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Abstract Over the past decade, interest has grown in the effects of vitamin D on respiratory infec-
tions and obstructive airway diseases (OADs), such as asthma and chronic obstructive pulmonary dis-
ease (COPD). Studies suggest that low vitamin D levels increase the risk of acute respiratory infections,
which may contribute to incident wheezing illness and cause asthma exacerbations. Although unproven,
the increased risk of susceptible hosts to specific respiratory pathogens may contribute to some cases
of incident asthma. Likewise, the effect of vitamin D on COPD, while intriguing, is largely unknown.
Emerging evidence provides biological plausibility for some of these respiratory findings. For example,
vitamin D-mediated innate immunity, particularly through enhanced expression of the human cathelicidin
antimicrobial peptide, is important in host defenses against respiratory pathogens. Vitamin D also modu-
lates regulatory T-cell function and interleukin-10 production, which may increase the therapeutic response
to corticosteroids in corticosteroid-resistant asthma. Finally, low vitamin D levels may have a role in the
pathogenesis of allergies, including anaphylaxis. Further studies, especially randomized controlled trials,
are needed to better understand vitamin D’s effects on respiratory infections and OADs.
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1. INTRODUCTION

Research on the effects of vitamin D on the respiratory system could be said to have
begun more than a century ago, with work on the beneficial effects of sunlight on tuber-
culosis (7). This research led to important changes in clinical practice, including the
development of health facilities in the mountains to provide tuberculosis patients with
better access to sunlight, fresh air, and other putative health benefits. In subsequent
years, however, major advances in anti-tuberculosis medications, along with the discov-
ery of vitamin D per se (and its beneficial effects on rickets and overall bone health), led
to a dramatically decreased interest in the role of sunlight (or vitamin D) on lung health.

Over the last decade, researchers have again taken interest in the possible antimi-
crobial effects of vitamin D (2, 3). In addition to studies on the respiratory infection
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risk of nutritionally deficient, often rachitic, children in developing nations (4, 5), more
recent studies have examined the vitamin D-respiratory infection association in other-
wise well-nourished individuals in developed nations (6, 7). In 1999, emerging data on
the immunologic effects of vitamin D led Wjst and Dold to propose that vitamin D sup-
plementation might be the cause of global increases in asthma and allergies (8). Genetic
association studies were undertaken to examine this putative harm [e.g., by examining
polymorphisms of the vitamin D receptor (VDR) gene] but they provided conflicting
results (9-13).

It was in this context that Camargo and colleagues proposed the opposite hypothesis
at the 2006 meeting of the American Academy of Allergy, Asthma, and Immunology
(14) — i.e., widespread vitamin D insufficiency (not excess) might explain recent
increases in childhood wheezing and asthma. The investigators presented original evi-
dence for this hypothesis from a birth cohort study involving almost 1,200 Boston
mother—child pairs. In brief, they found that maternal intake of vitamin D during preg-
nancy had a striking inverse association with recurrent wheezing in children (Fig. 1).
Because most wheezing illness of childhood represents uncomplicated respiratory infec-
tion, as opposed to incident asthma (/5), the authors cautioned that further research
would need to disentangle these two overlapping outcomes (i.e., respiratory infections
and asthma).
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Fig. 1. Association between maternal vitamin D intake during pregnancy and risk of recurrent wheeze
in offspring (n = 1,194 mother—child pairs in Boston area). The fop band of dots (Yes) represents chil-
dren who developed recurrent wheeze, and the bottom band of dots (No) represents children who did
not. The vertical lines represent percentiles of maternal vitamin D intake during pregnancy (adapted

from Ref. (56)).

The relation of vitamin D status to respiratory infections and asthma has become
a focus of research teams around the world. In this chapter, we will examine these
two outcomes, as well as the potential role of vitamin D on chronic obstructive pul-
monary disease (COPD). We will also touch briefly on biological mechanisms that may
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underlie the complex relationship between vitamin D, respiratory infections, and
obstructive airway diseases (OADs).

2. RESPIRATORY INFECTIONS

Respiratory infections are a major cause of morbidity and mortality (/6). Although
they are often discussed collectively, they are a surprisingly diverse and complex
group of infections. In addition to basic issues of disease chronicity (i.e., acute ver-
sus chronic infection), respiratory infections are usually categorized by the anatomical
areas involved (i.e., upper versus lower tract disease). Acute upper respiratory infec-
tions include a variety of diagnoses, such as acute nasopharyngitis (e.g., the “common
cold”), acute sinusitis, acute pharyngitis, and acute laryngitis and tracheitis (e.g., croup);
some researchers also include acute otitis media. By contrast, acute lower respiratory
infections include many other important and common diagnoses, including bronchioli-
tis, bronchitis, and pneumonia. Although this may sound quite orderly, it is important to
recognize that respiratory infections may (and often do) involve multiple locations.

Another layer of complexity is introduced by the categorization of respiratory infec-
tions according to pathogen. For example, acute respiratory infections may be caused
by the so-called “cold” viruses [e.g., rhinovirus, adenovirus, respiratory syncytial virus
(RSV), parainfluenza] or common bacterial pathogens (e.g., Streptococcus pneumoniae,
Haemophilus influenzae). The catch-all phrase “respiratory infection” also includes dis-
tinctive diseases due to specific pathogens of major public health importance. One exam-
ple is influenza, the virus responsible for the 1918 flu pandemic that killed more than
50 million people worldwide (/7). Another important example is Mycobacterium tuber-
culosis, the cause of tuberculosis.

Bronchiolitis provides an excellent example of the complexity of research on acute
respiratory infections (/8). Although bronchiolitis is a leading cause of infant hospital-
ization, with an annual cost of $543 million in the United States alone (79), it remains
a clinical diagnosis with rather vague diagnostic criteria (20-22). For example, in 2006,
the American Academy of Pediatrics (AAP) position paper described the typical child
with bronchiolitis as being of age <2 years and having “rhinitis, tachypnea, wheezing,
cough, crackles, use of accessory muscles, and/or nasal flaring” (23). In other countries,
however, we know of strong opinions that bronchiolitis only should be diagnosed among
children of age <1 year or that the presence of specific exam findings (e.g., crackles)
should be mandatory.

One might think that a better understanding of the microbiologic causes of bronchi-
olitis would help with disease classification. Indeed, when discussing the clinical course
of bronchiolitis, clinicians rely heavily on descriptions of bronchiolitis caused by RSV,
the most common cause (24, 25). While almost all children are infected with RSV by
age 2 years (26, 27), most children do not present to an acute care setting with clinical
bronchiolitis (26, 28). For example, we estimate that <10% of US children infected with
RSV will present to the emergency department with bronchiolitis and that only 2-3%
are hospitalized (29, 30). Clearly, there is a spectrum of disease severity that extends
beyond current understanding. To further complicate matters, many other viruses have
been linked to bronchiolitis (Table 1), including rhinovirus (31, 32) and a continually
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Table 1
Frequency of Common Viruses Linked to Bronchiolitis in Three Care Settings, As Identi-
fied by Polymerase Chain Reaction (Adapted from (18))

Outpatient (%)* Emergency (%)° Inpatient (%)°

Respiratory syncytial virus 11-27 64 69
Parainfluenza 5-13 na 3
Influenza 1-5 4 2
Rhinovirus 46-49 16 21
Metapneumovirus 2 7 5
Combination infections 10-17 14 16

Abbreviation: na denotes not available.

4Based on upper and lower respiratory infections during infants’ first winter (/36) and first year
(137).

bBased on children presenting to 14 US emergency departments (/38).

®Based on children hospitalized to 15 US hospitals (Camargo et al., unpublished data).

growing number of new viruses and strains. An unknown percentage of cases may be
caused by bacteria such as Mycoplasma pneumoniae (33). Thus, increased apprecia-
tion of the actual microbiologic cause of bronchiolitis, and its short-term and long-term
clinical implications, would further complicate the nosology of this common childhood
disease.

Given the complexity and diversity of “respiratory infections,” one might expect that
it would be difficult to link an individual factor like vitamin D to risk of developing this
composite outcome. To be more specific, vitamin D might have an important association
with specific types of respiratory infections, as defined by specific anatomical areas and
by specific pathogenic organisms. Vitamin D might also influence disease severity. If
these hypotheses were confirmed, the common practice of collapsing all of these diverse
infections into one composite outcome would tend to obscure real associations — i.e.,
one would conclude that there was no association when, in fact, there was one. The
scientific literature on vitamin D and respiratory diseases needs to be interpreted with
this important caveat in mind.

3. OBSTRUCTIVE AIRWAY DISEASES
3.1. Asthma

Asthma is another common medical condition that is associated with high morbidity
and health-care utilization (34, 35). Although the definition of asthma has challenged
clinicians for literally centuries, there is fairly widespread acceptance today of the 1987
definition from the American Thoracic Society (36): a chronic lung disease character-
ized by (1) airway narrowing that is reversible (though not always completely), either
spontaneously or with treatment; (2) airway inflammation; and (3) bronchial hyper-
responsiveness (BHR) to a variety of stimuli.

Although this definition has proven helpful for some types of researchers, it is very
difficult to apply in epidemiologic studies, where subjects may be dispersed over large
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geographic areas and where spirometry and hyper-responsiveness testing usually are
not feasible. For that reason, asthma epidemiologists have relied on much simpler
definitions of asthma, such as an affirmative response to the question: “Do you have
doctor-diagnosed asthma?” Although the limitations of this epidemiologic approach are
self-evident, this approach actually performs with adequate accuracy (37) to allow epi-
demiologists to perform asthma surveillance and to begin to examine risk factors of the
disease. Similar yes/no questions have led to widespread recognition and concern about
the dramatic rise in “asthma” over the past few decades (34).

While respiratory infections occur commonly across the lifespan, and viral infec-
tions are common triggers of asthma exacerbations (38, 39), the vast majority of asthma
begins in early childhood. Estimates vary but approximately 80-90% of asthma begins
before the age of 6 years, with 70% of asthmatic children having asthma symptoms
before 3 years of age (40, 41). The etiology of asthma has proven elusive, but we can
infer from these clinical observations that the major risk factors must be present in early
life. Atopy is one of the strongest risk factors of asthma (42), yet many asthmatic indi-
viduals are non-atopic (43). Indeed, there is growing appreciation that the term “asthma”
is a syndrome composed of heterogeneous diseases (44).

3.2. Chronic Obstructive Pulmonary Disease

COPD is another common medical condition that is associated with high morbidity
and mortality (45). The most widely accepted definition for COPD comes from the
Global Initiative for Chronic Obstructive Lung Disease (GOLD): “a preventable and
treatable disease with some significant extrapulmonary effects that may contribute to
the severity in individual patients. Its pulmonary component is characterized by airflow
limitation that is not fully reversible. The airflow limitation is usually progressive and
associated with an abnormal inflammatory response of the lung to noxious particles or
gases” (45).

As with asthma, there have been significant disagreements about the definition of
COPD over the past few decades. Classical descriptions of COPD have emphasized
two major types: “chronic bronchitis” and “emphysema.” Although these COPD types
continue to be taught in medical schools, there is now widespread recognition of their
considerable overlap. Uncertainty regarding COPD diagnosis has been compounded by
the fact that chronic bronchitis was, for many years, a clinical diagnosis (e.g., requiring
that the patient has a productive cough for a specified number of months over a spe-
cific number of years), while emphysema was an anatomic diagnosis requiring actual
parenchymal destruction. The GOLD definition now acknowledges that the chronic air-
flow limitation characteristic of COPD is caused by a mixture of small airway disease
(obstructive bronchiolitis) and parenchymal destruction (emphysema), with the relative
contributions varying from person to person (45).

4. CHILDHOOD WHEEZING

While experts may differ on the precise definitions of specific respiratory infections,
asthma, and COPD, everyone agrees on the heterogeneity of early childhood wheez-
ing. After all, wheezes are just musical sounds caused by the passage of air through
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narrowed respiratory tract airways, a condition with many different possible causes.
Across the life span, this airway narrowing is most frequently caused by respiratory
infections (edema) and/or OADs (mixture of infection, inflammation, and bronchocon-
striction). Wheezing can also be caused by many, less common conditions in children
(e.g., airway foreign body) and in adults (e.g., decompensated heart failure with the
so-called “cardiac wheezing”).

Cohort studies have provided important information about the natural history of child-
hood wheezing. For example, the landmark studies of Martinez and colleagues clearly
demonstrate that many children who wheeze in early childhood have transient episodes
during respiratory infections and do not go on to develop asthma (/5). Researchers
try, with varying levels of success, to divide wheezing children into three differ-
ent clinical groups: transient early wheezers, non-atopic wheezers, and IgE-associated
wheeze/asthma (Fig. 2). The figure nicely demonstrates the clinical adage that “All that
wheezes is not asthma.” To further underscore the difference between childhood wheez-
ing and asthma, many young children with asthma often present with recurrent nocturnal
cough and no wheezing whatsoever (46). For all of these reasons, one should be cau-
tious about generalizing from findings on even recurrent childhood wheezing to actual
asthma.
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Fig. 2. Hypothetical prevalence of three different wheezing phenotypes in childhood. For each age
interval, the overall wheezing prevalence is the sum of the areas under each curve. The dashed lines
emphasize the possibility of different curve shapes due to many factors, including overlap between
the three groups (adapted from Ref. (135)).

5. VITAMIN D AND RESPIRATORY INFECTION

5.1. Tuberculosis

As noted earlier, the first links between vitamin D and respiratory disease stretch back
to more than a century. Niels Ryberg Finsen was awarded the 1903 Nobel Prize in Phys-
iology and Medicine (/) in recognition of his innovative work showing that concentrated
light radiation could effectively treat lupus vulgaris [skin tuberculosis (TB)]. Although
he did not know the mechanism of this therapeutic benefit, it is likely that at least part
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of it was due to increased levels of vitamin D. Likewise, for a large part of the twentieth
century, sunlight exposure was used as treatment for TB.

In recent years, many investigators have linked vitamin D more directly to TB (47,
48). For example, a hospital-based case—control study in London found that vitamin D
deficiency was associated with an odds ratio (OR) of 2.9 [95% confidence interval (CI)
1.3-6.5] for having active TB (49). Susceptibility to TB has also been linked to vitamin
D receptor polymorphisms, with the presence of Fokl F allele protecting against TB
infection, and the 7agl ¢ allele protecting against active disease but not infection (50). In
another recent study, Martineau and colleagues (57) reported that a single dose of 2.5 mg
(100,000 IU) of vitamin D (ergocalciferol) enhanced immunity to M. tuberculosis. The
relationship between vitamin D status and TB is an active area of research.

5.2. Epidemiologic Studies on Respiratory Infections

In addition to TB, vitamin D may have antimicrobial activity against a broad range of
respiratory pathogens. Many studies have reported that children with rickets commonly
present to hospitals with respiratory infections (52). Although 25-hydroxyvitamin D
[25(OH)D] levels of at least 10 ng/ml (25 nmol/l) are known to prevent rickets, the
relationship between higher 25(OH)D thresholds and respiratory infection is of greater
public health interest, particularly in developed nations. Recent clinical studies have
demonstrated a fairly consistent association between lower, but non-rachitic 25(OH)D
levels, and increased risk of respiratory infections (6, 7, 53, 54).

For example, a case—control study in India demonstrated that children 2—60-months
old with serum 25(OH)D levels <20 ng/ml had 12-fold higher odds of acquiring a severe
acute lower respiratory infection (53). Moreover, a Turkish case—control study found
that serum 25(OH)D levels were lower in neonatal cases of acute lower respiratory
infection (9.1 ng/ml) than in age-matched controls (16.3 ng/ml) (54).

In contrast, a recent Canadian case—control study of children 1-25-months old (55)
found no difference in mean serum 25(OH)D levels between patients with acute lower
respiratory tract infection (30.8 ng/ml) and hospital controls (30.9 ng/ml). Of note, the
average vitamin D status of these children was >30 ng/ml because “virtually all of the
infants ... consumed vitamin D” through fortified infant formula or supplements. We
believe that inadequate exposure variation did not allow for proper testing of the study
hypothesis.

One of the first cohort studies on this topic was reported in 2007 by Laaksi and
colleagues in Finland (6). They reported that young male soldiers with serum 25(OH)D
levels <16 ng/ml at baseline had a 63% increased risk of absence from duty due to
respiratory infection over the following 6 months, as compared to soldiers with levels of
>16 ng/ml (P = 0.004).

Camargo and colleagues established an important relationship between vitamin D
status and incident wheezing in two separate birth cohorts at higher latitudes: one in
Massachusetts (56) and one in New Zealand (7). In the Massachusetts cohort, Project
Viva, the investigators found that lower maternal intake of vitamin D during pregnancy
was associated with significantly increased risk of recurrent wheezing (56), as shown
in Fig. 1. In these 1,194 mother—child pairs, the mean (SD) total vitamin D intake
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during pregnancy was 548 (167) IU/day. By the age of 3 years, 186 children (16%)
had recurrent wheeze. Compared with mothers in the lowest quartile of daily intake
(median 356 IU), those in the highest quartile (724 IU) had a lower risk of having a
child with recurrent wheeze (OR 0.39; 95% CI 0.25-0.62; P for trend <0.001). A 100-
IU increase in vitamin D intake was associated with lower risk (OR 0.81; 95% CI 0.74—
0.89), regardless of whether vitamin D was from the diet (OR 0.81) or supplements
(OR 0.82). Adjustment for 12 potential confounders, including maternal intake of other
dietary factors, did not change the results.

This Boston finding was replicated in an independent birth cohort by Devereux and
colleagues in Scotland (57). In the 1,212 mother—child pairs, the median (interquartile
range) total vitamin D intake during pregnancy was 128 (103-165) IU/day. Compared
to mothers in the lowest quintile of daily intake (median 77 IU), those in the highest
quintile (275 IU) had lower risk for ever wheeze (OR 0.48; 95% CI 0.25-0.91), wheeze
in the previous year (OR 0.35; 95% CI 0.15-0.83), and persistent wheeze (OR 0.33;
95% CI 0.11-0.98) in their 5—year-old children. By contrast, there was no association
between maternal vitamin D intake during pregnancy and doctor-diagnosed asthma at
the age of 5 years (P = 0.98).

In a New Zealand birth cohort, Camargo and colleagues (7) were the first to examine
the association between low cord blood levels of 25(OH)D and subsequent risk of res-
piratory infections and childhood wheezing. In this seemingly healthy cohort of >900
children, 20% of children had a cord blood 25(OH)D level <10 ng/ml, and 73% (cumu-
lative) had a 25(OH)D level <30 ng/ml. Cord blood 25(OH)D level had an inverse asso-
ciation with the risk of wheezing illness at ages of 15 months, 3 years, and 5 years (all
P < 0.05). Moreover, cord blood 25(OH)D level was inversely associated with the risk
of respiratory infection by the age of 3 months: children with 25(OH)D levels <10 ng/ml
were at a twofold higher risk than those with levels >30 ng/ml. These results were inde-
pendent of season and other potential confounders.

To further explore this issue, we analyzed nationally representative data from Third
National Health and Nutrition Examination Survey (NHANES-III) to examine the asso-
ciation between vitamin D status and upper respiratory infection (58). In brief, we found
that lower serum 25(OH)D levels were associated with an increased adjusted OR of
recent upper respiratory infection (compared with >30 ng/ml: OR 1.36 for <10 ng/ml
and 1.24 for 10-29 ng/ml groups) (58). As shown in Fig. 3, the inverse association
was present in all seasons. We also found that the association between serum 25(OH)D
<10 ng/ml and upper respiratory infection was stronger among individuals with asthma
(OR 5.67) versus those without asthma (OR 1.24; P for interaction = 0.007).

5.3. Preliminary Evidence from Interventional Trials

Although there have been few interventional trials to date, the preliminary data are
promising. For example, two interventional cohort studies with 600—700IU of vitamin
D intake daily from cod liver oil/multivitamin supplementation (59) and 60,000 IU
weekly from a vitamin D/calcium supplement (60) noted a decrease in respiratory
infections in children receiving supplementation. One randomized controlled trial of
bone loss in postmenopausal black women found that 7.7% of women randomized to
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Fig. 3. Association between serum 25-hydroxyvitamin D level and recent upper respiratory infec-
tion (URI), by season (n = 18,883 participants in Third National Health and Nutrition Examination
Survey). Error bars represent standard errors of the estimates (adapted from Ref. (58)).

vitamin D, 800-2,000 IU/day, and reported respiratory symptoms over the 3-year
follow-up, compared with 25.0% in the control group (61). Another substudy of a ran-
domized controlled trial for fracture prevention (62) found a possible reduction in win-
tertime infection in participants randomized to vitamin D, 800 IU/day (adjusted OR
0.90; 95% C1 0.76-1.07), though the result was not statistically significant.

The first interventional study specifically designed to test the vitamin D-respiratory
infection hypothesis has been reported in abstract form (63). The investigators ran-
domized 162 adults in New York to vitamin D3 2,000 IU/day versus placebo for
12 weeks between December and March. The mean 25(OH)D level at baseline was
similar between the two groups (vitamin D 25.6 ng/ml versus control 25.2 ng/ml) and
increased to 35.5 ng/ml in the vitamin D group while staying “virtually constant” among
controls. Despite this increase, the investigators found no benefit on incidence or sever-
ity of viral upper respiratory tract infections in this relatively small and healthy sample
of adults.

Taken together, the interventional studies provide support for an inverse association
between vitamin D supplementation and respiratory infection — despite some recent null
studies. The positive studies were not designed to test the study hypothesis, and they
were limited by the relatively low dose of vitamin D supplementation used; the impact
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of elevating 25(OH)D levels to >30 ng/ml (or even >40 ng/ml) merits investigation. Such
trials would be particularly attractive in high-risk populations, such as children in day-
care centers, residents of nursing homes, hospital personnel, or individuals with OAD.

6. VITAMIN D AND ASTHMA
6.1. Asthma Pathogenesis

The exact role of vitamin D in the pathogenesis of asthma remains unclear. Given the
early age of asthma onset (64, 65), and growing evidence on the developmental origins
of health and disease (66), the role of maternal diet on the risk of asthma in offspring
is a particularly intriguing topic. Although investigators have debated the potential role
of nutrient intake on asthma risk for more than a decade, multiple reviews of diet and
asthma have said nothing about vitamin D as a potential risk factor for asthma (67-70).

As discussed by Camargo and colleagues (56), considerable epidemiologic data sug-
gest a possible association between vitamin D insufficiency and the asthma epidemic.
The prevalence of both conditions is higher in racial/ethnic minorities, obese individu-
als, and westernized populations (34, 71). Furthermore, large cross-sectional studies of
adolescents and adults have found that vitamin D insufficiency is correlated with lower
pulmonary function, including forced expiratory volume in 1 s and forced vital capacity
(72, 73). Of course, the causal nature of these cross-sectional associations is uncertain.
Although it is possible that low levels of vitamin D cause asthma, it is also possible that
individuals with asthma exercise outdoors less often and that simple lifestyle differences
could create vitamin D insufficiency. Likewise, some children with asthma historically
have avoided milk intake (an important dietary source of vitamin D in US children)
(56), and this food avoidance could also create a spurious inverse association between
vitamin D intake and asthma. Prospective studies (especially randomized trials) could
help investigators to address these important methodological concerns.

As noted earlier, the hypothesis that low vitamin D may cause asthma — and that
sunlight exposure and supplements may prevent asthma — is disputed by Wjst, who
has described vitamin D supplementation as an important cause of asthma (8, 74). The
strongest support for this putative harm comes from a birth cohort in northern Finland
(75). In this study, Hypponen, Wjst, and colleagues reported that regular vitamin D
supplementation (>2,000 IU/day) in the first year of life increased the risks of devel-
oping atopy, allergic rhinitis, and asthma by the age of 31 years. However, this finding
may be related to the very high dose of vitamin D supplementation (i.e., a dose-specific
effect). The Finnish study was also limited by the absence of data on maternal intake of
vitamin D and the inability to control for major confounders. Furthermore, recall
bias may have affected the ascertainment of early life asthma and allergies. Another
recent study from the United Kingdom also raised the possibility that higher levels of
vitamin D might cause atopy and asthma (76). This study also has important method-
ological limitations (e.g., small sample and only 30% follow-up at the age of 9 years).
Nevertheless, these two European studies raise possible concerns.

Other evidence, however, suggests that vitamin D has no apparent association with
incident asthma or may even have a modest protective effect. For example, preliminary
evidence from two family-based studies demonstrated that gene polymorphisms on the
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vitamin D receptor were associated with childhood and adult asthma (9, 10), but these
results were not confirmed (71, 13). Also, as described in Section 5, birth cohorts in
Boston (56) and Scotland (57) found an inverse association between maternal intake
of vitamin D during pregnancy and risk of childhood wheezing. The Scottish investi-
gators reported that lower maternal vitamin D intake was associated with a borderline
significant decrease in bronchodilator response (P = 0.04), but there was no association
with doctor-diagnosed asthma or other asthma-related outcomes, such as spirometry or
exhaled nitric oxide concentration (57). Both findings were limited, however, by the
measurement of vitamin D status from diet and supplements alone. Thus, the unique
contribution of the New Zealand birth cohort is the concurrent demonstration that low
serum 25(OH)D levels in cord blood were associated with increased risk of respira-
tory infections and childhood wheezing but had no association with the risk of current
asthma at the age of 5 years (7). The null finding applied to both atopic asthma and
non-atopic asthma, with atopy defined by skin-prick testing for common allergens at the
age of 15 months.

Taken together, it seems unlikely that vitamin D status in pregnancy is a major con-
tributor to the current asthma epidemic. We hypothesize that if a modest association
exists between vitamin D insufficiency and incident asthma, then it would be mediated
through increased risk of respiratory infection in early life. In a recent study from the
Childhood Origins of Asthma (COAST) birth cohort in Wisconsin, Jackson and col-
leagues (77) found that wheezing rhinovirus illness during infancy predicted develop-
ment of asthma at 6 years of age. Linking these rhinovirus data and the aforementioned
birth cohort data, it is possible that vitamin D insufficiency may contribute to the sea-
sonal nature of the infectious bronchiolitis in infants (78). Early viral respiratory infec-
tions in a genetically susceptible host may induce subsequent asthma development, and
if vitamin D mediates some part of this pathway, there might be a new strategy for pre-
venting some cases of asthma. Likewise, chronic infection with atypical bacteria may
participate in asthma pathogenesis for a subset of patients, in addition to playing a role
in lung inflammation and corticosteroid resistance in asthma (79). For these susceptible
individuals, correction of vitamin D deficiency not only would provide overall health
benefits (71) but might contribute to asthma prevention.

6.2. Asthma Control

Most people with asthma respond well to inhaled corticosteroids, the “preferred”
long-term control medication for asthma according to the 2007 NIH asthma guidelines
(80). Nevertheless, asthma control on even “optimal” controller therapy leaves room
for improvement (87). This is particularly true in a subset of asthmatic patients with
known corticosteroid resistance (82). Xystrakis and colleagues in London recently stud-
ied the effect of vitamin D in this relatively small asthma subgroup (83). They adminis-
tered vitamin D to a small group of healthy individuals and steroid-resistant asthmatic
patients and found that the intervention enhanced subsequent responsiveness to dexam-
ethasone due to induction of interleukin (IL)-10. The authors concluded that vitamin D
could potentially increase the therapeutic response to corticosteroids in steroid-
resistant asthma patients. These experimental results await replication. Moreover, the
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implications of this finding to the larger population of asthmatic patients with subopti-
mal control (despite the use of inhaled corticosteroids) are not known.

6.3. Asthma Exacerbation

Viral respiratory infections, particularly rhinovirus, are associated with 50-85% of
asthma exacerbations (38, 39). Most adults experience 2—4 upper respiratory infections
per year, while children experience 6—10 (84). Individuals with asthma may be more
susceptible to respiratory infection and have increased frequency of lower respiratory
tract symptoms of higher severity and duration (85). The emerging role of vitamin D in
innate immune responses may explain predisposition to infection and asthma exacerba-
tion in certain populations.

As presented earlier in this review, there is growing evidence of a “protective” associ-
ation between vitamin D and respiratory infection in the general population (6, 7, 53, 54,
59, 61). However, there are only sparse data on the association in asthmatic individuals.
In our analysis of the NHANES-III data (58), we found that the association between
serum 25(OH)D levels <10 ng/ml and upper respiratory infection was stronger among
individuals with asthma (OR 5.67) compared with those without asthma (OR 1.24; P
for interaction = 0.007). Moreover, Litonjua and colleagues (86) recently examined
the association between serum 25(OH)D levels and risk of severe asthma exacerbations
(defined as an asthma-related emergency department visit or hospitalization). In 1,022
asthmatic children in the Childhood Asthma Management Program (CAMP), they found
that children with low baseline 25(OH)D levels (<30 ng/ml) were more likely to have a
severe asthma exacerbation over a 4-month period (OR 1.50; 95% CI 1.13-1.98).

7. VITAMIN D AND COPD

7.1. COPD Pathogenesis

Although vitamin D insufficiency may also play a role in COPD pathogenesis, data
are sparse. Indirect evidence for an association comes from numerous studies reporting
an increased association between osteoporosis and COPD (87-92), usually independent
of corticosteroid use. Although serum 25(OH)D levels have not been directly linked to
COPD, Black and Scragg (72) reported a strong dose—response correlation in NHANES
between serum 25(OH)D levels and pulmonary function, including forced expiratory
volume in the first second (FEV ), which is a key marker for increased susceptibility
and diagnosis of COPD. They found that the adjusted FEV| was 126 ml lower in the
lowest 25(OH)D quintile compared to the highest quartile. Moreover, this difference
appeared higher in participants with doctor diagnosis of chronic bronchitis (248 ml) or
emphysema (344 ml), although the test for interaction was underpowered and not statis-
tically significant. Proposed mechanisms were explored in the accompanying editorial
(93) and include the role of 1,25(OH)D in modulating the formation of matrix met-
alloproteinases, fibroblast proliferation, and collagen synthesis (94, 95). Additionally,
vitamin D-mediated immunomodulation could affect airway inflammation, a central
process in the pathogenesis of COPD (96).
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Genetic studies have also suggested a possible association between vitamin D and
COPD pathogenesis (12, 97-99). Specifically, the vitamin D-binding protein [also
known as the group-specific component of serum globulin (Ge-globulin)] is the major
carrier protein of 25(OH)D in blood. In a Japanese population, Ito and colleagues found
a strong association between Gc-globulin polymorphism and increased susceptibility
to COPD (99). While these data appear promising, the association between vitamin D-
binding protein and COPD progression, as measured by the rate of decline in pulmonary
function, has yielded mixed results (99, 100). Large prospective studies are needed to
address the potential role of vitamin D in COPD pathogenesis.

7.2. Acute Exacerbations of COPD

Similar to asthma, many acute exacerbations of COPD (AECOPD) are caused by
common respiratory viral pathogens, such as rhinovirus, influenza, parainfluenza, and
respiratory syncytial virus. While no direct data link vitamin D and AECOPD, vitamin
D-mediated immune mechanisms may play a role in the prevention of respiratory infec-
tion and associated AECOPD. In our analysis of the NHANES-III data (58), we found
that the association between serum 25(OH)D levels <10 ng/ml and upper respiratory
infection might be stronger among individuals with COPD (OR 2.26) compared with
those without COPD (OR 1.27); statistical power was limited, however, and the differ-
ence was not statistically significant (P for interaction = 0.30). Further studies of the
role of vitamin D in AECOPD are warranted.

8. POTENTIAL MECHANISMS

8.1. Vitamin D and Innate Immunity

Emerging evidence indicates that vitamin D has an important role in the innate
immune system, which helps to prevent infection without the need for immunologic
memory from previous exposure to the pathogen (52). Innate immunity includes the
production of antimicrobial peptides that are important in host defenses against respira-
tory pathogens, such as viruses, bacteria, and fungi (/0/—105). These peptides include
B-defensins and cathelicidins (e.g., hCAP-18 or LL-37), and are produced on epithelial
surfaces and within circulating leukocytes (52).

The only human cathelicidin antimicrobial peptide (hCAP-18) provides a particularly
attractive explanation for the apparent inverse association between serum 25(OH)D lev-
els and risk of respiratory infection. hCAP-18 enhances microbial killing in phagocytic
vacuoles, acts as a chemoattractant for neutrophils and monocytes, and has a defined
vitamin D-dependent mechanism (/05). In a landmark study, Liu and colleagues (102)
reported that in M. tuberculosis-infected macrophages, there was a 30-fold increased
cathelicidin expression in 1,25(OH),D-treated cells compared with controls, which cor-
responded to a 50% reduction in M. tuberculosis viability at 3 days. The individuals with
serum 25(OH)D levels less than approximately 10 ng/ml had the least efficient catheli-
cidin expression, and those with serum 25(OH)D levels above approximately 30 ng/ml
had the highest induction of cathelicidin mRNA. Furthermore, black individuals, known
to have increased susceptibility to TB infection, had low serum 25(OH)D levels and
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inefficient cathelicidin mRNA induction, but supplementation of 25(OH)D to normal
range enhanced cathelicidin induction fivefold, to similar levels as the white patients.

Liu and colleagues extended these findings to provide further evidence that catheli-
cidin is the mechanism that enhances vitamin D-mediated antimicrobial activity against
M. tuberculosis (103). In these experiments, a short, interfering RNA was used specif-
ically to block cathelicidin mRNA and protein expression, which eliminated vitamin
D-mediated enhanced intracellular killing of M. tuberculosis that was observed in
controls.

Thus, vitamin D-mediated increases in cathelicidin provide an excellent explanation
for the extensively described link between sun exposure, vitamin D, and TB (47, 48) —
and presumably other respiratory infections. In brief, pathogenic antigens interact with
Toll-like receptors on macrophages to upregulate the expression of genes that code for
the vitamin D receptor and for the 1a-hydroxylase enzyme that converts 25(OH)D into
the biologically active 1,25-(OH),D (102). In turn, 1,25-(OH),D interacts with the pro-
moter on the cathelicidin gene and enhances hCAP-18 production in myeloid cells
(101), bronchial epithelial cells (/04), and keratinocytes (/06). Furthermore, Weber
and colleagues found that 25(OH)D could induce intracellular hCAP-18 through the
autocrine induction of the 1a-hydroxylase enzyme (/06). These diverse pathways would
be of particular importance for neonates (/07), a group with a significant correlation
(r =0.23; P = 0.002) between cord blood levels of 25(OH)D and hCAP-18 (Camargo
et al., unpublished data).

8.2. Vitamin D and Adaptive Immunity

Another proposed mechanism for vitamin D-mediated effects on respiratory infec-
tions and OADs includes modulation of antigen-presenting cells such as macrophages
(108, 109). Vitamin D also affects the generation of regulatory T cells (Treg) (710,
111) that express potentially inhibitory cytokines (IL-10 and TGFp) and the ability to
potently inhibit antigen-specific T-cell activation (//2). A murine model of pulmonary
eosinophilic inflammation demonstrated that vitamin D supplementation of adult mice
led to changes in cytokines, IgE levels, and airway eosinophilia during allergen sensiti-
zation (113).

Although many laboratory studies suggest that vitamin D induces a shift in the bal-
ance between Thl- and Th2-type cytokines toward Th2 dominance (52, 1/4), Pichler
and colleagues (115) found that in CD4* and CD8* human cord blood cells, vitamin D
not only inhibits IL-12-generated interferon-gamma production (Th1 type) but also sup-
presses IL-4 and IL-4-induced expression of IL-13 (Th2 type). In theory, this balanced
Th1-Th2 regulation may modulate asthma and other allergic diseases. The role of reg-
ulatory T cells and IL-10 in the balance of the T-helper type 1 (Th1)-type and Th2-type
cytokines and asthma phenotype was recently reviewed (/16). Thus, the differences
between the studies on the Th1-Th2 dominance may lie in the timing of exposure of
the cells to vitamin D (i.e., prenatal versus postnatal); the response of naive T cells to
vitamin D exposure may differ from that of mature cells when exposed to vitamin D
(117). Another possibility is that the association depends on the vitamin D status of the
individual. In other words, lower vitamin D intakes (e.g., to correct a deficiency state)
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may have different consequences than relatively high-dose supplementation, where an
excess of vitamin D may indeed have adverse effects. These hypotheses merit further
investigation.

8.3. Vitamin D, Atopy, and Allergies

Although this chapter focuses on the respiratory system, the allergic foundations of
asthma support a brief discussion of how vitamin D may affect atopy and allergy risk.
Atopy is defined as IgE sensitization to a variety of allergens, such as different foods
(e.g., peanut) and insect venoms. Atopy is different from an actual allergic reaction,
which requires actual clinical manifestations (e.g., atopic dermatitis, allergic rhinitis,
and allergic asthma). Finally, anaphylaxis is the most severe form of an acute aller-
gic reaction and requires involvement of multiple organ systems (//8). The biological
mechanisms of how vitamin D might influence atopy and allergies are presented briefly
above (section 8.2) and discussed in more detail elsewhere (52, 108, 114). Although
the clinical and epidemiological data are limited, there are a few studies of potential
relevance to the present discussion that we will briefly summarize here.

An allergic condition of particular interest in the study of asthma is atopic dermati-
tis, an early step in the classic “allergic march” (/7/9). The nosology of this and related
conditions (e.g., eczema) is controversial but we consider eczema, the more inclusive
skin condition, of which atopic eczema (atopic dermatitis) is one example. Based on
vitamin D-mediated effects on innate immunity, and the anticipated reductions in bac-
terial colonization of the skin, we hypothesize that vitamin D might have beneficial
effects on both the incidence and the severity of atopic dermatitis. Recent evidence
that vitamin D supplementation increases skin production of cathelicidin in patients
with atopic dermatitis (/20) supports this hypothesis. Indeed, ecologic studies suggest
higher prevalence of eczema at higher latitudes (/21, 122). Moreover, a recent case—
control study demonstrated that atopic dermatitis was more common among obese indi-
viduals with low 25(OH)D levels (<10 ng/ml), as compared to obese individuals with
25(0OH)D levels of >30 ng/ml (123). Another epidemiologic study, however, suggested
a potential increase in eczema risk (76), and two birth cohorts with crude outcome
data found no association at all (56, 57). In terms of disease modification, investiga-
tors in Boston performed the first randomized, double-blind, placebo-controlled trial
in a small sample of children with winter-related atopic dermatitis and found evidence
of skin improvement with vitamin D supplementation (/24). Larger clinical trials are
underway.

There are sparse data on the relation of vitamin D with allergic rhinitis. The Finnish
study by Hypponen and colleagues suggested that supplementation of infants with high
daily doses (>2,000 IU/day) increased risk (75). A cross-sectional study by Wjst and
Hypponen also reported a positive association between serum 25(OH)D levels and
prevalence of allergic rhinitis (/25), consistent with their hypothesis that higher lev-
els of vitamin D cause allergic disease. Although the authors acknowledge that these
results could be due to confounding, we believe that a more likely explanation is reverse
causality (e.g., individuals with allergic rhinitis are less likely to go outside and, conse-
quently, have lower levels of 25(OH)D). Prospective cohort studies are needed to better
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define the relation of vitamin D with allergic rhinitis, which is a strong risk factor for
childhood asthma (42).

More evidence for a link between vitamin D and allergic conditions comes from
recent ecologic studies of EpiPen prescribing (/26—128), a surrogate marker for ana-
phylaxis (129). Camargo and colleagues (/26) observed a strong north—south gradient
for the prescription of EpiPens in the United States, with the highest rates found in New
England (Fig. 4). Population-adjusted rates were positively associated with several fac-
tors (e.g., number of health-care providers); however, a multivariate analysis controlling
for all of these factors suggested that they did not mediate the strong north—south gra-
dient. The investigators hypothesized that vitamin D may play a role in the etiology of
anaphylaxis (/26). They recently confirmed this north—south gradient using a similar
study design but restricted to urban areas in order to better control for this important
determinant of health-care utilization (/27). In a third ecologic analysis, Mullin and
Camargo recently demonstrated a south—north gradient for prescription of self-injectable
epinephrine in Australia (/28), consistent with the distribution of UVB in the Southern
hemisphere.

Although the atopic dermatitis findings can be explained by vitamin D-mediated ben-
efits on innate immunity (/30), the anaphylaxis findings (/26—128) present a conun-
drum: How is it that vitamin D lowers the risk of childhood wheezing (respiratory

EpiPen Prescriptions per 1,000 State Residents

. -
Il s-12

Fig. 4. Regional differences in EpiPen prescriptions (per 1,000 persons), a surrogate measure of
anaphylaxis prevalence (adapted from Ref. (126)).
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infections) and possibly anaphylaxis but does not lower the risk of actual asthma? The
answer undoubtedly involves a number of host and environmental factors, as well the
heterogeneity of the respiratory/allergy outcomes.

9. FUTURE RESEARCH ON VITAMIN D, RESPIRATORY INFECTIONS,
AND OADs

Although the preliminary data in this chapter are promising, many scientific gaps
remain. Figure 5 provides a summary of what is known in early 2009. Low levels of
vitamin D appear to increase the risk of infections, with an unproven (but probably
small) role on incident asthma. By contrast, it seems likely that increased risk of respira-
tory infections among asthmatic individuals would worsen asthma severity and control.
There are sparse data on the effect of vitamin D on the two major components of asthma
(inflammation and BHR) but vitamin D status in early life has no apparent association
with incident childhood asthma. Finally, the relation of low vitamin D status to atopy
and allergic conditions is uncertain, with theoretical reasons suggesting why allergy risk
should be higher with supplementation but ecologic studies suggesting the opposite (i.e.,
areas of highest UVB exposure have the lowest rates of EpiPen prescribing).

Low vitamin D levels

_+>
= .&\
|n_u11> more severe,

less control

incident
allergy

(')
E— Atopy (IgE) anaphylaxis

Fig. 5. Summary of current understanding of the associations between low vitamin D status and major
respiratory/allergic conditions. BHR denotes bronchial hyper-responsiveness. Associations are sum-
marized as follows: + denotes positive; (+), maybe positive; null, no apparent association; (—), maybe
negative; and ?, mixed results or unknown.
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Although there are many possible “next steps,” an initial one would be to examine
the association between vitamin D status at birth (e.g., using cord blood 25(OH)D lev-
els) with respiratory infections in early childhood. It is important for other groups to
confirm the New Zealand birth cohort findings (7) in diverse populations of children.
Another important step would be to further describe the association between vitamin
D and respiratory infection as it relates to the development of asthma, chronic asthma
control, and risk for asthma exacerbations. These issues also are critically important for
COPD, a field that remains almost entirely unexplored.

In all of these epidemiologic studies, the issue of reverse causation should be carefully
addressed, particularly in cross-sectional studies. Because prevalent OAD, decreased
OAD control, and increased OAD exacerbations probably contribute to decreased time
outdoors (and, therefore, decreased sunlight exposure), the presence of vitamin D insuf-
ficiency may actually follow, rather than cause, the outcomes measured. The use of lon-
gitudinal cohort designs will help to address this very important methodological issue.
Future epidemiologic studies also will need to carefully account for the likelihood of
confounding from the many health-related factors associated with frequent sun expo-
sure, such as outdoor physical activity (/31).

Additionally, measurement of immune markers, including hCAP-18, regulatory
T cells, IL-10, and other markers of the Th1-Th2 balance, may help to elucidate the
mechanisms of the observed associations and provide additional face validity. Animal
models in which these relevant pathways can be manipulated or knocked out will pro-
vide additional support and rationale for the associations between vitamin D and OAD.
However, animal models should be selected with care. For example, it appears that
only primates have the vitamin D response element on the promoter of the cathelicidin
gene. Accordingly, mouse, rat, and dog cell lines do not appear to require vitamin D for
cathelicidin expression and thus have been unsuccessful in evaluating this vitamin D-
mediated pathway (/07). Thus, many animal models may be of limited utility in testing
the hypothesized association between vitamin D and respiratory infections.

Ultimately, large randomized controlled trials of vitamin D supplementation will be
needed to confirm the ability to reverse the suboptimal outcomes associated with vita-
min D insufficiency. In these studies, higher doses of supplementation (at least 1,000—
2,000 IU/day and probably more in high-risk populations during winter months) may
be required to maximize potential benefit. Current IOM recommendations for vitamin
D supplementation (e.g., 200-600 IU/day, depending on age) are unlikely to achieve the
serum 25(OH)D levels (i.e., at least 30—40 ng/ml) that appear necessary for good gen-
eral health, including prevention of infections. Many experts already argue that current
recommended doses of vitamin D supplementation are woefully inadequate to meet the
need for higher serum 25(OH)D levels (71, 132). For example, raising serum 25(OH)D
levels from 20 to 32 ng/ml requires an additional 1,700 IU of vitamin D per day (133).

Consideration to adequate dosage in future trials and measurement of pre- and post-
supplementation serum 25(OH)D levels will help to optimize trial conditions. Addition-
ally, as the relative importance of vitamin D in different age and racial/ethnic groups is
unknown, diverse study participants or multiple studies of different demographic sub-
groups will help us to understand this potential interaction.
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Progress in these endeavors will undoubtedly suggest new research avenues. For
example, there is a growing research on the importance of vitamin D supplementa-
tion in cystic fibrosis patients (134). Confirmation of a vitamin D benefit for respiratory
infections and OADs suggests that vitamin D may be of particular importance for dis-
eases such as bronchiectasis, which represents a combination of recurrent infections and
obstructive airway disease. One could present a similar argument for chronic sinusitis
and other conditions that we have not directly addressed in this review. The demonstra-
tion of a vitamin D-related benefit would add to the relatively few effective treatment
options available for these conditions today.

10. CONCLUSIONS

Over the past decade, interest has grown in the effects of vitamin D on respiratory
infections and obstructive airway diseases (OADs), such as asthma and chronic obstruc-
tive pulmonary disease (COPD). Observational studies suggest that low vitamin D
levels increase the risk of acute respiratory infections from diverse respiratory pathogens
in both lower and upper airways. Post-hoc analyses of randomized trials on vitamin
D and bone health support this possibility. This increased risk of infection may con-
tribute to incident wheezing illness in children and adults and cause asthma exacerba-
tions. Although unproven, the increased risk of susceptible hosts to specific respiratory
pathogens may contribute to some cases of incident asthma. Likewise, the effect of
vitamin D on COPD, while intriguing, is largely unknown. Emerging evidence pro-
vides biological plausibility for some of these respiratory findings. For example, vita-
min D-mediated innate immunity, particularly through enhanced expression of the
human cathelicidin antimicrobial peptide (hCAP-18), is important in host defenses
against respiratory pathogens. Vitamin D also modulates regulatory T-cell function and
interleukin-10 production, which may increase the therapeutic response to corticos-
teroids in corticosteroid-resistant asthma. Finally, low vitamin D levels may have a role
in the pathogenesis of allergies, including anaphylaxis. Further studies are needed to
better understand vitamin D’s effects on respiratory infections and OADs. Randomized
controlled trials of higher dose vitamin D supplementation (e.g., at least 1,000 IU/day),
particularly in the winter season at higher latitudes, will help clarify if vitamin D can
prevent or reduce the severity of respiratory infections. In turn, these insights may prove
helpful in preventing OAD exacerbations and the achievement of disease control.
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