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ABSTRACT: Over the past 20 y, a resurgence in vitamin D defi-
ciency and nutritional rickets has been reported throughout the world,
including the United States. Inadequate serum vitamin D concentra-
tions have also been associated with complications from other health
problems, including tuberculosis, cancer (prostate, breast, and co-
lon), multiple sclerosis, and diabetes. These findings support the
concept of vitamin D possessing important pleiotropic actions
outside of calcium homeostasis and bone metabolism. In children,
an association of nutritional rickets with respiratory compromise
has long been recognized. Recent epidemiologic studies clearly
demonstrate the link between vitamin D deficiency and the in-
creased incidence of respiratory infections. Further research has
also elucidated the contribution of vitamin D in the host defense
response to infection. However, the mechanism(s) by which vita-
min D levels contribute to pediatric infections and immune func-
tion has yet to be determined. This knowledge is particularly
relevant and timely, because infants and children seem more
susceptible to viral rather than bacterial infections in the face of
vitamin D deficiency. The connection among vitamin D, infec-
tions, and immune function in the pediatric population indicates a
possible role for vitamin D supplementation in potential interven-
tions and adjuvant therapies. (Pediatr Res 65: 106R–113R, 2009)

After the discovery that vitamin D deficiency is the cause
of nutritional rickets, the emphasis on vitamin D

status in children was relegated to a discussion primarily
focused on prevention and treatment of the disease. A few
early clinicians, however, astutely recognized the increased
incidence of respiratory infections among infants and chil-
dren with rickets. Most presumed, however, that the in-
creased incidence of respiratory infections in these children
reflected compromised lung compliance from the rib defor-
mities associated with severe rickets and an overall poor
nutritional status. Now epidemiologic studies have identi-
fied a link between inadequate vitamin D concentrations
and infectious disease. Furthermore, the contribution of
vitamin D in host defense against infection has been elu-
cidated. The goal of this study is to provide an overview on
the current knowledge available regarding the role of vita-
min D in immunologic function and the manifestations of
infectious diseases in the pediatric population.

Delineating Vitamin D Sufficiency, Insufficiency,
and Deficiency

By definition, vitamin D is not a true vitamin because
adequate exposure to sunlight either negates or significantly
diminishes the need for dietary supplementation. Instead, this
imprecise descriptor refers to a group of steroid molecules
also encompassing both vitamin D2 (derived from plants that
use ergosterol rather than cholesterol) and vitamin D3 mole-
cules (derived from cholesterol). The human body thus pro-
cures vitamin D through two independent pathways: the
photochemical action of solar UVB light (�295 to 320 nm)
in the skin and some limited dietary sources (1).
Given that vitamin D2 is produced by plants, dietary

sources (naturally occurring and/or obtained via oral supple-
mentation) are the only means for acquiring it. Vitamin D3, on
the other hand, is predominantly procured via the sunlight
driven cutaneous reaction described earlier or from dietary
sources. For adults, consumption of fatty fish and/or oral
supplementation supplies the most abundant amounts of vita-
min D3. In contrast, the major dietary sources of vitamin D in
the pediatric population are provided by fortified foods such as
cereal, cheese, and milk, none of which are uniformly con-
sumed in large quantities by all age groups. The average
adult diet typically provides �10–20% of an individual’s
vitamin D stores with a child’s diet likely to provide even
less vitamin D (2).
In the body, 25-hydroxy vitamin D (25D) is the major

circulating vitamin D metabolite. It is generated predomi-
nantly through hepatic 25-hydroxylation via many potential
catalysts, including CYP2R1 and CYP27A1. The conversion
to hormonal 1,25-dihydroxyvitamin D (1,25D) requires the
enzyme CYP27B1. The kidneys have long been considered
the major site for 1�-hydroxylation of 25D to 1,25D. Unlike
the loosely regulated hepatic hydroxylation of 25D, the renal
1�-hydroxylation falls under tight control of parathyroid hor-
mone (PTH) and is primarily involved in calcium regulation
and signaling. In sites other than the renal tubule, such as
keratinocytes (3), the trophoblastic layer of the placenta (4),
IFN-� stimulated macrophages (5), and granulomata (6), this
type of fastidious regulation is either absent or operates very
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inefficiently. Compared with adults, strict control of renal
1�-hydroxylation and the normal feedback suppression by
1,25D is also less precise in infants.
Once converted, 1,25D serves as the active form of vitamin

D and binds to the vitamin D receptor (VDR), a nuclear
receptor and ligand-activated transcription factor (7). VDR is
expressed in most tissues and regulates cellular differentiation
and function in many cell types. For example, VDR expres-
sion is found in monocytes as well as stimulated macrophages,
dendritic cells, natural killer cells, T cells, and B cells of the
immune system. Activation of the VDR leads to production of
downstream gene products. In immune cells, VDR activation
elicits potent antiproliferative, prodifferentiative, and immu-
nomodulatory effects.
Initially, research focused on the role of vitamin D in bone

metabolism and calcium homeostasis. Regulation of intestinal
calcium transport is still the most significant effect of 1,25D
acting through its binding to the VDR. More recently, how-
ever, it has become clear that vitamin D has pleiotropic effects.
This includes some VDR transcription-independent actions
and vitamin D playing a key role in immune system regula-
tion. Activation of the VDR by 1,25D alters cytokine secretion
patterns, suppresses effector T-cell activation, and induces
regulatory T cells. In dendritic cells, it has also been demon-
strated to affect maturation, differentiation, and migration.
1,25D can enhance the phagocytic activity of macrophages
and increase the activity of natural killer cells. Therefore,
tissue- and cell-specific differences in the regulation of 25D
are highly relevant to the roles of 25D and 1,25D as immu-
nomodulators.
The effects observed with vitamin D are dependent on the

availability of the substrate. Designations for sufficient, toxic,
insufficient, and deficient states are defined by the serum
concentrations of 25D. Normal 25D concentrations associated
with a vitamin D sufficient individual are usually �30 to 32
ng/mL (75–80 nM). Hypervitaminosis D is arbitrarily defined
as 25D concentrations �100 ng/mL (250 nmol/L). However,
people living and/or working in sun-enriched environments,
such as lifeguards and sunbathers, reached 25D concentrations
exceeding this value without evidence of deleterious conse-
quences beyond the well-characterized solar damage from
ultra violet radiation (UVR) (8). Symptoms of vitamin D
intoxication typically do not manifest until circulating 25D
concentrations rise above 150 ng/mL (375 nM). The most
common adverse effect is hypercalcemia, which can lead to
the formation of kidney or bladder stones and cause renal
failure.
Vitamin D deficiency is typically defined as circulating 25D

concentrations �20 ng/mL (50 nM) (7,9). In this state, the
subsequently low ionized calcium (iCa) concentration stimu-
lates PTH secretion, which eventually leads to increased
1,25D synthesis. The elevated PTH concentrations also lead to
a decrease in bone mineralization and osteomalacia. In the
immature bones of children, the term rickets describes the
osteomalacia and the abnormal organization of the cartilagi-
nous growth plate along with the accompanying impairment
of cartilage mineralization (10). PTH and 25D concentrations
are inversely related until the 25D concentration is �30–40

ng/mL (75–100 nM), after which PTH concentrations fall
precipitously.
Individuals with 25D concentrations �20 ng/mL (50 nM)

have been originally classified in the vitamin D sufficient
category. With more information emphasizing the important
roles vitamin D plays outside of calcium homeostasis and
bone metabolism, 25D concentrations that span the range
between the loosely defined parameters of vitamin D suffi-
ciency and deficiency are now associated with manifestations
of disease. In both the adult and the pediatric population, use
of the term vitamin D insufficiency is increasingly recom-
mended for ranges that fall between 20 ng/mL (50 nM) and 30
to 32 ng/mL (75–80 nM) to account for these observations.
During the winter solstice period (outside the latitudinal

lines, Tropic of Cancer and Tropic of Capricorn), surface solar
UVB irradiation is inadequate to trigger sufficient production
of vitamin D3. The seasonal variations in temperate climates,
related to distance in latitude from the equator and decreased
sun exposure, greatly exacerbate the problem of vitamin D
insufficiency/deficiency. The melanin content in the epidermis
of an individual also affects absorption of UVB with darker
pigmented individuals absorbing less UVB due to melanin
acting as a natural sunscreen. Any mechanism that prevents
UVB absorption (clothing, increased pollution, longer periods
spent indoors, etc.) works in a similar fashion to prevent
cutaneous production of vitamin D3. Using the aforemen-
tioned definitions, estimates suggest that 1 billion people
around the world may be vitamin D insufficient/deficient.
In characterizing the global health status of children, rec-

ognition of vitamin D insufficiency has increased significantly,
particularly over the past 20 y. In the United States, relatively
high rates of vitamin D deficiency not necessarily associated
with rickets have been reported in healthy infants (11,12),
children (13,14), and adolescents (15,16). A high prevalence
of vitamin D deficiency has also been reported in infants,
children, and adolescents from other countries, including the
United Kingdom (17), Greece (18), Lebanon (19), China (20),
Finland (21), and Canada (22). Besides the resurgence of
rickets, vitamin D insufficiency in children is implicated as a
risk factor for the development of chronic diseases later in life,
including asthma, diabetes, heart disease, and cancer (23). A
separate study from the United Kingdom, also found that the
cost of preventing vitamin D deficiency in a high-risk popu-
lation of Asian children theoretically favored this approach
compared with the financial burden of treating the general
health problems associated with chronic vitamin D deficiency
(24). Despite the small cohort, the study provides an impetus
for considering more aggressive prevention and treatment of
widespread vitamin D deficiency.

Vitamin D Insufficiency/Deficiency and Infectious
Diseases

Vitamin D insufficiency and deficiency have been associ-
ated with various disease states. Below “normal” vitamin D
concentrations in adults have been strongly associated with
tuberculosis, influenza, autoimmune diseases, cancer (pros-
tate, colon, and breast), and myocardial infarction. Expanded
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studies in infants and children are also exploring the effects of
vitamin D insufficiency and type 1 diabetes mellitus (25) as
well as investigating the risk of developing of allergies and
atopic diseases (26). Still, a significant gap exists in our
understanding of the consequences of vitamin D insufficiency/
deficiency in the pediatric population.
The prototypical example of a connection between vitamin

D insufficiency and susceptibility to infectious disease is
tuberculosis (TB). Published studies over the past 20 y ago
have strongly connected the association of decreased serum
25D concentrations and increased severity and/or susceptibil-
ity to TB infection. Davies et al. (27) demonstrated signifi-
cantly lower 25D3 concentrations among patients with cul-
ture positive TB versus their matched controls. More
recently, a case-control study of the Gujarati Indian popu-
lation in London found that 25D3 deficiency was more com-
monly observed in patients with active TB (67%) versus their
uninfected household co-inhabitants (26%) who served as the
control group (28).
In children, infections remain a major cause of morbidity

and mortality around the world (29). Several recent epidemi-
ology studies have observed the association between inade-
quate vitamin D concentrations and hospitalization and/or
respiratory infection among children. Williams et al. (30)
determined the vitamin D status of 64 children infected with
TB. Eighty-six percent of their patients had inadequate vita-
min D stores. Although TB is the prototypical association of
vitamin D deficiency and infectious disease, other infectious
diseases have also been linked to inadequate vitamin D stores
in children.
Muhe et al. (31) examined the risk for developing pneumo-

nia among Ethiopian children with nutritional rickets. This
case-control study found a strong positive correlation between
vitamin D deficiency and respiratory compromise. More re-
cently, Najada et al. (32) studied a cohort of hospitalized
infants with respiratory diseases and found a higher incidence
of nutritional rickets. Wayse et al. (33) also investigated acute
lower respiratory tract infections (ALRIs) in nonrachitic chil-
dren admitted to a private hospital in India. Their study led to
recognition of a link between subclinical vitamin D defi-
ciency, nonexclusive breastfeeding, and increased risk for
severe ALRIs. Karatekin et al. (34) followed up with a report
from Turkey on ALRIs and nonrachitic vitamin D deficiency
in newborns. They found that serum 25D concentrations in the
newborns with ALRIs were lower than the healthy control
group. The risk for developing an ALRI also increased sig-
nificantly with 25D concentrations �10 ng/mL (25 nM). In
their study population, infants with ALRIs spent an average of
8 d in the NICU, again implying the financial and social
impact of vitamin D insufficiency/deficiency.
The incidence of viral infections, particularly in the pedi-

atric population, typically peaks in the winter months when
cutaneous vitamin D synthesis is naturally impaired. In con-
trast to data available from adult subjects, infections observed
in children with inadequate vitamin D stores are more fre-
quently reported as viral in origin. Several of the previously
cited studies have pointed to adequate vitamin D concentra-
tions playing a potential role in protecting against upper and

lower respiratory tract infections. One of the key points in
these studies is the suggestion that susceptibility to infection
occurs before many of the overt manifestations of nutritional
rickets might appear. More specifically, the risk for acquiring
an infection necessitating hospitalization is also reflective of a
vitamin D insufficient state, rather than a secondary manifes-
tation of the more severe vitamin D deficiency typically
documented in cases of nutritional rickets. For most popula-
tions, inadequate concentrations of vitamin D seem to clini-
cally impact the health of children more severely and often
before the manifestations of rickets and osteomalacia.
Cystic fibrosis (CF) is another disease encountered in the

pediatric population characterized by recurrent infections and
inadequate serum concentrations of vitamin D (35). Patients
with CF usually experience problems with malabsorption and
are typically placed on oral supplementation of fat-soluble
vitamins, including vitamin D. Severe pulmonary infections
often require repeated hospitalizations. Treatment for these
infections has led to the increasingly problematic issue of
antibiotic resistance by the causative pathogens. One promis-
ing area of research for improving the efficacy of antibiotic
therapy is the use of antimicrobial peptides (AMPs) as thera-
peutic adjuvants. Cathelicidin is an AMP with multifunctional
roles in host defense whose expression is up-regulated by
1,25D. Yim et al. (36) recently investigated the production of
cathelicidin in primary cultures of normal and CF bronchial
epithelial cells. They were able to demonstrate 1,25D-
stimulated induction of cathelicidin in this cell type. They also
provided evidence for 1,25D-treated bronchial epithelial cells
exhibiting increased antibacterial activity against common CF
airway pathogens such as Pseudomonas aeruginosa and Bor-
detella bronchiseptica. On the basis of these results, they
speculate on the targeted use of inhaled 1,25D to augment the
expression of cathelicidin on the mucosal surface of bronchial
epithelia.
HIV is an example of an infection where the clinical and

genetic evidence is aggregating together to suggest that vita-
min D may play a role in susceptibility to and control of the
infection. To our knowledge, no studies to date have found a
correlation between vitamin D status and risk for death from
HIV. In one study, however, HIV-positive patients supple-
mented with vitamin D demonstrated a positive impact on
their CD4� T-cell counts (37). Further research into the
connection between vitamin D and HIV is ongoing and in-
cludes studies on the role of vitamin D signaling and the VDR
in HIV infection.
Research into VDR gene polymorphisms also supports the

association between vitamin D and other infectious diseases.
Janssen et al. (38) reported a significant association between
genetic susceptibility to respiratory syncytial virus (RSV)
bronchiolitis and several single nucleotide polymorphisms
(SNPs) of genes related to innate immune function, including
the VDR. Roth et al. (39) previously published a report which
demonstrated no association between ALRI and vitamin D
concentrations in Canadian hospitalized children. Most of the
children in their study, however, were relatively vitamin D
replete. They then undertook a secondary analysis of the
subject population used for that study. They identified two
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SNPs using the TaqI and FokI restriction endonucleases as
these had been previously associated with pulmonary TB in
several adult populations. The designation of a lowercase t
(TaqI) or f (FokI) indicated the presence of a restriction site.
Among their study population, children with the ff genotype
were at a high risk for developing an ALRI (predominantly
RSV bronchiolitis) (40). Their finding remained statistically
significant even after attempting to account for potential con-
founders such as ethnicity.
Vitamin D-related pathways have been studied in terms of

their involvement in the host immune response to viral respi-
ratory infections, such as influenza (41). In several pediatric
studies, an association with the ff genotype of the VDR
increased the risk of acquiring an acute lower respiratory tract
infection (predominantly viral bronchiolitis). The ff genotype
seems to encode a less active VDR and diminish the ability of
immune cells to use vitamin D for its immunomodulatory
effects or to generate antimicrobial activity. With estimates of
costs exceeding $500 million dollars per year (42), bronchi-
olitis places a tremendous financial burden on the healthcare
system in the United States. A relatively simple intervention
such as vitamin D supplementation that might decrease the
incidence of this disease would be a highly sought after option
for treatment provided by healthcare providers and requested
by parents and public health officials.

Effects of Vitamin D on Immune Function

The effects of vitamin D on immune function can be
thought of in relation to diseases characterized by autoimmune
dysfunction, such as asthma, type 1 diabetes mellitus, and
multiple sclerosis. Inadequate intake of vitamin D and low
serum concentrations of 25D in pregnancy have been associ-
ated with higher risk of wheezing illnesses in children (43). A
study from Boston, MA, suggested that increasing maternal
vitamin D intake while pregnant could potentially decrease
the risk of recurrent wheeze during early childhood in the
offspring of the mother’s compliant with the recommenda-
tions (44).
In type 1 diabetes, studies of vitamin D supplementation

during pregnancy and early childhood demonstrated a poten-
tial to reduce the risk of developing the disease (45–47). A
population-based birth cohort study of 10,366 Finnish children
followed for three decades found that children who regularly
ingested 2,000 IU of vitamin D during the first year of life
were 80% less likely to develop type 1 diabetes mellitus (47).
Some other studies have reported contrasting findings. A
Swedish birth cohort study of 11,081 children found that
maternal supplementation with �200 IU of vitamin D during
pregnancy reduced islet autoimmunity at 1 y of age, but this
effect was not sustained when children were examined at 21⁄2 y
of age. Supplementation with a daily dose of 400 IU during
infancy was not associated with islet autoimmunity (48).
Discrepancies between study designs may partially explain the
discrepancy between findings.
Vitamin D deficiency as an infant has been implicated as

one risk factor for the development of multiple sclerosis. The
season of birth, used as a surrogate marker of vitamin D

concentrations during pregnancy, was associated with familial
cases of multiple sclerosis in a population based study con-
ducted throughout several different countries (49). Using se-
rum samples stored in the US Department of Defense Serum
Repository, another group of investigators conducted a pro-
spective, nested case-control study and found interesting dif-
ferences between the ethnically diverse populations repre-
sented in the repository. Among white adults, those in the
highest quintile of measured vitamin 25D before diagnosis
had less of a risk for developing multiple sclerosis than those
in the lowest quintile (odds ratio, 0.59) (50). The inverse
relationship between vitamin D and risk of a multiple sclerosis
diagnosis was strongest when the 25D concentrations were
measured in subjects before their reaching 20 y of age. These
findings, however, were not duplicated in the samples from
African-American and Latino sera contained in the repository.
The effects of vitamin D on the immune system extend

beyond manifestations of autoimmune diseases with several
studies extensively investigating and summarizing the role of
1,25D on the innate (51–59) and adaptive (59–62) immune
responses. In general, 1,25D acts not only to promote the
innate immune response to microbial pathogens but to also
quell what might be an overzealous adaptive immune re-
sponse to pathogens that prove difficult for the macrophage
to handle effectively. Although 1,25D has direct effects on
the adaptive immune system, it also affects the ability of the
innate immune system to instruct the adaptive immune re-
sponse. In this instance, 1,25D is a potent suppressor of IL-12
production (63) and dendritic cell (DC) differentiation (64). It
is important to note that all the in vitro studies demonstrating
an effect for 1,25D on innate immunity added exogenous
1,25D to cell cultures either at levels above the physiologic
serum range or in addition to the 1,25D present in the serum
supplemented media. Furthermore, the serum 1,25D levels, as
mentioned, are tightly regulated by parathyroid feedback,
even in the face of 25D insufficiency. These findings raised
questions as to whether there was a role for vitamin D at
physiologic concentrations in host immune responses.
The association of 25D insufficiency with various disease

states combined with the in vitro studies, prompted research-
ers to investigate direct effects of 25D on innate immunity.
Hewison et al. (58) found that 25D at physiologic levels (100
nM) suppressed CD40L-induced IL-12 production in day-7
GM-CSF/IL-4–derived DCs. Similarly, there is little data on
the effects of altering the 25D status in vivo on the immune
status of the host. Yang et al. (65) showed that profound
reduction in the serum 25D in mice resulted in significant
blunting of the cell-mediated immune response to cutaneous
DNFB challenge. Administration of 25D to humans with head
and neck squamous cell carcinoma increased plasma IL-12
and IFN-� levels, and improved T-cell blastogenesis (66). One
possible resolution of these conflicting data are that the cell-
surface makers of a GM-CSF/IL-4–derived DC do not rep-
resent a physiologic DC that can be detected in human tissue
(67), so this remains an area for new investigation.
In the 1980s, important studies from Rook et al. (68) and

Crowle et al. (69) demonstrated the ability of 1,25D to induce
antimicrobial activity inMycobacterium tuberculosis–infected
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macrophages. These studies were carried out before the in situ
conversion of 25D to 1,25D in extrarenal tissues was widely
recognized and appreciated. As such, the investigators were
appropriately cautious to raise concerns regarding their meth-
odology in that they used concentrations of 1,25D far greater
than normal serum levels. They questioned whether or not
their findings were replicable in the presence of the presumed
physiologic serum concentrations of 1,25D available to mac-
rophages. Recent studies in our laboratory (70) addressed
these questions and concerns by providing new insight into the
involvement of vitamin D in the toll-like receptor triggering of
an antimicrobial response to infection (Fig. 1). Using microar-
ray studies, we found that signaling through human macro-
phage TLR 2/1 heterodimers stimulated with bacterial li-
popepties induced expression of both CYP27B1 and the VDR.
The exciting aspect of the findings demonstrated that in TRL
2/1-stimulated human macrophages cultured in the presence
of human serum, downstream VDR-driven responses were
strongly dependent on serum 25D concentrations. VDR-
driven responses were either greatly diminished or absent in
serum from vitamin D deficient individuals. This response
could be “rescued,” with 25D supplementation in vitro to a
physiologically equivalent serum concentration thereby pro-
viding a rationale for considering vitamin D supplementation
as prevention and/or as a therapeutic adjuvant.

Vitamin D Supplementation

As mentioned previously, naturally occurring dietary
sources of vitamin D are limited. Foods enriched with vitamin
D include fatty fish (e.g. sockeye salmon, raw Atlantic her-
ring, pickled herring, and canned pink salmon with bones in
oil), fish oils (e.g. cod liver), and sun-dried shitake mushrooms
(9,10). None of these comprise a typical adolescent’s, child’s,
or infant’s diet. Fortified foods such as infant formulas, cow’s
milk, orange juice, breakfast cereals, cheese, and butter are

more likely to be consumed by children but contain signifi-
cantly less and often fluctuating amounts of vitamin D. Fur-
thermore, fortification of dairy products in the United States is
not mandatory as required in Canada. Fortification of foods is
fraught with problems related to lax regulations on compli-
ance with fortification requirements as well as decreasing
consumption of vitamin-D fortified foods and beverages.
Sun-avoidant behavior due to concerns for skin cancer

leaves many dependent on inadequate diets for intake of
vitamin D. Besides the difficulty in obtaining a sufficient
quantity of vitamin D via dietary sources to compensate for
the lack of cutaneous D3 synthesis, availability of vitamin D in
foods consumed are often further diminished by the methods
used in preparation and cooking. Generally, oral supplementation
with multivitamins has become a widely accepted means of
addressing nutritional deficiencies and inadequacies. With oral
supplements, most commercially available multivitamins contain
vitamin D2. In terms of potency, plant-derived vitamin D2 is
considered less potent than vitamin D3. Poly-Vi-Sol, however,
is one pediatric multivitamin that contains vitamin D3. The
amount of vitamin D available via oral supplements lacks
uniformity or standardized regulation. These discrepancies in
food fortification and contradictory recommendations for use
of oral supplements directly conflict with the studies support-
ing the use of vitamin D supplementation in treatment of
diseases other than nutritional rickets.
In 1827, the introduction of routine oral cod liver oil

administration successfully remedied the manifestations of
nutritional rickets. Several decades later, vitamin D3 was
identified as the active ingredient in cod liver oil. As early as
the 19th century, sanatoria were also popular because of their
beneficial effects on patients suffering from a variety of ail-
ments, including cutaneous TB. In 1903, the Nobel Prize in
Medicine was awarded to Niels Ryberg Finsen for his use of
UV treatment to specifically treat cutaneous TB. However, the
past 20 y has seen a resurgence in vitamin D deficiency and
rickets. More concerning are the studies linking vitamin D
insufficiency/deficiency to a host of other health problems,
including asthma, cancer, diabetes, respiratory infections, and
multiple sclerosis.
Quite a long history exists documenting the use of vitamin

D to treat mycobacterial infections with apparent success. In
1946, Dowling (71) reported the treatment of patients with
lupus vulgaris (a form of cutaneous TB) with oral vitamin D2.
Eighteen of 32 patients seemed to be cured and nine others
improved. Morcos et al. (72) treated 24 newly diagnosed cases
of TB in children with standard chemotherapy with and
without vitamin D. They noted clinical and radiologic im-
provement in the group who received treatment plus the
vitamin D adjuvant therapy. Nursyam et al. (73) administered
vitamin D or placebo to 67 patients with TB after the sixth
week of standard TB treatment. Of 60 total patients, the group
treated with vitamin D had higher sputum conversion and
radiologic improvement (100%) compared with the placebo
group (76.7%). This difference was statistically significant
(p � 0.002). In vitro study results published from our labo-
ratory indicate that the inactive 25D can be converted to the
active 1,25D form on monocyte activation (70). This couldFigure 1. Model of the vitamin D pathway in a macrophage.
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be a possible mechanism by which supplementation of
patients with inactive vitamin D leads to a positive thera-
peutic outcome.
In 1997, the Institute of Medicine recommended 200 IU of

vitamin D per day for children. The American Academy of
Pediatrics (AAP) also adopted this recommendation in their
2003 consensus statement. These recommendations were ap-
proved and disseminated despite historical evidence demon-
strating one tablespoon of cod liver oil daily for prevention of
rickets (a tablespoon of cod liver oil contains �400 IU of
vitamin D). Administering a daily dose of 200 IU of vitamin
D to children also contradicted the FDA recommendations of
400 IU per day for infants, children, and adolescents. Recog-
nizing the continued increase in cases of rickets in the United
States, the AAP revised their consensus statement in October
2008 (74). The current recommendations outlined several
major issues related to vitamin D insufficiency in the United
States.
The consensus committee stressed that, despite rickets be-

ing a completely preventable disease, exclusively breastfed
and/or darkly pigmented infants remain at high risk for vita-
min D deficiency and rickets. Additionally, vitamin D insuf-
ficiency among pregnant women places newborns at a greater
risk for vitamin D deficiency because fetal and newborn
concentrations of vitamin D are dependent on and correlated
with maternal serum 25D concentrations (75). In mother-
infant pairs, cord blood concentrations of 25D (reflective of
the neonate) are typically significantly less than the 25D
concentrations measured in the mother. Neonates born to
marginally sufficient women, therefore, are still at risk for
vitamin D deficiency and those born to vitamin D insufficient
women are almost certainly deficient themselves.
To exacerbate the problem for the newborn, the vitamin D

content of human milk also correlates with a mother’s serum
25D concentration (74). Because of the multiple factors af-
fecting a person’s vitamin D status, providing supplementa-
tion with a daily dose of 400 IU does not guarantee that a
mother’s measured 25D serum concentration will rise to a
value sufficient for an exclusively breastfeeding infant. Infant
formulas in the United States have required minimum (40
IU/100 kcal) and maximum (100 IU/100 kcal) vitamin D
concentrations. Based on a typical 20 kcal/oz formula, this is
the equivalent of 258 IU/L to 666 IU/L. Fortunately, all US
formulas contain at least 400 IU/L of vitamin D3. In the case
of exclusively formula-fed infants, who are expected to con-
sume at least a liter of formula each day, commercially
available formula products would provide a minimum of 400
IU/d of vitamin D3. However, the increasing recognition of
vitamin D insufficiency among women of childbearing age
combined with the increase in exclusive and partial breast-
feeding may prevent many infants from receiving an ade-
quate amount of vitamin D from their diets. Studies dem-
onstrating increased cases of rickets, ALRIs, and
hospitalizations in vitamin D insufficient children seem to
bear out these concerns.
Despite vitamin D deficiency rickets being a disease of

infants and children, there are also cases of nutritional rickets
being reported among adolescents (15). As mentioned previ-

ously, the typical adolescent diet lacks an abundant supply of
vitamin D fortified foods and drinks. Based on the myriad of
concerns, the AAP now recommends 400 IU daily of vitamin
D with supplementation to begin in the first few days after
birth and continue through childhood and adolescence. The
consensus committee also suggests further studies to examine
supplementation with higher doses (1000–4000 IU) similar to
some recommendations for adults and, in countries like
Canada, pregnant women (76,77).
The ideal amount of vitamin D intake needed to prevent the

adverse health conditions associated with vitamin D insuffi-
ciency/deficiency remains unclear. Disagreements on cutoff
values for vitamin D sufficiency in the pediatric population
likewise complicate interpretation of the recommendations.
Furthermore, recommendations for increased sunlight expo-
sure to promote adequate cutaneous vitamin D3 synthesis will
need to be balanced with concerns for the risks associated with
the increased time spent in the sun exposed to UV radiation.
Based on currently available research, however, support for
supplementation greater than what prevents the most adverse
outcomes (i.e. severe rickets) is strongly advocated.

Conclusion

Over the past 20 y, clinicians around the world have alerted
us to the resurgence of vitamin D-associated rickets. Even in
the United States, several vulnerable populations have been
identified, including premature infants, medically fragile chil-
dren, and exclusively breastfed dark-skinned infants (23). A
tremendous amount of historical evidence and epidemiologic
data support the association between inadequate vitamin D
concentrations and infections.
Investigators have demonstrated how appropriate serum

concentrations of vitamin D facilitate the ability of immune
cells to defend against bacterial and viral infections. Ongoing
research in this area has provided new ways of understanding
the immune system and how the pleiotropic actions of vitamin
D serve an important immunoregulatory role in proper im-
mune function. With the increasing evidence of vitamin D
insufficiency’s detrimental effects beyond the classically de-
fined cause of rickets, the full story behind the role of vitamin
D insufficiency/deficiency in pediatric infection and immune
function awaits full elucidation.
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