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ABSTRACT
Background: Patients with cystic fibrosis (CF) have increased risk
of vitamin D deficiency owing to fat malabsorption and other factors.
Vitamin D deficiency has been associated with increased risk of
pulmonary exacerbations of CF.
Objectives: The primary objective of this study was to examine
the impact of a single high-dose bolus of vitamin D3 followed
by maintenance treatment given to adults with CF during an
acute pulmonary exacerbation on future recurrence of pulmonary
exacerbations.
Methods: This was a multicenter, double-blind, placebo-controlled,
intent-to-treat clinical trial. Subjects with CF were randomly
assigned to oral vitamin D3 given as a single dose of 250,000
International Units (IU) or to placebo within 72 h of hospital
admission for an acute pulmonary exacerbation, followed by 50,000
IU of vitamin D3 or an identically matched placebo pill taken
orally every other week starting at 3 mo after random assignment.
The primary outcome was the composite endpoint of the time to
next pulmonary exacerbation or death within 1 y. The secondary
outcomes included circulating concentrations of the antimicrobial
peptide cathelicidin and recovery of lung function as assessed by the
percentage of predicted forced expiratory volume in 1 s (FEV1%).
Results: A total of 91 subjects were enrolled in the study. There
were no differences between the vitamin D3 and placebo groups in
time to next pulmonary exacerbation or death at 1 y. In addition,
there were no differences in serial recovery of lung function after
pulmonary exacerbation by FEV1% or in serial concentrations of
plasma cathelicidin.
Conclusions: Vitamin D3 initially given at the time of pulmonary
exacerbation of CF did not alter the time to the next pulmonary
exacerbation, 12-mo mortality, serial lung function, or serial
plasma cathelicidin concentrations. This trial was registered at
clinicaltrials.gov as NCT01426256. Am J Clin Nutr 2019;00:1–
10.
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Introduction
Patients with cystic fibrosis (CF) have a mutation in the

cystic fibrosis transmembrane conductance regulator (CFTR)
gene which results in derangements in chloride transport across
epithelial surfaces, leading to abnormally thickened mucus
on the surfaces of the lung, pancreas, intestines, and other
organs (1). Resulting chronic infection and inflammation of the
airways lead to progressive destruction of the lung, respiratory
failure, and ultimately a shortened life span. Acute pulmonary
exacerbations are a common clinical event in patients with CF
and are associated with increased morbidity and mortality (2–
4). Pulmonary exacerbations are usually triggered by a viral or
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bacterial infection and are associated with worsened pulmonary
function, including increased shortness of breath, cough, sputum
production, fatigue, and weight loss (5, 6). Approximately
50% of patients with CF will experience an acute pulmonary
exacerbation yearly and will have accelerated loss of lung
function compared with those patients with CF who do not
experience an acute pulmonary exacerbation (4, 7). Despite
aggressive treatment, lung function often does not fully recover
after an acute pulmonary exacerbation (8). Antibiotic therapy is
recommended for treatment of pulmonary exacerbations but few
other therapies, other than routine clinical pulmonary support,
exist (7).

Vitamin D is proposed to be an important mediator of
immunity and respiratory health (9). Vitamin D deficiency,
as determined by circulating 25-hydroxyvitamin D [25(OH)D]
concentrations, is associated with higher risk of chronic lung
diseases and rates of upper respiratory tract infection (10).
Vitamin D upregulates production of an important antimicro-
bial peptide, cathelicidin (LL-37), in in vitro and in clinical
studies (11–13), providing a strong mechanistic basis for
its immunomodulatory effects. Patients with CF commonly
experience vitamin D depletion and frank deficiency due to fat
malabsorption secondary to exocrine pancreatic insufficiency,
decreased sunlight exposure, poor nutritional intake, and changes
in vitamin D metabolism (14–17). Several studies have docu-
mented that vitamin D deficiency increases the risk of pulmonary
exacerbation in children and adults with CF (18–20). Recent
small pilot studies in individuals with CF have demonstrated that
vitamin D administration improved recovery after a pulmonary
exacerbation of CF (21–23).

Our single-center pilot study demonstrated that a single oral
dose of 250,000 International Units (IU) vitamin D3 given
to adults at the time of hospital admission for a pulmonary
exacerbation of CF was associated with improved 12-mo
survival, recovery of lung function, and decreased inflammatory
cytokine concentrations in blood compared with placebo (22,
23).

Informed by these pilot study data, we conducted a multicenter,
double-blind, randomized, placebo-controlled clinical trial to
investigate the impact of high-dose vitamin D3 administered
to adults with CF during and after an acute pulmonary
exacerbation. The primary endpoint of this study was the
time to next pulmonary exacerbation or death within 12 mo
after random assignment. Secondary serial outcomes included
number of pulmonary exacerbations, lung function, plasma LL-
37 concentrations, and markers of safety of the intervention.

Methods

Study procedures

This was a multicenter study (NCT01426256) conducted
by 5 Cystic Fibrosis Foundation Therapeutics Development
Network Centers: Emory University and Emory University
Hospital (Atlanta, GA), The University of Alabama Hospital at
Birmingham (Birmingham, AL), Case Western Reserve Univer-
sity and Rainbow Babies and Children’s Hospital (Cleveland,
OH), University of Iowa and University of Iowa Hospitals and
Clinic (Iowa City, IA), and the University of Cincinnati and
University of Cincinnati Medical Center (Cincinnati, OH). All

study sites received human studies approval from their local
Institutional Review Boards before participation in the trial. Our
study methods and procedures were published in detail before
completion of this study (24).

An independent data and safety monitoring board (DSMB)
was established before the initiation of the study and convened
every 6 mo to review the progress of study enrollment, primary
outcomes, and safety measurements. All investigators and
members of the DSMB remained blinded to the study drug
assignment except for 1 biostatistician who prepared the biannual
safety reports for the DSMB. Annual in-person audits of all
of the study sites were conducted by the Principal Investigator
of the coordinating site (VT of Emory University) to ensure
compliance with the study protocol and the completeness of data
collection.

Subject eligibility

Potentially eligible patients were screened upon hospital ad-
mission by reviewing the electronic medical record for eligibility
criteria. As previously published, the inclusion criteria included
the following: 1) adult and adolescent patients with a diagnosis
of CF ≥16 y of age; 2) admission to the hospital for treatment
of an acute pulmonary exacerbation of CF; 3) enrollment into the
study within 72 h of hospital admission; 4) ability to tolerate oral
medication; and 5) expectation to survive the hospital admission.
We previously published a number of exclusion criteria that
included 1) inability to provide written informed consent; 2)
serum total 25(OH)D concentration <10 or >55 ng/mL within
the previous 12 mo; 3) vitamin D intake that was >2000 IU daily
exclusive of vitamin D contained in a multivitamin or >10,000 IU
vitamin D bolus dose within the past 60 d; 4) plans for pregnancy
in the next 12 mo; 5) conditions that could be exacerbated by
vitamin D including current hypercalcemia (albumin-corrected
calcium >10.8 mg/dL or ionized calcium >5.2 mg/dL) or history
of nephrolithiasis in the past 2 y; 6) conditions that affect vitamin
D metabolism including chronic kidney disease with an estimated
glomerular filtration rate <60 mL/min, oral or intravenous
glucocorticoid use in the previous month, hepatic dysfunction,
and use of cytotoxic medications or immunosuppressive drugs;
7) conditions that affected survival including history of organ
transplantation or plans for organ transplantation, HIV/AIDS,
illicit drug abuse, or any other serious medical illness that in
the opinion of the Principal Investigator would affect subject
safety or 1-y survival; and 8) enrollment in any other invention
trial.

Random assignment and masking

Subjects were randomly assigned and stratified by site using
blocks of 10 in a 1:1 ratio of assignment to the groups receiving
vitamin D and placebo. The randomization sequence was created
by an independent biostatistician. The study drug assignment
was kept blinded from all of the study investigators, research
coordinators, dispensing pharmacists, and subjects. The study
medication was identical in size, color, and shape and was
dispensed in identical containers to conceal the identity of the
study drug.
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Intervention

The subjects randomly assigned to vitamin D received an
oral dose of 5 capsules of vitamin D3 containing 50,000 IU
in each capsule (BioTech Pharmacal, Inc.) to equal a total
dose of 250,000 IU. Vitamin D3 was chosen based on the
recommendations of the CF Foundation and studies suggesting
that vitamin D3 had improved bioavailability in patients with
CF as compared to vitamin D2 (16, 25). The subjects randomly
assigned to placebo received an oral dose of 5 capsules that were
identical in size, shape, and color to the vitamin D3 capsule
produced by the same manufacturer. The study medication
(vitamin D or placebo) was ingested with 240 mL of a standard
liquid meal replacement beverage (Boost; Nestlé) and under
direct observation by the study coordinator. The amount of
vitamin D contained in the study capsules was verified by an
independent laboratory (ARL Bio Pharma). Subjects who were
not on any chronic vitamin D replacement were given 800 IU
vitamin D as part of standard of care to prevent severe vitamin D
deficiency.

At the 3-mo study visit, subjects randomly assigned to vitamin
D received a bottle containing 20 capsules of 50,000 IU vitamin
D3 and were instructed to take a capsule every 2 wk for the
remainder of the study. Subjects randomly assigned to placebo
received a bottle containing 20 capsules of placebo and were
given the same instructions to take a capsule every 2 wk for the
remainder of the study. The coordinating site (Emory) provided
reminder phone calls every 2 wk to all of the enrolled study
subjects.

Subjects had study assessments at the time of enrollment
(within 72 h of hospital admission); on days 1, 2, 3, and 7 during
their hospitalization (if they remained hospitalized); and at 1, 3, 6,
and 12 mo after random assignment, usually during a scheduled
outpatient visit for routine CF care.

Outcomes

The study sought to demonstrate that a single large dose
of vitamin D3 given at the time of pulmonary exacerbation of
CF would improve 1-y survival and, over the 12-mo period of
observation, time to next pulmonary exacerbation and number
of pulmonary exacerbations, lung function as assessed by per-
centage of predicted forced expiratory volume in 1 s (FEV1%),
and innate immunity as assessed by plasma concentrations of
LL-37. The primary outcome was the composite of time to next
pulmonary exacerbation or death (24). Pulmonary exacerbations
were identified by study investigators when a subject initiated
new antibiotics during the study period. The pulmonary exac-
erbations were defined using criteria adapted from previously
conducted trials in the CF Foundation Therapeutics Development
Network and confirmed by the site Principal Investigator (26,
27). The criteria for a pulmonary exacerbation were defined
as the presence of 1 major criterion (decrease in FEV1% of
>10%, oxygen saturation of <90% on room air or absolute
decrease of ≥5%, changes on chest radiograph indicative of
a new infiltrate, effusion or atelectasis, and new hemoptysis)
or ≥2 minor criteria lasting >3 d in the absence of 1 major
criterion (increased respiratory rate or work of breathing, new
or worsening breath sounds on exam, >5% loss of body weight,

increased cough, decreased exercise activity, increased chest
congestion or sputum) (26, 27). Secondary outcomes included
recovery of lung function from time of enrollment as assessed
by FEV1%, plasma LL-37 concentrations, and total number of
pulmonary exacerbations.

Safety measurements (adverse event outcomes) at each study
visit included total serum 25(OH)D concentration, serum calcium
concentration corrected for serum albumin concentration, serum
creatinine concentration, and spot urine calcium:creatinine ratio.
At each study visit, subjects were also queried for symptoms of
hypercalcemia which included polyuria, polydipsia, and kidney
stones.

Laboratory measurements

Serum 25(OH)D concentrations were measured using the
Immunodiagnostic Systems Inc. iSYS chemiluminescent auto-
mated system in a laboratory participating in the vitamin D
quality assessment scheme (DEQAS) and NIH Vitamin D QA
Program. Plasma LL-37 concentrations were determined by
ELISA (Hycult Biotech). Serum and urine calcium and creatinine
concentrations were measured by standard hospital methods, as
was serum albumin.

Statistical analysis

The power calculation for the target sample size has been
previously published (24). In brief, a sample size of 45 subjects in
each study group (90 total) was expected to provide 80% power to
detect an HR of 0.5 between the vitamin D arm and the placebo
arm, assuming an event rate of 86% in the placebo arm at 1-y
follow-up with a 0.05 significance level. A dropout rate of 10%
was assumed in the sample size calculation.

All analyses were intention-to-treat analyses and carried out
in SAS version 9.3 (SAS Institute Inc.), and plots were generated
using R version 3.4.1 (R Foundation). The primary study outcome
was the time to first composite event, defined as death or
pulmonary exacerbation. The overall treatment effect on time
to first composite event was evaluated using a Cox proportional
hazards model, and the proportional hazards assumption was
checked using the Schoenfeld residuals. The overall number
of composite events was modeled using negative binomial
regression due to overdispersion.

Secondary analyses involved evaluation of the treatment
on measures of plasma LL-37, serum calcium, albumin, and
creatinine concentrations. Secondary outcomes over time were
examined using linear mixed-effects models with treatment as
the main effect as well as the following covariates: age, sex,
BMI, cystic fibrosis–related diabetes status, FEV1 volume, and
FEV1% predicted. All secondary outcomes were assessed for
normality. Following our pilot study results by Grossmann et al.
(23), return to baseline lung function was evaluated by taking
the ratio of the lung function at 3 mo into the study to the
best lung function in the year before the study (i.e., FEV1%
at 3 mo:Best FEV1%). Serum 25(OH)D concentrations over
time were modeled using a mixed-effects analysis with treatment
group as the primary exposure.
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CONSORT 2010 Flow Diagram

Excluded  (n = 378)
Logistical Problems (15)
Declined to participate (n = 101)
Vitamin D related (n = 149)
Pregnant or planning to become (n = 6)
Kidney problems (n = 29)
Currently in clinical trial (n = 22)
Drug or medication use (n = 32)
Other reasons (n = 33)

Note that a screen fail may due to meeting multiple 
exclusion criteria.

Lost to follow-up (unable to contact, relocated) 
(n = 8)

Discontinued intervention (incarceration, 
kidney stones, legal trouble, forgot) (n = 16)

Allocated to intervention (n = 46)
Received allocated intervention (n = 46)
Did not receive allocated intervention (n = 0)

Lost to follow-up (unable to contact, relocated) 
(n = 6)

Discontinued intervention (decided to take 
other vitamin D supplements, enrolled in other 
study) (n = 5)

Allocated to intervention (n = 45)
Received allocated intervention (n = 45)
Did not receive allocated intervention (n = 0)

Allocation

Analysis

Follow-Up

Randomly assigned (n = 91)

Enrollment

Assessed for eligibility (n = 469)

Vitamin D Group

Analyzed (n = 46)

Emory (n = 23)

Case Western(n = 7)

UAB (n = 5)

Iowa (n = 6)

Cincinnati (n = 5)

Excluded from analysis  (n = 0)

Analyzed  (n = 45)

Emory (n = 25)

Case Western (n = 7)

UAB (n = 4)

Iowa (n = 5)

Cincinnati (n = 4)

Excluded from analysis  (n = 0)

Placebo Group

FIGURE 1 CONSORT study diagram for the vitamin D for the Immune System (DISC) Study: a multicenter, double-blind, randomized, placebo-controlled
trial. CONSORT, Consolidated Standards of Reporting Trials; UAB, The University of Alabama at Birmingham.

Results

Study participants

The first subject enrolled on 26 January, 2012 and the last
subject enrolled on 22 March, 2016 and completed the study on
24 April, 2017. A total of 91 patients were included in the analysis
(46 in the treatment group, 45 in the control group) (Figure
1, CONSORT diagram). The baseline characteristics between
the treatment and placebo groups were similar. Approximately
29.7% of the patients were taking various doses of vitamin D
supplements at the start of the study (Table 1). Only 2 subjects in
the trial were on a CFTR modulator drug (ivacaftor), both in the
placebo group.

Primary outcomes

Figure 2 displays the Kaplan–Meier curve for time to first
composite event. Cox proportional hazards regression did not
reveal a significant treatment effect on time to first composite
event (estimated HR of vitamin D group to placebo group: 0.85;
95% CI: 0.54, 1.34; P = 0.48). The Schoenfeld residual plot
did not provide any indication that the proportional hazards
assumption was violated. Table 2 displays the number of
composite events experienced in each group, broken down by
the number of subjects experiencing each event count (i.e., 1
event, 2 events, and so on). Table 3 displays the organ systems
affected by other adverse events, broken down by treatment
group.
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TABLE 1 Patient demographics1

All
(n = 91)

Vitamin D group
(n = 46)

Placebo group
(n = 45)

Age at consent, y 28.8 ± 7.9 29.8 ± 8.4 27.8 ± 7.3
Gender, male 50 (55.0) 24 (52.2) 26 (57.8)
Race, white 83 (91.2) 40 (87.0) 43 (95.6)
Genotype, �F508 homozygous 45 (49.5) 27 (58.7) 18 (40.0)
BMI, kg/m2 21.37 ± 3.9 21.28 ± 3.8 21.46 ± 3.8
FEV1%2 48.51 ± 20.7 44.76 ± 16.1 52.27 ± 20.2
Pancreatic insufficiency 85 (93.4) 42 (91.3) 43 (95.6)
CFRD 30 (33.0) 11 (23.9) 19 (42.2)
Reported vitamin D supplementation 27 (29.7) 13 (28.3) 14 (31.1)
Number of hospital-free days in previous year 350.9 ± 20.6 348.8 ± 21.5 353.0 ± 19.7
Season of admission, spring/summer 47 (51.7) 23 (50.0) 24 (53.3)
25(OH)D,3 ng/mL 27.0 ± 10.9 27.1 ± 11.3 26.8 ± 10.0
25(OH)D,3 <30 ng/mL 54 (62.1) 25 (58.1) 29 (65.9)
25(OH)D,3 <20 ng/mL 22 (25.3) 12 (27.9) 10 (22.7)

1Values are means ± SDs or n (%). CFRD, cystic fibrosis–related diabetes.
2One missing value in the vitamin D group.
3Three missing values in the vitamin D group and 1 in the placebo group.

Secondary outcomes

Figure 3 displays the means of the secondary outcomes
tabulated by group and study visit where the length of the error
bars corresponds to the SD. Two subjects were removed from
the LL-37 analysis (1 from each treatment group) for having
medically implausible LL-37 values. Mixed-effects analyses did
not reveal significant treatment effects on any of the measures.

Return to baseline lung function was assessed in study month
3. Patients whose FEV1% predicted returned to within 95% of
baseline were said to have returned to baseline lung function. At
study month 3, 25.3% of the placebo group and 35.3% of the
vitamin D group had returned to baseline lung function. A chi-
squared test of the resulting table (Returned/Did not return) by
treatment group did not reveal any significant difference between
groups at month 3 (P = 0.55).

FIGURE 2 Time to first composite event (death or pulmonary exacerbation) by treatment group in the vitamin D for the Immune System (DISC) Study.
The Kaplan–Meier curve for the time to first composite event by vitamin D (dotted line) and placebo (solid line) group is displayed. There were no differences
in time to first composite event in the vitamin D and placebo groups in adults with cystic fibrosis followed for 1 y as assessed by Cox proportional hazards
regression (95% CI: 0.54, 1.34, P = 0.48).
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TABLE 2 Total number of composite events after randomization for ≤12 mo1

Placebo group Vitamin D group

Composite event
count Number of subjects Percentage of group Number of subjects Percentage of group

0 5 11.11 12 26.07
1 16 35.56 13 28.26
2 8 17.78 4 8.70
3 8 17.78 7 15.22
4 5 11.11 5 10.87
6 2 4.44 4 8.70
7 1 2.22 1 2.17
Total 45 100.00 46 100.00

1The number of composite events by total count of events (pulmonary exacerbation of cystic fibrosis) is divided
by randomization group: vitamin D or placebo. All of the composite events represented pulmonary exacerbations
except for 3 deaths in the vitamin D group.

Serum 25(OH)D concentrations

Serum 25(OH)D concentrations were significantly higher in
the vitamin D3 treatment group at days 2–5 and months 1, 6, and
12. The difference in serum 25(OH)D at 3 mo was not statistically
significant compared with placebo (P = 0.47). Figure 4 displays
the 25(OH)D concentrations over time in each group.

Adverse events

Negative binomial regression did not reveal a significant
treatment effect (estimated treatment effect on the difference in
the log expected counts: 0.05; 95% CI: −0.33, 0.42; P = 0.82)
on the overall number of adverse events (Table 3).

TABLE 3 Number of subjects in each group experiencing an adverse
event by organ system1

Organ system Vitamin D Placebo

Total gastrointestinal (GI) 0 2
GI—diarrhea 0 1
GI—nausea 0 1

Total neurologic 4 5
Neurologic—fatigue 1 3
Neurologic—headaches 0 1
Neurologic—increased confusion 3 1

Total pulmonary 11 14
Pulmonary—cough 1 4
Pulmonary—chest pain 2 0
Pulmonary—decreased lung function 2 2
Pulmonary—dyspnea 1 2
Pulmonary—hemoptysis 1 2
Pulmonary—increased sputum 2 2
Pulmonary—upper respiratory tract infection 2 2

Total renal 11 3
Renal—elevated creatinine 2 0
Renal—nephrolithiasis 1 0
Renal—polydipsia 3 2
Renal—polyuria 5 1

Other—not otherwise classified 6 9

1The total number of reported adverse events occurring during the
12-mo trial is divided by the vitamin D or the placebo group.

Discussion
This multicenter study demonstrated that high-dose vitamin

D3 administration to adults with CF initiated at the time of a
pulmonary exacerbation did not improve time to next pulmonary
exacerbation or 1-y survival. There were also no differences in
the planned secondary outcomes of recovery of lung function
or plasma concentrations of the antimicrobial peptide LL-37.
Vitamin D has been reported to have pleiotropic effects on the
immune and respiratory system by enhancing the innate immune
response through upregulation of antimicrobial peptides and by
improving lung function (11, 21). Our study does not support
a role of vitamin D as an adjunctive treatment during acute
pulmonary exacerbation of CF.

Pulmonary exacerbations of CF remain a common clinical
entity which is associated with increased mortality and decline of
lung function (28). Factors that are associated with a pulmonary
exacerbation of CF include previous intravenous (IV) antibiotics
in the past year, duration of previous IV antibiotics, previous
hospitalization, inhaled aminoglycoside use, leukotriene modifier
use, and high-dose ibuprofen use (29). Nutritional factors, such
as deficiency in vitamins A, E, and D, have also been associated
with increased risk of pulmonary exacerbation in adults and
children with CF (18, 19, 20, 30). Early studies suggested a
potential benefit of vitamin D on lung function and markers of
inflammation and innate immunity (21, 22, 23, 31). The current
study design was based on our previous pilot, double-blind,
randomized, placebo-controlled study of 30 adults with CF who
were hospitalized for an acute pulmonary exacerbation of CF (22,
23). In our pilot study, oral administration of 250,000 IU vitamin
D3 improved 1-y survival and decreased blood concentrations
of the proinflammatory cytokines TNFα and IL-6, with trends
toward improvement of hospital-free days and lung function
(FEV1%) compared with placebo (22, 23). As in our pilot study,
we found robust increases in serum 25(OH)D concentrations after
the bolus dose of vitamin D3 starting at day 1 after administration,
reaching a peak serum 25(OH)D of >60 ng/mL by day 7 and
remaining higher than placebo by the completion of the study.
The subjects in our multicenter study were similar in age, gender,
BMI, baseline vitamin D status and vitamin D intake, and
prevalence of cystic fibrosis–related diabetes as compared with
our initial pilot study. However, in contrast to our pilot study,
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Vitamin D for pulmonary exacerbation in CF 7

FIGURE 3 Markers of lung function, calcium status, and antimicrobial peptide concentrations in adult subjects randomly assigned to vitamin D or placebo
by study visit up to 1 y. Secondary endpoints in subjects randomly assigned to vitamin D (dotted line) and placebo (solid line) were measured at baseline and
1, 3, 6, and 12 mo after random assignment. Mixed-effects analyses did not reveal any differences between the 2 groups in the 6 measures: FEV1% predicted
(marker of lung function), total serum calcium, serum albumin, serum creatinine, LL-37, or return to baseline lung function (%). Each point on the plot is the
estimated group mean at that time point, and the vertical bars correspond to 1 SD. The sample size at each time point is reported near the error bar. FEV1%,
percentage of predicted forced expiratory volume in 1 s; LL-37, cathelicidin; 25(OH)D, 25-hydroxyvitamin D.

here we were not able to demonstrate a benefit of oral high-
dose vitamin D3 as an adjunctive therapy in acute pulmonary
exacerbation of CF.

There is strong evidence from in vitro and clinical studies
that vitamin D may play an important role in the innate immune
system. Liu et al. (13) first described that vitamin D upregulated
the antimicrobial response to toll-like receptor activation by
bacteria in cultured human macrophages. Subsequent studies
conducted in humans demonstrated that vitamin D administration
in humans upregulated the local mRNA expression of cathelicidin
in peripheral blood monocytes but not circulating concentrations
of LL-37 (cleaved product of cathelicidin) (32). In vitro, cultured
bronchial epithelial cells with the �F508 mutation in the CFTR
have increased mRNA expression of cathelicidin in response
to treatment with vitamin D (33). Furthermore, Schögler et al.
(34) demonstrated that vitamin D increased mRNA expression
of cathelicidin from primary bronchial epithelial cells collected
from CF patients. In our study of patients with CF during acute
pulmonary exacerbation, we did not show changes in circulating
protein concentrations of LL-37 in response to vitamin D. One
possibility for the lack of changes seen in response to vitamin
D in circulation could be that the antibiotic therapies used
during pulmonary exacerbation may interfere with the vitamin D
induction of LL-37 (35). Another possibility: LL-37 is complexed
with anionic bacterial molecules such as endotoxin (LPS) and
capsular polysaccharides, as well as with DNA in neutrophil
extracellular traps and host-derived glycosaminoglycan (36–39).
The abundance of bacterial-derived anionic molecules in the
CF host, especially during pulmonary exacerbations, inhibits
LL-37 activity and may reduce the concentrations of plasma
LL-37. Also, the decision by clinicians to start IV antibiotics
during acute pulmonary exacerbation is not well standardized
and may have affected our findings (40). In addition, 25–
50% of patients with CF fail to return to their baseline lung
function despite IV antibiotics (41, 42). Another reason for
the lack of observed changes could be that potential local

changes in lung LL-37 concentrations were not determined.
Examining the local mRNA expression of cathelicidin from
peripheral blood monocytes or monocytes and epithelial cells
collected from bronchial alveolar lavage may provide better
insight as to whether vitamin D enhances these local cellular
responses.

Although we did not demonstrate an improvement in time to
next pulmonary exacerbation and return to baseline lung function,
these endpoints may be insensitive markers for improved health
in patients with CF. Using a randomized controlled trial design,
Pincikova et al. (21) demonstrated that vitamin D therapy
in children was associated with lower IL-8 concentrations in
blood, a marker of inflammation. Other surrogate markers of
inflammation, which may be more sensitive markers of immune
health, would be of interest in trials examining the role of vitamin
D as an adjunctive therapy during pulmonary exacerbation in
CF. Plasma metabolomic profiling may also provide further
insights in the pathways activated by vitamin D. We recently
demonstrated that high-dose vitamin D activated anticatabolic
pathways in patients with CF during an acute pulmonary
exacerbation (43). Other pathways important for immune and
lung function should be studied as well.

One of the positive findings from the study was the demon-
stration of the safety of a single bolus dose in rapidly correcting
vitamin D status. As previously demonstrated in our pilot study
(23), we confirmed that our regimen of 250,000 IU vitamin D3

given as a single bolus dose rapidly increased serum 25(OH)D
within 1 wk to the accepted healthy range in patients with CF
and that these concentrations could be maintained by ingesting
50,000 IU vitamin D3 every 2 wk (23).

Despite being one of the largest studies to examine the role of
supplemental vitamin D administration in CF during pulmonary
exacerbation, this study has some limitations. Not all subjects in
the trial were vitamin D insufficient [25(OH)D <30 ng/mL] nor
did we withhold vitamin D therapy from some subjects owing
to the high risk of potential adverse outcomes stemming from
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FIGURE 4 Mean 25-hydroxyvitamin D concentrations in the vitamin D and placebo groups. Serum 25(OH)D concentrations in the group randomly
assigned to vitamin D (dotted line) were significantly higher than in the placebo group (solid line) at days 1–7 and at 1, 6, and 12 mo in a mixed-effects
regression analysis. Each point on the plot is the estimated group mean at that time point, and the vertical bars correspond to 1 SD. The sample size at each
time point is reported near the error bar. 25(OH)D, 25-hydroxyvitamin D.
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untreated vitamin D deficiency. The study investigators did not
believe it would be ethical to have a true placebo arm in patients
who were vitamin D deficient as this might have had long-
term consequences on the bone health of these individuals. The
allowance of supplemental vitamin D in both groups may have
diminished any group differences; however, we do demonstrate a
significant difference in serum 25(OH)D concentrations between
both groups. Another potential limitation is that the use of IV
antibiotics for treatment of pulmonary exacerbation of CF may
have limited any potential differences seen between the vitamin
D and placebo groups. As pulmonary exacerbation of CF is
a life-threatening condition, it would be unethical to withhold
such therapy. Another potential limitation is that we had an
unbalanced number of subjects randomly assigned to the vitamin
D group who discontinued maintenance study medication or did
not complete the full 12-mo trial (n = 22) as compared with the
placebo group (n = 11), which may have affected our ability to
detect group differences in our primary and secondary endpoints.
However, we can confirm all subjects received the bolus study
medication as this was performed under direct observation, and
we recorded all outpatient and inpatient pulmonary exacerbations
during the study period because these were available in our
respective electronic medical records. Another limitation is the
amount of missing secondary outcome data due to some of the
follow-up appointments being optional. Given the associations
of vitamin D deficiency with risk of pulmonary exacerbation,
preventative intervention with high-dose vitamin D3 before the
onset of a pulmonary exacerbation may be an approach deserving
further study. Finally, circulating 25(OH)D concentrations may
be a marker of overall poor health in CF which predicts a
pulmonary exacerbation and may not be causal in the disease
pathway of pulmonary exacerbations.

We conclude that a high-dose vitamin D3 bolus, combined
with maintenance therapy given to adults with CF during acute
pulmonary exacerbation of CF did not improve 1-y survival,
recovery of lung function, or circulating LL-37 concentrations.
Given the strong association between vitamin D deficiency and
risk of pulmonary exacerbation of CF, future investigations
should evaluate whether long-term maintenance of adequate
vitamin D status may prevent future pulmonary exacerbations of
CF rather than acting as a treatment of pulmonary exacerbation
of CF.
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