trowbridge J, Schauber J, Kotol P, Bui JD, et al. The host
defense peptide cathelicidin is required for NK cell-mediated suppression of tumor
growth. J Immunol 2010;184:369-78.

Sadeghi K, Wessner B, Laggner U, Ploder M, Tamandl D, Friedl J, et al. Vitamin
D3 down-regulates monocyte TLR expression and triggers hyporesponsiveness to
pathogen-associated molecular patterns. Eur J Immunol 2006;36:361-70.

Gorman S, Judge MA, Burchell JT, Turner DJ, Hart PH. 1,25-dihydroxyvitamin D3
enhances the ability of transferred CD4+ CD25+ cells to modulate T helper type
2-driven asthmatic responses. Immunology 2010;130:181-92.

Piemonti L, Monti P, Sironi M, Fraticelli P, Leone BE, Dal Cin E, et al. Vitamin D3
affects differentiation, maturation, and function of human monocyte-derived
dendritic cells. J Immunol 2000;164:4443-51.

Khoo AL, Chai LY, Koenen HJ, Sweep FC, Joosten I, Netea MG, et al. Regulation
of cytokine responses by seasonality of vitamin D status in healthy individuals.
Clin Exp Immunol 2011;164:72-9.

Muthian G, Raikwar HP, Rajasingh J, Bright JJ. 1,25 Dihydroxyvitamin-D3
modulates JAK-STAT pathway in IL-12/IFNgamma axis leading to Thl response
in experimental allergic encephalomyelitis. J Neurosci Res 2006;83:1299-309.
Jirapongsananuruk O, Melamed I, Leung DY. Additive immunosuppressive effects
of 1,25-dihydroxyvitamin D3 and corticosteroids on TH1, but not TH2, responses.
J Allergy Clin Immunol 2000;106:981-5.

Lemire JM, Archer DC, Beck L, Spiegelberg HL. Immunosuppressive actions of
1,25-dihydroxyvitamin D3: preferential inhibition of Thl functions. J Nutr 1995;
125(suppl):1704S-8S.

Daynes RA, Enioutina EY, Butler S, Mu HH, McGee ZA, Araneo BA. Induction of
common mucosal immunity by hormonally immunomodulated peripheral immuni-
zation. Infect Immun 1996;64:1100-9.

Jorde R, Sneve M, Torjesen PA, Figenschau Y, Goransson LG, Omdal R. No effect
of supplementation with cholecalciferol on cytokines and markers of inflammation
in overweight and obese subjects. Cytokine 2010;50:175-80.

Matheu V, Back O, Mondoc E, Issazadeh-Navikas S. Dual effects of vitamin
D-induced alteration of TH1/TH2 cytokine expression: enhancing IgE production
and decreasing airway eosinophilia in murine allergic airway disease. J Allergy
Clin Immunol 2003;112:585-92.

. Kreindler JL, Steele C, Nguyen N, Chan YR, Pilewski JM, Alcorn JF, et al. Vita-

min D3 attenuates Th2 responses to Aspergillus fumigatus mounted by CD4+ T
cells from cystic fibrosis patients with allergic bronchopulmonary aspergillosis.
J Clin Invest 2010;120:3242-54.

Chang JH, Cha HR, Lee DS, Seo KY, Kweon MN. 1,25-Dihydroxyvitamin D3 in-
hibits the differentiation and migration of T(H)17 cells to protect against experi-
mental autoimmune encephalomyelitis. PLoS One 2010;5:€12925.

Biggs L, Yu C, Fedoric B, Lopez AF, Galli SJ, Grimbaldeston MA. Evidence that
vitamin D(3) promotes mast cell-dependent reduction of chronic UVB-induced
skin pathology in mice. J Exp Med 2010;207:455-63.

Robinson DS. Regulatory T cells and asthma. Clin Exp Allergy 2009;39:
1314-23.

Ghoreishi M, Bach P, Obst J, Komba M, Fleet JC, Dutz JP. Expansion of antigen-
specific regulatory T cells with the topical vitamin d analog calcipotriol. J Immunol
2009;182:6071-8.

Loser K, Beissert S. Regulation of cutaneous immunity by the environment: an im-
portant role for UV irradiation and vitamin D. Int Immunopharmacol 2009;9:587-9.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S

52.

53.

54.

55.

56.

57.

58.

59.

60.

J ALLERGY CLIN IMMUNOL
FEBRUARY 2013

Palmer MT, Lee YK, Maynard CL, Oliver JR, Bikle DD, Jetten AM, et al. Lineage-
specific effects of 1,25-dihydroxyvitamin D(3) on the development of effector CD4
T cells. J Biol Chem 2011;286:997-1004.

Hartmann B, Heine G, Babina M, Steinmeyer A, Zugel U, Radbruch A, et al.
Targeting the vitamin D receptor inhibits the B cell-dependent allergic immune
response. Allergy 2011;66:540-8.

Litonjua AA, Gold DR. Asthma and obesity: common early-life influences in the
inception of disease. J Allergy Clin Immunol 2008;121:1075-86.

Yu S, Bruce D, Froicu M, Weaver V, Cantorna MT. Failure of T cell homing, re-
duced CD4/CD8alphaalpha intraepithelial lymphocytes, and inflammation in the
gut of vitamin D receptor KO mice. Proc Natl Acad Sci U S A 2008;105:20834-9.
Wau S, Liao AP, Xia Y, Li YC, Li JD, Sartor RB, et al. Vitamin D receptor nega-
tively regulates bacterial-stimulated NF-kappaB activity in intestine. Am J Pathol
2010;177:686-97.

Ly NP, Litonjua A, Gold DR, Celedon JC. Gut microbiota, probiotics, and vitamin
D: interrelated exposures influencing allergy, asthma, and obesity? J Allergy Clin
Immunol 2011;127:1087-96.

Bogh MK, Schmedes AV, Philipsen PA, Thieden E, Wulf HC. Vitamin D produc-
tion after UVB exposure depends on baseline vitamin D and total cholesterol but
not on skin pigmentation. J Invest Dermatol 2010;130:546-53.

Vahavihu K, Ala-Houhala M, Peric M, Karisola P, Kautiainen H, Hasan T, et al.
Narrowband ultraviolet B treatment improves vitamin D balance and alters antimi-
crobial peptide expression in skin lesions of psoriasis and atopic dermatitis. Br J
Dermatol 2010;163:321-8.

Hypponen E, Berry DJ, Wjst M, Power C. Serum 25-hydroxyvitamin D and IgE—a
significant but nonlinear relationship. Allergy 2009;64:613-20.

Sharief S, Jariwala S, Kumar J, Muntner P, Melamed ML. Vitamin D levels and
food and environmental allergies in the United States: results from the National
Health and Nutrition Examination Survey 2005-2006. J Allergy Clin Immunol
2011;127:1195-202.

Brehm JM, Celedon JC, Soto-Quiros ME, Avila L, Hunninghake GM, Forno E,
et al. Serum vitamin D levels and markers of severity of childhood asthma in Costa
Rica. Am J Respir Crit Care Med 2009;179:765-71.

Goleva E, Searing DA, Jackson LP, Richers BN, Leung DY. Steroid requirements
and immune associations with vitamin D are stronger in children than adults with
asthma. J Allergy Clin Immunol 2012;129:1243-51.

Hughes AM, Lucas RM, Ponsonby AL, Chapman C, Coulthard A, Dear K, et al.
The role of latitude, ultraviolet radiation exposure and vitamin D in childhood
asthma and hayfever: an Australian multicenter study. Pediatr Allergy Immunol
2011;22:327-33.

Camargo CA Ir, Clark S, Kaplan MS, Lieberman P, Wood RA. Regional differ-
ences in EpiPen prescriptions in the United States: the potential role of vitamin
D. J Allergy Clin Immunol 2007;120:131-6.

Camargo CA Jr, Ingham T, Wickens K, Thadhani R, Silvers KM, Epton MJ, et al.
Cord-blood 25-hydroxyvitamin D levels and risk of respiratory infection, wheez-
ing, and asthma. Pediatrics 2011;127:¢180-7.

Gale CR, Robinson SM, Harvey NC, Javaid MK, Jiang B, Martyn CN, et al. Ma-
ternal vitamin D status during pregnancy and child outcomes. Eur J Clin Nutr
2008;62:68-77.

Devereux G, Litonjua AA, Turner SW, Craig LC, McNeill G, Martindale S, et al.
Maternal vitamin D intake during pregnancy and early childhood wheezing. Am J
Clin Nutr 2007:85:853-9.

Erkkola M, Kaila M, Nwaru BI, Kronberg-Kippila C, Ahonen S, Nevalainen J,
et al. Maternal vitamin D intake during pregnancy is inversely associated with
asthma and allergic rhinitis in 5-year-old children. Clin Exp Allergy 2009;39:
875-82.

Nwaru BI, Ahonen S, Kaila M, Erkkola M, Haapala AM, Kronberg-Kippila C,
et al. Maternal diet during pregnancy and allergic sensitization in the offspring
by 5 yrs of age: a prospective cohort study. Pediatr Allergy Immunol 2010;21:
29-37.

Nurmatov U, Devereux G, Sheikh A. Nutrients and foods for the primary preven-
tion of asthma and allergy: systematic review and meta-analysis. J Allergy Clin
Immunol 2011;127:724-33, e1-30.

De Luca G, Olivieri F, Melotti G, Aiello G, Lubrano L, Boner AL. Fetal and early
postnatal life roots of asthma. J Matern Fetal Neonatal Med 2010;23(suppl 3):80-3.
Peroni DG, Piacentini GL, Cametti E, Chinellato I, Boner AL. Correlation between
serum 25-hydroxyvitamin D levels and severity of atopic dermatitis in children. Br
J Dermatol 2011;164:1078-82.

Back O, Blomquist HK, Hernell O, Stenberg B. Does vitamin D intake during in-
fancy promote the development of atopic allergy? Acta Derm Venereol 2009;89:
28-32.

Hypponen E, Sovio U, Wjst M, Patel S, Pekkanen J, Hartikainen AL, et al. Infant
vitamin d supplementation and allergic conditions in adulthood: northern Finland
birth cohort 1966. Ann N Y Acad Sci 2004;1037:84-95.



J ALLERGY CLIN IMMUNOL
VOLUME 131, NUMBER 2

61.

62.

63.

Milner JD, Stein DM, McCarter R, Moon RY. Early infant multivitamin supple-
mentation is associated with increased risk for food allergy and asthma. Pediatrics
2004;114:27-32.

Kull I, Bergstrom A, Melen E, Lilja G, van Hage M, Pershagen G, et al. Early-life
supplementation of vitamins A and D, in water-soluble form or in peanut oil, and
allergic diseases during childhood. J Allergy Clin Immunol 2006;118:1299-304.
Urashima M, Segawa T, Okazaki M, Kurihara M, Wada Y, Ida H. Randomized trial
of vitamin D supplementation to prevent seasonal influenza A in schoolchildren.
Am J Clin Nutr 2010;91:1255-60.

64.

65.

66.

MUEHLEISEN AND GALLO 329

Sidbury R, Sullivan AF, Thadhani RI, Camargo CA Jr. Randomized controlled trial
of vitamin D supplementation for winter-related atopic dermatitis in Boston: a pilot
study. Br J Dermatol 2008;159:245-7.

Majak P, Olszowiec-Chlebna M, Smejda K, Stelmach I. Vitamin D supplementa-
tion in children may prevent asthma exacerbation triggered by acute respiratory
infection. J Allergy Clin Immunol 2011;127:1294-6.

Hata TR, Kotol P, Jackson M, Nguyen M, Paik A, Udall D, et al. Administration of
oral vitamin D induces cathelicidin production in atopic individuals. J Allergy Clin
Immunol 2008;122:829-31.



	Vitamin D in allergic disease: Shedding light on a complex problem
	Molecular mechanisms for the immunologic effects of vitamin D
	Cellular effects of vitamin D on innate and adaptive immunity
	Associations of vitamin D with allergic diseases
	Concluding remarks
	References


