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Context: Although studies have linked vitamin D deficiency with immune-mediated diseases, data
demonstrating a direct effect on T-cell function are sparse.

Objective: Our objective was to determine whether oral vitamin D3 influences T-cell activation in
humans with vitamin D deficiency.

Design: This was a single-center ancillary study within Vitamin D Therapy in Individuals at High Risk
of Hypertension, a double-blind, multicenter, randomized controlled trial.

Setting: This study was undertaken in a single academic medical center.

Participants: Adults with vitamin D deficiency and untreated pre- or early stage I hypertension were
included.

Intervention: In Vitamin D Therapy in Individuals at High Risk of Hypertension, participants were
randomized to either low- (400 IU daily) or high- (4000 IU daily) dose oral vitamin D3 for 6 months. In
this ancillary study of 38 patients, we measured CD4� T-cell activation estimated by intracellular ATP
release after stimulation of whole blood with plant lectin phytohemagglutinin collected at baseline
(pretreatment) and 2-month follow-up.

Main Outcome Measure: Determining whether ATP level changes were significantly different
between treatment groups was the main outcome measure.

Results: Treatment with 4000 IU of vitamin D3 decreased intracellular CD4� ATP release by 95.5 ng/ml
(interquartile range, �219.5 to 105.8). In contrast, 400 IU of vitamin D3 decreased intracellular CD4�

ATP release by 0.5 ng/ml (interquartile range, �69.2 to 148.5). In a proportional odds model, high-dose
vitamin D3 was more likely than low-dose vitamin D3 to decrease CD4� ATP release (odds ratio, 3.43;
95% confidence interval, 1.06–1.11).

Conclusions: In this ancillary study of a randomized controlled trial, we found that high-dose vitamin D3
significantly reduced CD4� T-cell activation compared to low-dose vitamin D3, providing human evidence
that vitamin D can influence cell-mediated immunity. (J Clin Endocrinol Metab 101: 533–538, 2016)

ISSN Print 0021-972X ISSN Online 1945-7197
Printed in USA
Copyright © 2016 by the Endocrine Society
Received October 2, 2015. Accepted December 8, 2015.
First Published Online December 14, 2015

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; CI, confidence interval; CMI, cell-mediated immu-
nity; DAYLIGHT, Vitamin D Therapy in Individuals at High Risk of Hypertension; IBD, inflammatory
bowel disease; IFN, interferon; IQR, interquartile range; MS, multiple sclerosis; OR, odds ratio; PHA,
phytohemagglutinin; RCT, randomized controlled trial; Th1, T helper 1; Th2; T helper 2.

O R I G I N A L A R T I C L E

doi: 10.1210/jc.2015-3599 J Clin Endocrinol Metab, February 2016, 101(2):533–538 press.endocrine.org/journal/jcem 533

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/101/2/533/2810779 by guest on 19 M
ay 2023



Environmental determinants, particularly those that
impact the immune system, appear to play a critical

role in the pathogenesis and course of chronic immune-
mediated disorders. Vitamin D, which has recognized im-
munomodulatory roles, is emerging as a potentially im-
portant determinant. In vitro and in vivo animal studies
have demonstrated that vitamin D affects differentiation
of immune cells and modulates immune responses, which
play an important role in the development and course of
chronic immune-mediated disorders, such as type I dia-
betes, Hashimoto’s thyroiditis, inflammatory bowel dis-
ease (IBD), and multiple sclerosis (MS) (1–5).

Studies have demonstrated that vitamin D deficiency is
common among patients with autoimmune endocrine
conditions such as Hashimoto’s thyroiditis and type I di-
abetes. In animal models, vitamin D appears to modulate
thyroid function as well as inflammatory cytokines that
typically result in immune-mediated thyroid destruction
in Hashimoto’s thyroiditis (5). In type I diabetes, �-cell
destruction is mediated by T cells, and the addition of
vitamin D to insulin therapy among patients with new-
onset type I diabetes mellitus has been associated with a
slower decline of residual �-cell function compared with
insulin alone (6, 7).

Several studies also demonstrate the association of vi-
tamin D with inflammatory autoimmune conditions such
as IBD and MS. Although this may be a consequence of
disease activity, we have previously shown that low levels
of vitamin D are also associated with a risk of incident IBD
(1). Among patients with IBD, higher circulating levels of
vitamin D are inversely associated with intestinal inflam-
mation, as determined by measurement of fecal calpro-
tectin (8). Further, vitamin D deficiency has been associ-
ated with clinically important outcomes, such as surgery,
risk of colorectal cancer, and development of Clostridium
difficile infection among IBD patients (9–11). Likewise,
vitamin D deficiency is associated with an increased risk of
MS, and supplementation may influence clinical and brain
magnetic resonance imaging activity in patients with es-
tablished MS (12, 13).

Despite these compelling animal-based and observa-
tional studies, prospective human data demonstrating a
direct effect of vitamin D supplementation on immune cell
function are limited. In a pilot study of four healthy indi-
viduals without IBD, Allen et al (14) showed that 15 weeks
of high-dose vitamin D3 supplementation (5000–10 000
IU daily) increased IL-10 production by non-CD4� non-
CD8� T cells and reduced frequency of IL-17–producing
CD4� T cells (Th17) cells. An open-label, 12-month, ran-
domized controlled trial (RCT) of patients with MS found
abnormal T-cell reactions were suppressed in vivo by
cholecalciferol at a serum 25-hydroxyvitamin D (25(OH)D)

level greater than 100 nmol/L (15). In an RCT of 59
healthy adults (16), oral vitamin D3 supplementation
(140,000 IU monthly) significantly increased the mean
percentage of Tregs (CD4�, CD25-high, FoxP3�, and
CD127-dim) cells by approximately 1.5%. To extend
these data, we sought to determine whether oral vitamin
D3 supplementation influences T-cell activation in indi-
viduals with vitamin D deficiency enrolled in a RCT (17).

Materials and Methods

This study was an ancillary study of the Vitamin D Therapy in
Individuals at High Risk of Hypertension (DAYLIGHT) trial
(ClinicalTrials.gov Identifier: NCT01240512), a multicenter,
double-blind, RCT conducted between December 2010 and
September 2013 that evaluated the effect of vitamin D on blood
pressure among 534 men and women ages 18–50 years old with
25(OH)D lower than 25 ng/mL and untreated pre- or stage I
hypertension (17). Participants were randomized to receive ei-
ther low-dose (400 IU daily) or high-dose (4000 IU daily) oral
vitamin D3 for 6 months. Follow-up visits were conducted every
2 months in the primary trial.

Participants for the primary DAYLIGHT trial were recruited
from three different geographical locations: Massachusetts,
Connecticut, and Minnesota. For this substudy, we only enrolled
participants from Massachusetts General Hospital in Boston,
MA. Recruitment was not restricted by season, and recruitment
was performed throughout the year.

Potential participants were excluded from DAYLIGHT for
any of the following reasons: use of an antihypertensive med-
ication within the preceding 3 months; vitamin D supplemen-
tation (defined as vitamin D found in a multivitamin or sup-
plement totaling �400 IU/d) within the 3 months before
enrollment; known cardiovascular disease (defined as prior
myocardial infarction, percutaneous transluminal coronary
angioplasty, coronary artery bypass, or stroke). Other exclu-
sion criteria included subjects with history of ulcerative coli-
tis, Crohn’s disease, celiac disease, colostomy, pancreatic en-
zyme deficiency, short bowel syndrome, gastric bypass, cystic
fibrosis, or dumping syndrome (17).

Among participants enrolled at a single center (Massachu-
setts General Hospital), we randomly selected a subset of 38 men
and women and measured T-cell function in whole blood col-
lected at baseline (pretreatment) and at 2 months’ follow-up
using the ImmuKnow assay (ViraCor-IBT Laboratories), which
quantifies intracellular CD4� T-cell ATP as a measure of lym-
phocyte activity. ImmuKnow kits were provided by Cylex, now
part of Viracor-IBT Laboratories. This assay is based on stimu-
lation of freshly collected whole blood with plant lectin phyto-
hemagglutinin (PHA), after which CD4� T cells are identified
using a magnet to select for magnetic particles coated with an-
tihuman CD4 monoclonal antibodies. CD4� T cells are then
lysed to release intracellular ATP, which is measured using
luciferin/luciferase and a luminometer.

For statistical analyses, we compared proportions between
treatment groups using the Wilcoxon signed-rank test and cat-
egorical variables using Pearson’s �2 test. We constructed a pro-
portional odds model with follow-up ATP value as the depen-
dent variable, with baseline ATP value and a dose group
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indicator as covariates to test if ATP level changes were signif-
icantly different between treatment groups. To examine the po-
tential for a differential association according to sex or race, we
also conducted analyses in which we included cross-product
terms for either sex and vitamin D dose or race and vitamin D
dose. We used the Wald test to determine the statistical signifi-
cance of the cross-product terms. All analyses were conducted
using statistical software R, version 3.0.1.

Results

Among the cohort of 38 patients for whom T-cell function
was assessed, 20 participants were randomized to low-
dose vitamin D and 18 participants were randomized to
high-dose vitamin D (Table 1). The median age was 45
years (interquartile range, 39–47 years); nine were
women (24%); eight (21%) were white, 29 (76%) were
black, and one (3%) was of other or unknown race. Pa-
tients were treated with vitamin D for a mean of 117 days
(SD, 52 days). Both groups were vitamin D–deficient, with
similarly low mean baseline 25(OH)D levels (mean, 16.2
ng/mL; SD, 6.8 ng/mL).

After 2 months of treatment, 25(OH)D levels signifi-
cantly increased by 5.77 ng/ml (P � .01) among those
assigned low-dose vitamin D and 9.77 ng/ml (P � .01)
among those assigned high-dose vitamin D. Changes in
CD4� T cell ATP production in response to stimulation
with plant lectin PHA before and after vitamin D3 sup-
plementation are shown in Table 2. Treatment with
high-dose vitamin D significantly decreased intracell-
ular CD4� ATP release (difference � 95.5 ng/ml; in-
terquartile range [IQR], –219.5 to –105.8; P � .026). In
contrast, treatment with low-dose vitamin D3 did not
significantly influence intracellular CD4� ATP release
(difference � 0.5 ng/mL; IQR, – 69.2 to –148.5; P �

.538). The difference in follow-up ATP levels at 2

months was significantly different between the low- and
high-dose vitamin D3 groups (Table 2, Figure 1).

In a proportional odds model, treatment with high-
dose vitamin D3 was more likely to decrease ATP after
antigen stimulation compared to low-dose vitamin D3
(odds ratio [OR], 3.43; 95% confidence interval [CI],
1.06–1.11). Eleven of the 20 patients (45%) treated with
high-dose vitamin D3 were considered responders with
significant decreases in ATP levels. Among those treated
with high-dose vitamin D3, 63.5% (7/16) of men, 25% of
women (1 of 4), 52.9% (9/17) of white, and 48.1% (8/17)
of black participants were responders.

We considered the possibility that are results may differ
according to race or sex. We did not observe a significant
difference in our results according to race (pinteraction �
0.12). However, we did find a significant difference ac-
cording to sex (pinteraction � 0.02). Among men, treatment
with high-dose vitamin D3 was more likely to decrease
ATP antigen stimulation compared to low-dose vitamin
D3 (OR, 7.24; 95% CI, 1.83–28.75), whereas for women
no significant association was found (OR, 0.21; 95% CI,
0.02–2.65).

Discussion

Vitamin D, which has recognized immunomodulatory
roles, is emerging as a potentially important determinant
of the etiopathogenesis of chronic immune-mediated dis-
orders. Although studies have linked vitamin D deficiency
with the onset and course of conditions such as type I
diabetes, IBD, and MS, prospective data demonstrating a
direct effect of vitamin D supplementation on immune cell
function in humans are limited. In this ancillary study of
an RCT, we found that treatment with high-dose vitamin
D3 reduces CD4� T-cell activation, providing direct hu-
man data that vitamin D may influence cell-mediated im-
munity (CMI).

Prior experimental studies have shown that vitamin D
regulates CD4� T-cell responses by promoting T helper 2
(Th2) cells and suppressing T helper 1 (Th1) cells, thereby

Table 1. Baseline Characteristics, According to Daily
Oral Vitamin D3 Dose Assignment

Low-Dose
Vitamin D3

High-Dose
Vitamin D3

P
400 IU/d
(n � 18)

4000 IU/d
(n � 20)

Female (%) 5 (28%) 4 (20%) .57
Age (y), mean (SD) 39.0 (9.7) 43.9 (5.6) .13
Race .42

White (%) 5 (27.8%) 3 (15%)
Black (%) 13 (72.2%) 16 (80%)
Other (%) 0 (0%) 1 (5%)

Baseline 25(OH)D (ng/ml),
mean (SD)

15.7 (5.1) 16.7 (8.5) .78

Days on vitamin D3,
mean (SD)

113 (49) 121 (55) .58

Table 2. Changes in ATP Levels Before and After
Vitamin D3 Treatment

Low-Dose
Vitamin D3

High-Dose
Vitamin D3

P
400 IU/d
(n � 18)

4000 IU/d
(n � 20)

ATP levels
Baseline (ng/ml),

median (IQR)
456 (432–556) 417 (343–516) .37

Follow-up (ng/ml),
median (IQR)

484 (383–568) 340 (232–502) .04
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limiting Th1-mediated inflammatory responses and tissue
damage while enhancing Th2-mediated anti-inflamma-
tory responses (18, 19). In a mouse model using CD4� T
cells in culture, Boonstra et al demonstrated decreased
Th1 cytokine (interferon [IFN]-�) and increased Th2 cy-
tokine (IL-4, IL-5, and IL-10) production after treatment
with vitamin D3 (18). Recent studies have shown that
CD4� T cells have the capacity to convert inactive
25(OH)D to the active 1,25(OH)2D, which enhances vi-
tamin D receptor expression and decreases vitamin D re-
ceptor proteasome degradation, both of which enable
geneactivation that results inCD4�T-cell differentiation,
T-cell antigen receptor signaling, and cytokine production
(18, 20, 21).

Despite this compelling preclinical evidence, compara-
ble data in humans are limited. In a pilot study of four
healthy adults with vitamin D deficiency (mean baseline
25(OH)D 38 nmol/L, or 15.2 ng/mL), Allen et al (14)
showed that 15 weeks of vitamin D supplementation
(5000–10 000 IU daily) increased IL-10 production and
decreased the frequency of Th17 cells in parallel with ex-
pected increases in serum 25(OH)D. Bock et al (16) com-
pared vitamin D3 supplementation (140 000 IU monthly)
vs placebo in 59 healthy adults with baseline vitamin D
insufficiency [25(OH)D mean 25–26 ng/ml]. They found
a 1.5% increase in Treg cells with vitamin D treatment

compared to placebo. Our data significantly extend these
findings by offering additional mechanistic support for an
effect of vitamin D supplementation on T-cell function.

This evidence of a direct effect of vitamin D on immune
function provides a compelling biological rationale for
additional studies examining the role of vitamin D as a
therapeutic adjunct for patients with established IBD. To
date, such studies are limited. Jorgensen et al randomized
mostly immunocompetent CD patients to receive either
1200 IU vitamin D3 daily or placebo for 12 months (22).
They found a modest yet statistically nonsignificant re-
duction in risk of disease relapse (13% vs 29%, respec-
tively; P � .06). These findings suggest the possibility that
higher doses of vitamin D, such as the 4000 IU used in this
study, may be more effective. The High Dose Vitamin D in
Patient’s With Crohn’s Disease trial (ClinicalTrials.gov
Identifier: NCT02208310), an ongoing multicenter trial
comparing high-dose (10,000 IU daily) with low-dose
(400 IU daily) vitamin D3 supplementation in CD patients
with vitamin D deficiency, will hopefully provide addi-
tional data regarding the clinical relevance of vitamin D
supplementation in patients with CD.

The Vitamin D Supplementation in Multiple Sclerosis
trial (ClinicalTrials.gov Identifier: NCT01490502) is an
ongoing multicenter trial in the United States comparing
moderate-dose (5000 IU daily) with low-dose (600 IU

Figure 1. Median ATP change over time.
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daily) oral vitamin D3 on the activity of established MS. A
prior 96-week RCT examining the effect of vitamin D3 on
bone mineral density in participants with MS found no
significant difference relapse rates, disability, MS func-
tional components, grip strength, or fatigue (23). In con-
trast, another study found that the addition of vitamin D3
to treatment with IFN-�-1b significantly reduced mag-
netic resonance imaging disease activity (T1 enhancing
lesions) in MS compared to patients receiving IFN-�
alone (13).

The strengths of this study include a well-characterized
cohort nested within a carefully conducted RCT in which
vitamin D treatment was assigned and participants were
closely followed for adherence and collection of blood for
measurement of T-cell activation at uniform time points.
Our study has several limitations. First, we conducted the
study only among a limited subset of the trial population
because of the substantial cost of the assay and the re-
quirement for freshly collected blood. Nonetheless, de-
spite our relatively small sample size, we did detect a sig-
nificant difference in T-cell activation that should be
corroborated in larger studies. Second, we estimated T-cell
activation based on measurement of intracellular ATP
production in PHA-stimulated CD4� T cells (Immuknow
assay). This assay provides information regarding ATP
release from peripheral CD4� T cells as a biomarker for
T-cell activation as reflected by its clinical use in the solid
organ transplant population to assess CMI However, the
assay does not distinguish among CD4� T-cell subsets or
correlate with overall leukocyte levels (24). Whether it is
the optimal marker of CMI in a healthy population re-
mains to be validated. Finally, our study was limited to
individuals with vitamin D deficiency (defined as
25(OH)D �25 ng/mL). It is unclear if vitamin D supple-
mentation may have a similar effect on T-cell activation in
a population that is vitamin D sufficient.

In summary, we found that high-dose vitamin D3 de-
creased CD4� T-cell activation, providing direct human
evidence of the potential role of vitamin D supplementa-
tion on CMI. These findings offer a mechanistic correlate
for the potential influence of vitamin D on the course of
immune-mediated disorders.
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