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ABSTRACT

Serum 25-hydroxyvitamin D (25[OH]D) concentrations are positively associated with pneumococcal antibody titers {PATs)
in subjects with atopy or asthma. Little is known about the association of serum 25{OH)D concentrations and the waning of
PATs over time in subjects with or without atopy. This study was designed to determine whether serum 25{OH)D
concentrations are associated with waning of PATs and if such relationship is modified by atopic conditions. The study was
designed as a prospective cohort study, which followed 20 asthmatic patients and 19 individuals without asthma for an average
of 12 months. We measured PATs and serum 25{OH)D concentrations at baseline and at a subsequent follow-up visit. Asthma
was ascertained by predetermined criteria. The association between serum 25{OH)D concentrations and PATs was determined
by Pearson's correlation coefficient and a least square model. Of the 39 children and adults, 21{53%) were male subjects, all
were white, and 6 {15%) were children. There was an overall negative correlation between serum 25{OH)D concentrations and
the decrease of PATs during follow-up {r = -0.47; p = 0.004), suggesting that higher 25{OH)D concentrations were
associated with a reduction in waning of PATs over time. Controlling for follow-up duration and pneumococcal colonization,
these trends were significant among asthmatic patients but not in individuals without asthma. Similar trends were observed
for individuals with or without other atopic conditions. Serum 25{OH)D concentrations are inversely associated with the
waning of PATs over time, especially individuals with asthma and other atopy conditions. These study findings deserve fiirther
investigation.

(Allergy Asthma Proc 34:370-377, 2013; doi: 10.2500/aap.2013.34.3656)

The prevalence of vitamin D deficiency (:220 ng/
mL) in U.S. adults (40-100%) and children (32-

52%) including asthmatic patients is common depend-
ing on gender, ages, ethnicity, diet, and lifestyle as
reported in recent studies.^"'' Vitamin D has been re-
ported to have multiple health benefits independent of
its effect on calcium and phosphorus transport. The
2011 Institute of Medicine Report on dietary require-
ment for calcium and vitamin D suggested a key role of
calcium and vitamin D in skeletal health but an incon-
clusive causal relationship between vitamin D or cal-
cium and nonskeletal outcomes [e.g., inflammatory dis-
ease or cardiovascular disease)."*

Asthma is the most common chronic disease in chil-
dren and a major cause of morbidity in adults in the
United States and worldwide.^-'' 25-Hydroxyvitamin D
(25[OH]D) has been reported to be related to asthma. It
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has been reported to be associated with risk of asthma
and asthma exacerbation, '̂̂ "^° treatment responses,^ '̂̂ ^
and immune mechanism,^^ although the study results
have been inconsistent.̂ '̂̂ *"^^ The role of vitamin D in
the development and exacerbation of asthma and its
potential treatment has been extensively investigat-
g¿ 3,7-9,11,14,17,18 Although a significant role for vitamin
D in irmate immunity has been established,^^"^^ the
adverse effect of vitamin D deficiency on risk of pneu-
monia has been reported to be independent of catheli-
cidin and ß-defensin 2.̂ ^ There is scant information on
the role of vitamin D in adaptive immtme function
such as humoral immune response to pneumococcal
polysaccharide antigens.^^

Studying the role of vitamin D in adaptive immune
function might address important clinical and public
health issues, given the increased risks of serious pneu-
mococcal disease in asthmatic patients and the current
recommendation of a single dose of 23-valent pneumo-
coccal polysaccharide vaccine to adult asthrnatic pa-
tients,̂ *"^* the reported suboptimal humoral immune
responses to pneumococcal polysaccharide anti-
gens,̂ '̂̂ ® and the potential impact of vitamin D on
pneumococcal antibody titers (PATs).̂ ^ Regarding the
latter, we recently reported that although vitamin D
concentrations did not directly correlate with PATs,
the impact of vitamin D on PATs was significantly
modified by asthma status and other atopic condi-
tions.^^ However, because this study was cross-sec-
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tional, it was unable to address our study question,
whether vitamin D affects a waning of PATs over time
and whether such waning is still influenced by atopic
conditions. To address this question, we conducted a
prospective cohort study by following 39 children and
adults with and without asthma.

METHODS

Study Design
This was a prospective cohort study that followed

the original cohort of children and adults for about 1
year and the original study results have been recently
reported.^' We examined the 23 serotype-specific
pneumococcal antibody levels at baseline and subse-
quent follow-up visits and serum 25(OH)D concentra-
tions at baseline. Subsequently, we determined the
correlation between changes of PATs and serum
25(OH)D concentrations at baseline and performed
stratified analysis by asthma status and other atopic
conditions. Asthma status was ascertained by applyhig
predetermined criteria for asthma and other atopic
conditions were based on a physician diagnosis docu-
mented in medical records.''" The study was approved
by the Institutional Review Board at the Mayo Clinic,
and informed consent was obtained.

Study Subjects
The details of the original cohort were recently re-

ported.^^ Briefly, we used the same enrollment and
exclusion criteria as were used in previous studies.^^"''̂
The original study enrolled a convenience sample of 21
asthmatic patients and 23 individuals without asthma
who had received medical care at the Mayo Clinic in
Rochester, MN. Exclusion criteria included (1) the pres-
ence of moderate or severe disability, cerebral palsy,
syndromes and nasopharyngeal disorders affecting
swallowing, ear/nose/throat disorders affecting the
anatomy of the nose and pharynx, documented or
suspected immune deficiency, and immunosuppres-
sive therapy (these conditions were based on a previ-
ous study)^^; (2) those without research authorization
for use of medical records; (3) receipt of blood products
or immunoglobulin within 3 months; (4) documented
pneumococcal diseases (e.g., acute otitis media, acute
sinusitis, and community acquired pneumonia) with
antibiotic treatment within 1 month before enrollment;
(5) non-Olmsted County, MN, residents; (6) pregnancy;
and (7) clinical conditions making asthma ascertain-
ment difficult (e.g., cystic fibrosis, a-1-anti-trypsin de-
ficiency, severe kyphoscoliosis, and pulmonary fibro-
sis). Of these 44 subjects, a total of 5 subjects were
excluded due to emigration from the community (n =
2), refusal to participate (n = 2), and ineligibüity (n =
1) leaving 39 subjects (20 asthmatic patients and 19
individuals without asthma). These 39 subjects were

followed for a median duration of 12 months (inter-
quartile range [IQR], 11-19 months).

Measurement of Serotype-Specific
Antipneumococcal Polysaccharide IgG levels and
Serum 25(OH)D Concentrations

Details of the measurement of pneumococcal anti-
bodies and 25(OH)D were previously reported.^ '̂̂ ^
Briefly, measurement of 23 serotype-specific antipneu-
mococcal IgG levels was determined by the Mayo
Clinic Clinical Immunology Laboratory using ELISA.̂ *
A serotype-specific antipneumococcal polysaccharide
antibody (IgG) concentration of s:1.3 jag/mL was con-
sidered positive.^ '̂̂ ^ For analysis, we coded the indi-
vidual serotype-specific pneumococcal antibody con-
centrations as a binary variable (0 versus 1) and
summed the number of positive serotype-specific an-
tibody levels (possible range, 0-23). Because data for
PATs and 25(OH)D concentrations did not follow a
Gaussian distribution, the change of PATs and
25(OH)D concentrations were natural-log transformed.
Serum 25(OH)D concentrations (ng/mL) were deter-
mined at Mayo Clinic clinical laboratory using mass
spectrometry at baseline.^^

Ascertainment of Asthma Status and Other Atopic
Conditions

The ascertainment criteria for asthma and other
atopic conditions were previously reported.^^'^' These
criteria are summarized in Table 1 and these criteria
have been extensively used in previous re-
search.̂ '̂̂ '̂''̂ "" '̂ Atopic dermatitis and allergic rhinitis
were determined by a physician diagnosis docu-
mented in the medical record at the time of enrollment.

Determination of Atopic Sensitization Status
We determined allergic sensitization for subjects by

measuring allergen-speciflc IgE levels for the common
allergens in our community including house-dust mite,
elm, oak, cat, ragweed, Alternaria, and grass pollens.
This test was performed at the Mayo Clinic clirücal
laboratory, using the Phadia immunoCAP system (Ph-
adia, Uppsala, Sweden). Allergen-specific IgE levels of
>0.35 kU/L were considered positive.

Statistical Analysis
We compared subjects with and without asthma us-

ing descriptive statistics as summarized in Table 2. We
compared differences in sociodemographic and clinical
characteristics between subjects included in and ex-
cluded from the current study. We used Student's f-
test for continuous variables and chi-square or Fisher
exact test for categorical tests. Because change (A-J-Q-TI)
of pneumococcal antibody levels at baseline (TQ) and
follow-up visit (Ti) and serum 25(OH)D concentrations
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Table 1 Definition of asthma

Patients were considered to have definite asthma if a
physician had made a diagnosis of asthma or if
each of three conditions were present:

History of cough with wheezing, and/or dyspnea,
OR history of cough and/or dyspnea plus
wheezing on examination

Substantial variability in symptoms from time to
time or periods of weeks or more (at least 4 wk
apart between episodes) when symptoms were
absent (for <3 yr), and history of cough with
wheezing, and/or dyspnea, OR history of
cough and/or dyspnea plus wheezing on
examination

Two of more of eight specific asthma risk factors
Sleep disturbance by nocturnal cough and
wheeze

Nonsmoker (age of >14 yr)
Nasal polyps
Blood eosinophilia of > 300//LLL
Positive wheal and flare skin test or elevated
serum IgE

History of hay fever or infantile eczema or
cough, dyspnea, and wheezing regularly on
exposure to an antigen

Pulmonary function tests showing EEV^ < 70%
predicted and at least 20% improvement of
EEV̂  of and 200 mL of absolute volume
improvement of EEV^ after inhalation of
bronchodilator, or a methacholine challenge test
showing >:20% decrease in EEVj at a dose of 8
mg/mL of methacholine

Eavorable clinical response to bronchodilator

= forced expiratory volume in 1 s.

(ng/mL) did not follow Gaussian distribution, both
were natural-log transformed. To determine the influ-
ence of serum 25(OH)D concentrations at baseline on
PATs, nonparametric ANOVA (Kruskal-Wallis test)
was used to make an overall comparison in PATs
among subjects with different 25(OH)D concentrations
stratified by tertile (three groups). The p values were
corrected for multiple comparisons by using Bonfer-
roni correction. In addition, we determined the corre-
lation between serum 25(OH)D concentrations at base-
line and change of pneumococcal antibody levels
during the follow-up period by determining Pearson's
correlation coefficients. We stratified this correlation
by asthma status and other atopic conditions. Because
of different follow-up durations and the potential in-
fluence of pneumococcal colonization on PATs, data
were fitted to a least square model to estimate adjusted
parameters (ß-coefficient) controlling for the follow-up
duration and pneumococcal colonization status during

the follow-up period. All statistical significance was
tested at a two-sided a-error of 0.05. All analyses were
performed using Stata Version 11 (Stata Corp., College
Station, TX).

RESULTS

Study Subjects

There were no significant differences between the
original cohort and the study subjects included in this
study with regard to age, gender, ethnicity, asthma
status, 25(OH)D concentrations, and PATs except
atopic condition other than asthma (higher proportion
of atopic conditions other than asthma among the pres-
ent study cohort; p = 0.030). The characteristics of the
study subjects included in the present study are de-
scribed in Table 2. Of the 39 subjects, 23 (52.3%) were
male subjects, 36 (81.8%) were white, and 20 (51%)
were asthmatic patients. Six subjects (15%), were <18
years of age with a median age of 10.9 years (IQR,
8.1-12.6 years), and 33 (85%) were adults with a me-
dian age of 45 years (IQR, 33.2-58.6). Of the 39 subjects,
20 subjects had atopic conditions other than asthma: 3
(8%) had atopic dermatitis, 13(33%) had allergic rhini-
tis, 4 (10%) had both conditions, and 22 subjects had
atopic sensitizations (56.4%). There was only one sub-
ject that had positive pneumococcal colonization at
enrollment, and two subjects developed pneumococcal
colonization during the study follow-up period.

Association between Serum 25(OH)D
Concentrations and Changes of PATs

Characteristics associated with changes (waning) in
PATs over the median duration of 12 months (IQR,
11-19 months) are summarized in Table 3. The log-
transformed mean decrease in serotype-specific pneu-
mococcal antibody levels between baseline and fol-
low-up was 2.56 ± 0.13 (SD), and the log-transformed
mean of 25(OH)D concentrations at baseline was
3.46 ± 0.40 (SD; 31.8 ± 1.49 ng/mL). The relationship
between serum 25(OH)D concentrations at baseline
(tertile) and changes in pneumococcal antibody levels
over time are summarized in Table 4. Overall, there
was a significant difference in PATs among subjects
with different serum 25(OH)D concentrations (p =
0.031). There were trends that a higher concentration of
25(OH)D at baseline was associated with reduction in
changes (A-J-O..TI) of PATs during the follow-up period.
Compared with the median PATs (2.62) among sub-
jects with the lowest concentration of serum 25(OH)D
at baseline (tertile 1), subjects with the highest concen-
tration of serum 25(OH)D at baseline (tertile 3) had the
lowest decrease of PATs during the follow-up period
(2.50; p = 0.006).
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Table 2 Characteristics of study subjects

Characteristic

Age at index date (yr), mean ± SD
Gender, male, no (%)
Ethnicity, white (%)
Tobacco smoke exposure at index date, yes (%)

Yes
No

Inhaled corticosteroid intake at the enroUment, yes (%)
Yes
No

Other atopie conditions (atopic dermatitis and/or aUergie
rhinitis)

Yes
No

Atopie sensitization status#
Yes
No

Family history of asthma
Yes
No

High risk conditions§
Yes
No

Former history of Streptococcus pneumoniae vaccination
Yes
No

S. pneumoniae colonization status at the time of enrollment
Yes
No

S. pneumoniae colonization status at the time of repeat
study

Yes
No

Individuals with
Asthma (M = 20)

42.5 ± 21.7
12 (57)
20 (100)

2(10)
18 (90)

10 (50)
10 (50)

16 (80)
4(20)

17 (85)
3 (15)

12 (63)
7(37)

1(5)
19 (95)

8(40)
12 (60)

0 ( )
20 (100)

0(0)
20 (100)

Individuals without
Asthma (n = 19)

39.4 ± 18.2
9(43)

19 (100)

1(5)
18 (95)

0 (0.0)
19 (100.0)

4(21)
15 (79)

5(26)
14 (74)

4(21)
15 (79)

0 (0.0)
19 (100.0)

4(21)
15 (79)

1(5)
18 (95)

2(11)
17 (89)

p-Value

0.63
0.43

*
0.58

<0.001

<0.001

<0.001

0.009

0.32

0.20

0.29

0.14

* Statistically unavailable.
Walue of ^0.35 IU/mL specific IgE levels in house-dust mite, elm, oak, cat, ragweed, Alternaria, and grass allergens by using
CAP.
§Only one subject had the Advisory Committee on Immunization Practices (ACIP) recommended pneumococcal vaccine
eligible conditions (chronic obstructive lung disease).

Correlation between Change in PATs and Serum
(25OH)D Concentration Stratified by Atopic
Conditions

There was a significant correlation between serum
25(OH)D concentrations at baseline and the changes in
PATs during the follow-up period (r = -0.47; p =
0.003). The stratified analyses by asthma and other
atopic conditions are displayed in Figs. 1 and 2. This
correlation was stronger in asthmatic patients (r =
-0.55; p = 0.013) than individuals without asthma (r =
-0.41; p = 0.08; Fig. 1). However, the interaction term
between asthma and 25(OH)D was not significant {p =

0.599). Similar trends were observed in other atopic
conditions (r = -0.51 and p = 0.023 for atopic individ-
uals, and r = -0.44 and p = 0.06 for nonatopic indi-
viduals; Fig. 2). We did not find such a trend for atopic
sensitization (r = -0.29 and p = 0.18 for those with
atopic sensitizations versus r = -0.64 and p = 0.006 for
those without sensitizations).

To adjust for the duration and pneumoeoccal coloni-
zation, data were fitted to least square models. Serum
25(OH)D concentrations at baseline mitigated waning
of PATs during the follow-up period among asthmatic
patients (adj. ß, -0.19; 95% CI, -0.34 to -0.04; p =
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Table 3 Characteristics of subjects and the
between baseline and follow-up visit

Characteristics

Steroid use
Yes
No

Former history of Streptococcus pneumoniae
pneumoniae vaccination

Yes
No

High risk conditions
Yes
No

Asthma
Yes
No

Atopic condition other than asthma
Yes
No

Atopic sensitization
Yes
No

Total

*The p-value was not calculable.
PATs = pneumococcal antibody titers; 25(OH)D

log-transformed mean changes (A^o-i

No. (%)

10 (51.3)
29 (48.7)

12 (30.8)
27 (69.2)

1 (2.6)
38 (97.4)

20 (51.3)
19 (48.7)

20 (51.3)
19 (48.7)

22 (56.4)
17 (43.6)
39 (100.0)

Changes of PATs

) of serotype-specific PATs

25(OH)D Concentration
at Baseline

Mean ± SD p-Value Mean ± SD p-Value

0.075
2.50 ± 0.11
2.59 ± 0.13

0.22

2.52 ± 0.17
2.58 ± 0.11

*
—

2.56 ± 0.14
0.51

2.55 ± 0.15
2.58 ± 0.12

0.81
2.57 ± 0.15
2.56 ± 0.12

0.69
2.56 ± 0.12
2.57 ± 0.16
2.56 ± 0.13

= 25-hydroxyvitqamin D.

0.47
3.54 ± 0.24
3.43 ± 0.43

0.77

3.49 ± 0.41
3.45 ± 0.38

—
3.47 ± 0.39

0.31
3.40 ± 0.41
3.53 ± 0.35

0.40
3.48 ± 0.37
3.45 ± 0.41

0.40
3.42 ± 0.35
3.52 ± 0.43
3.46 ± 0.38

Table 4 Natural log-transformed change (waning) of pneumococcal antibody levels over —1-yr period among
all subjects

Log-transformed 25(OH)D Log-transformed change (waning) (ATO_I)

concentrations in tertile (range)

Tertile 1 (12.9-27.9 ng/mL)
Tertile 2 (28.8-35.1 ng/mL)
Tertile 3 (37.0-70.8 ng/mL)

over ~ l-yr period (median and
of pneumococcal antibodies

interquartile range)

2.62 (2.54-2.69) (referent)
2.54 (2.54-2.62) (p =
2.50 (2.46-2.54) (p =

0.08)*
0.006)*

The p value for overall comparison based on non-parametric ANOVA test (Kruskal-Wallis test) was 0.031.
*The p values adjusted for multiple comparisons; adjusted p value for multiple comparison between tertile 2 and tertile 3 was
0.126.
25(OH)D = 25-hydroxyvitqamin D.

0.017) but not among individuals without asthma (adj.
J3, -0.13; 95% CI, -0.31 to -0.04; p = 0.13). We found
similar trends for subjects with other atopic conditions
(adj. ß, -0.19; 95% CI, -0.36 to -0.02; p = 0.034) but
not among those without such conditions (adj. ß,
-0.13; 95% CI, -0.28 to -0.03; p = 0.107).

DISCUSSION
We previously showed a significant relationship be-

tween serum vitamin D concentrations and pneumococ-

cal polysaccharide antibody titers, which was modified
by the presence of atopic conditions'^; in asthmatics and
atopies, 25(OH)D concentration was positively correlated
with PATs, whereas it was inversely correlated in indi-
viduals without asthma and other atopic conditions.
However, we did not observe such effect modification by
asthma status on the relationship between 25(OH)D and
changes in PATs in this present study.

In this present study, we examined the impact of
25(OH)D concentrations on change (waning) of PATs
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Non-asttimatics (n=19) Asthmatics (n=20)

f

Figure 1. Association between serum
25-hydroxyvitamin D (25[OH]D) con-
centrations and the differences in pneu-
mococcal antibodies titers (PATs) dur-
ing follow-up. Overall (y = -0.47; p =
0.004), this illustrates asthmatic pa-
tients (adj. ß, -0.19; 95% CI, -0.34 ~
-0.04; p = 0.017) and individuals
without asthma (adj. ß, -0.13,95% CI,

-0.31 0.04; p = 0.13). Thex-axis:
log-transformed 25(OH)D concentra-
tions (range, 2.57-4.26). The y-axis:
log-transformed number of serotype
positive pneumococcal antibody levels
(range, 2.28-2.93). Data were fitted to
a least square model.

Figure 2. Association between serum
25-hydroxyvitamin D (25[OH]D) con-
centrations and the differences in pneu-
mococcal antibodies titers (PATs) during
follow-up in subjects with and without
other atopic conditions based on a physi-
cian diagnosis documented in a medical
record. This illustrates other atopic condi-
tions (adj. ß, -0.19; 95% CI, -0.36 to
-0.02; p = 0.034) and without atopic
conditions (adj. ß, -0.13; 95% CI, -0.28
to 0.03; p = 0.107). The x-axis: log-
transformed 25(OH)D concentrations
(range, 2.57-4.26). The y-axis: log-
transjbrmed number of serotype positive
pneumococcal antibody levels (range,
2.28-2.93). Data were fitted to a least
square model. The correlation between se-
rum 25(OH)D concentrations and the
number of serotype-positive pneumococ-
cal antibody levels was modified by clini-
cally difined AD and/or AR. AD, atopic
dermatitis; AR, allergic rhinitis.

over time and the potential effect modification by
asthma or atopy status as observed before. Subjects
with a higher concentration of 25(OH)D at baseline
(37.0 ~ 70.8 ng/mL) had a smaller reduction (AJO-TI) in
PATs over a 1-year period (median change [IQR], 2.50
[2.46-2.54]) compared with those with a lower concen-
tration of 25(OH)D (2.62 [2.54-2.69]; overall value of
p = 0.031) as summarized in Table 4. In addition, we
also observed an inverse correlation between 25(OH)D

12.2 20 33 55 90 12.2 20 33 55 90

25(OH)VitD cone (ng/mL)

* Natural log-transformed differences in antibody levels Fitted values

Neither AR nor AD AR and/or AD {n=20)

"5 cvi

8

12.2 20 33 55 90 122 20 33 55 90

25(OH)VitD cone (ng/mL)

Natural log-transformed positive pneumococcal antibodies -Fitted values

concentrations at baseline and change in PATs over a
1-year period (Figs. 1 and 2). Overall, there was an
inverse correlation between 25(OH)D concentrations at
baseline and changes (reduction) of PATs over about a
1-year period (r = -0.47; p = 0.004). This correlation,
however, was significantly modified by asthma status
(r = -0.55 and p = 0.013 for asthmatic patients and r =
-0.41 and p = .079 for individuals without asthma
here). However, the interaction term was statistically
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not significant (p = 0.599), suggesting no significant
interaction or effect modification. After adjustment for
follow-up duration and exposure to pneumococcal col-
onization, this association remained significant, how-
ever, only among asthmatic patients (adj. ß, -0.19; 95%
CI, -0.34 to -0.04; p = 0.017), but not üi individuals
without asthma (adj. ß, -0.13; 95% CI, -0.31 to -0.04;
p = 0.13). Similar trends were observed for other atopic
conditions (adj. ß, -0.19, 95% CI, -0.36 to -0.02, and
p = 0.034 versus adj. ß, -0.13, 95% CI, -0.28 to -0.03,
and p = 0.107) based on a physician diagnosis docu-
mented in the medical record. Potential founders such
as comorbid conditions or atopic sensitization did not
significantly influence these results (see Table 3). As far
as we aware, this is the first prospective study to assess
the association between 25(OH)D concentrations and
waning of PATs. A few earlier cross-sectional studies
showed a positive influence of vitamin D on hepatitis
B*° and inactivated influenza vaccine responses*^ and
total IgG levels^^ among patients with chronic health
conditions. For example, Zitt et al. reported that vita-
min D deficiency was relatively common in patients
with chrorüc kidney disease and patients with vitamin
D deficiency had poorer seroconversion rate and lower
antibody titers to hepatitis B vaccination compared
with those without vitamin deficiency.*" A recent
study showed sun exposure was inversely correlated
with risk of IPD. Therefore, the Uterature supports our
study findings and suggests the potential immuno-
modulatory role of vitamin D in adaptive immune
functions. However, whether vitamin D supplementa-
tion reduces risk of pneumococcal disease through in-
creasing pneumococcal antibody response and de-
creasing waning of pneumococcal antibodies needs to
be determined in future study.

The mechanisms for how 25(OH)D affects waning of
PATs need to be investigated given the role of other
micronutrients in immune functions.*^ Although our
previous study showed a significant effect modifica-
tion (interaction) by asthma status on the relationship
between 25(OH)D and pneumococcal antibody levels
by asthma status, we did not observe such effect mod-
ification by asthma status in the present study. This
could be caused by a small sample size and a relatively
small effect size stemming from a short follow-up du-
ration.

The main strength of our study was its prospective
study design, showing results consistent with our ear-
lier cross-sectional study except a significant effect
modification by asthma or atopy status. Nevertheless,
our study has limitations. Our study was based on a
small sample size, although significant associations
were found. The findings need to be replicated in a
prospective study with a larger sample size. Study
subjects were all white limiting its generalizability of
findings. Our unstandardized baseline measurement

of 25(OH)D concentration may have introduced un-
wanted variation in our analyses because vitamin D
levels are known to be influenced by season, latitude,
and dietary intake.̂ '"̂ '̂̂ ^

In conclusion, serum 25(OH)D concentrations may
be associated with reduction of the waning of PATs
over time, especially those with asthma or other atopic
conditions. Vitamin D may be an important immune
modulator that affects humoral immunity depending
on the underlying immune milieu. Our study findings
call for replication and further elucidation of underly-
ing mechanisms.
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