
Influence of the vitamin D plasma level and vitamin D-related
genetic polymorphisms on the immune status of patients with type
1 diabetes: a pilot study

K. Rose,*‡ M. Penna-Martinez,†‡

E. Klahold,† D. Kärger,† F. Shoghi,†

H. Kahles,† M. Bayer,*
E. Hintermann,* J. M. Pfeilschifter,*
K. Badenhoop,† E. Ramos-Lopez†‡ and
U. Christen*‡

*Pharmazentrum Frankfurt/ZAFES, and
†Department of Endocrinology and Diabetes,

Goethe University Hospital, Frankfurt am Main,

Germany

Summary

Vitamin D (VD) has been implicated in type 1 diabetes (T1D) by genetic and
epidemiological studies. Individuals living in regions with low sunlight expo-
sure have an increased T1D risk and VD supplementation reduced the risk in
human individuals and mouse models. One possibility of how VD influences
the pathogenesis of T1D is its immunomodulatory effect on dendritic cells
(DC), which then preferentially activate regulatory T cells (Tregs). In the
present pilot study, we collected blood samples from a small cohort of
patients with T1D at baseline and months 6 and 12. VD-deficient patients
were advised to supplement with 1000 IU/day VD. We found a considerable
variation in the VD plasma level at baseline and follow-up. However, with
higher VD plasma levels, a lower frequency of interleukin (IL)-4-producing
CD8 T cells was observed. We further performed a comprehensive genotyp-
ing of 13 VD-related polymorphisms and found an association between VD
plasma level and the genotype of the VD binding protein (DBP). The fre-
quency of DC and T cell subsets was variable in patients of all subgroups
and in individual patients over time. Nevertheless, we found some signifi-
cant associations, including the 1,25-dihydroxyvitamin D3 hydroxylase
(CYP27B1) genotype with the frequency of DC subtypes. In summary, our
preliminary results indicate only a limited influence of the VD plasma level
on the immune balance in patients with T1D. Nevertheless, our pilot study
provides a basis for a follow-up study with a larger cohort of patients.
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Introduction

It is current opinion that human type 1 diabetes (T1D) is
caused by a detrimental combination of genetic predisposi-
tion and environmental triggering factors. Genetically, T1D
has been linked predominantly to certain human leucocyte
antigen (HLA)-DR and -DQ alleles [1]. However, many
other susceptibility genes have been identified including,
among others, PTPN22, the insulin structural gene (INS),
interleukin-2 receptor (IL-2R)-related genes, cytotoxic T
lymphocyte antigen (CTLA)-4 and genes involved in
vitamin D3 (VD) metabolism or binding [1]. Environmen-
tal factors, such as human pathogens, have been associated
mainly with the induction and/or acceleration of T1D [2].
In particular, enteroviruses, such as coxsackie virus B, have
emerged as potential triggers for T1D [3,4]. In contrast,
according to the ‘hygiene hypothesis’ a more frequent

encounter with human pathogens might lessen the risk of
developing autoimmune diseases and allergies [2,5,6].
Indeed, autoimmune diseases, including T1D, are less fre-
quent in regions with low sanitary standards [3]. In animal
models, viruses have also been demonstrated to have pro-
tective properties by either direct abrogation of an ongoing
aggressive immune response [7] or by induction of regula-
tory mechanisms [8,9].

Several observations suggest a role of VD as a protective
factor in the pathogenesis of T1D. Epidemiologically, there
is a higher prevalence of T1D in regions with low VD sup-
plies, due to lower sunlight exposure or a reduced uptake of
dietary VD (for review see [10]). The incidence of T1D
follows a seasonal pattern and seems to be influenced by
latitude and ultraviolet B (UVB) irradiance [10]. Further,
VD supplementation in early childhood has been shown
to reduce the risk for T1D [11], and several studies have
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demonstrated that children and young adults with T1D
displayed significant lower plasma VD levels than age-
matched healthy controls [12–14]. The main source
for VD is the skin and results from the conversion of
7-dehydrocholesterol to vitamin D3 (cholecalciferol),
induced by UVB irradiation. VD enters the circulation by
binding to VD-binding protein (DBP). In the liver, VD is
converted to 25-hydroxyvitamin D3 (25D, calcidiol) by
several 25-vitamin D3 hydroxylases, including the cyto-
chrome P450 (CYP), isoenzymes 27A1 (CYP27A1) and 2R1
(CYP2R1) [15,16]. In the kidney and in immune cells, 25D
is further 1a-hydroxylated to the bioactive form, 1,25-
dihydroxyvitamin D3 (1,25D, calcitriol), predominantly by
the 25-hydroxyvitamin D3-1a hydroxylase CYP27B1 [15].
Finally, binding of 1,25D to the intracellular VD receptor
(VDR) mediates VD signalling. Importantly, several poly-
morphisms of VD-related genes have been associated with
T1D [10]. The polymorphic expression of genes of the
VD-metabolizing enzymes CYP27B1 and CYP2R1 have
been associated with susceptibility for T1D [16–19]. In con-
trast, no association has yet been found for the gene
CYP24A1 encoding for the VD-catabolizing enzyme 1,25-
dihydroxyvitamin D3 hydroxylase CYP24A1 [17,18], which
nevertheless has been associated with VD levels in a
genome-wide association study [20]. An association of VDR
polymorphism with T1D has been inconsistent [21,22]
However, a recent meta-analysis suggests that at least one of
four known polymorphisms in the VDR gene is associated
with a higher risk for T1D in Asians [23] Further, a link
between DBP expression and T1D has been demonstrated
[24].

The impact of the VD level on the immunopathogenesis
of T1D appears to be multi-factorial, influencing both
innate and acquired immunity at different stages, from
resistance to virus infections to differentiation and activa-
tion of various cells of the immune system [25,26], almost
all of which express the VDR [10]. Of particular interest is
the effect of VD on dendritic cells (DC). The maturation of
DCs is impaired in the presence of 1,25D leading to a
reduced surface expression of major histocompatibility
complex (MHC)-II and co-stimulatory molecules, and
subsequently diminished antigen-presenting and T cell-
activating properties [27]. Further, 1,25D treatment has
been shown to induce apoptosis of mature DCs [28]. Most
importantly, 1,25D seems to differentiate DCs into a tole-
rogenic state, where they induce regulatory T cells (Treg)
preferentially [29,30].

In the present pilot study we intended to evaluate a possi-
ble association of plasma VD levels of patients with T1D
with their immune status. In particular, we analysed the
ratio of DC subtypes and the frequency of aggressive and
regulatory T cells in the blood. Further, we correlated for
the first time VD levels and immune status with the allelic
expression of VD-related polymorphisms of the genes DBP,
VDR, CYP2R1, CYP27B1 and CYP24A1. In an additional,

longitudinal study we analysed VD levels and immune
status over a period of 12 months in a small cohort of T1D
patients with who were advised to supplement VD at
1000 IU/day provided that they were vitamin D-deficient.

Material and methods

Subjects

Blood was obtained from 63 T1D patients (30 males and 33
females) recruited from the endocrine out-patient clinics at
the University Hospital, Frankfurt am Main. In order to
avoid possible fluctuations in VD levels and immune status
throughout the day, blood was always collected at the same
time in the morning (between 8 a.m. and 10 a.m.). Type 1
diabetes mellitus was diagnosed according to the World
Health Organization criteria. From day 27 a second blood
sample and from day 17 a third blood sample were obtained
after an average time of 6 and 12 months after the first
sample was drawn, respectively (Fig. 1). The median age
of the cohort was 44·6 years. Patients diagnosed as
VD-deficient (< 20 ng/ml 25D) at the first visit were advised
to supplement with 1000 IU/day of VD in the form of Viga-
natol oil or Vigantoletten 500 (both from Merck Serono
GmbH, Darmstadt, Germany). The study protocol was
approved by the Ethics Committee of the University Hospi-
tal Frankfurt am Main and written informed consent was
obtained from all participants.

Genes, polymorphisms and genotyping

The distribution of the cohort on the VD-related polymor-
phism is listed in Table 1. In total, 13 VD-related polymor-
phisms were investigated: two for CYP2R1 (rs12794714,
rs10741657); three for CYP24A1 (rs2248137, rs2296241,
rs927650); two for CYP27B1 (rs4646536, rs10877012); two

Fig. 1. Experimental setup. Blood samples of 63 patients with type 1

diabetes (T1D) were collected and the peripheral blood mononuclear

cells (PBMCs) were isolated and analysed by flow cytometry. For the

longitudinal study second and third blood samples were collected with

a mean interval of 6 and 12 months, respectively. Additionally, DNA

isolated from granulocytes of the individuals was used for genotyping

for T1D and vitamin D (VD) relevant genes (table 4.01).
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for DBP (rs7041, rs4588); and four for VDR (rs7975232,
rs1544410, rs10735810, rs731236). Polymorphism positions
are given according to the National Center for Biotechnol-
ogy Information (NCBI: http://www.ncbi.nlm.nih.gov).
Genomic DNA was extracted from whole blood by the

salting-out procedure [31] and used for restriction frag-
ment length polymorphism and real-time polymerase chain
reaction (PCR) methods. For the polymorphisms within
the genes – CYP2R1 (rs12794714, rs10741657) CYP24A1
(rs927650), DBP (rs4588,rs7041) and VDR (rs7975232;
rs1544410; rs10735810; rs731236) – the PCR products
were digested with the respective restriction enzymes as
described previously [16,32–34]. The polymorphisms
rs10877012, rs4646536, rs2248137, rs2296241 were exam-
ined as described recently [17,32]. The HLA-DQA1 and
-DQB1 genotyping was performed as described previously
[35].

Quantification of VD plasma levels

For the determination of both VD metabolites, fresh ethyl-
enediamine tetraacetic acid blood samples were centrifuged
immediately by 600 g for 10 min and the separated plasma
was stored at -20°C; 25D and 1,25D plasma levels were
determined by radioimmunoassay (DiaSorin, Stillwater,
Minnesota, USA and IDS, Frankfurt am Main, Germany,
respectively).

Isolation of human peripheral blood mononuclear
cells (PBMCs)

Approximately 10 ml of blood were centrifuged at room
temperature (RT) for 10 min at 600 U/min. The resulting
cellular pellet was diluted with phosphate-buffered saline
(PBS) to a volume of 30 ml and overlaid on 15 ml Bicoll
separation solution (Biochrom, Berlin, Germany). After
30 min centrifugation at 500 g (un-damped) the interphase
was collected in a 50 ml Falcon tube, filled to 50 ml with
PBS and spun at 500 g for 10 min at RT. Afterwards the
pellet was washed twice more with 10 ml PBS and PBMCs
were counted and frozen in fetal calf serum (FCS) contain-
ing 10% dimethylsulphoxide (DMSO). The remaining
lower phase of the Bicoll centrifugation step was used for
DNA isolation and subsequent determination of VD-related
polymorphisms.

Flow cytometry of human PBMCs

PBMCs were resuspended in RPMI-1640 and 106 cells were
transferred into a V-bottomed 96-well plate. For the analysis
of DC subtypes, PBMCs were stained with the following
antibodies: allophycocyanin (APC)-conjugated mouse anti-
human CD303 [magnetic affinity cell sorting (MACS);
Miltenyi Biotec, Bergisch Gladbach, Germany]; fluorescein
isithiocyanate (FITC)-conjugated Linage cocktail 3 (Lin3)
(CD3, CD14, CD19, CD20), phycoerythrin (PE)-conjugated
mouse anti-human CD123 (anti-IL-3Ra), PE-cyanin-5
(Cy5)-conjugated mouse anti-human CD11c, PE-Cy7-
conjugated mouse anti-human CD4 and Horizon V450-
conjugated mouse anti-human CD8 (all from BD
Biosciences, Heidelberg, Germany) (Fig. 2). For the analysis

Table 1. Distribution of vitamin D (VD)-related polymorphisms in

the type 1 diabetes (T1D) patient cohort.

Polymorphism Genotype %

HLA DR/DQ T1D risk 75,5

Other 24,5

CYP24A1 CC 27,9

rs2248137 CG 49,1

GG 23,0

CYP24A1 AA 36,1

rs2296241 AG 54,1

GG 9,8

CYP24A1 TT 21,3

rs927650 TC 50,8

CC 27,9

CYP27B1 AA 9,5

rs10877012 AC 54,0

CC 36,5

CYP27B1 TT 48,3

rs4646536 TC 43,3

CC 8,3

CYP2R1 AA 7,9

rs1074657 AG 60,3

GG 31,8

CYP2R1 AA 17,7

rs12794714 AG 43,5

GG 38,7

DBP GG 19,7

Hae III GT 59,0

rs7041 TT 21,3

DBP CC 37,7

Sty I AC 54,1

rs4588 AA 8,2

VDR AA 34,9

Apa I Aa 42,9

rs7975232 aa 22,2

VDR BB 23,8

Bms I Bb 44,4

rs1544410 bb 31,7

VDR FF 34,4

Fok I Ff 45,9

rs10735810 ff 19,7

VDR TT 41,3

Taq I Tt 38,1

rs731236 tt 20,6

Human leucocyte antigen (HLA) type 1 diabetes (T1D) risk

genotype: DQ2 (DQA*0501-DQB*0201) and DQ8 (DQA*0301-

DQB*0302). DBP: VD-binding protein.
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of Tregs, due to parallel intracellular cytokine staining (see
below) PBMCs were kept in culture in RPMI-1640 medium
containing 10% FCS overnight prior to antibody staining
with FITC-conjugated mouse anti-human CD25, PE-Cy7-
conjgated mouse anti-human CD4 and Horizon V450-
conjugated mouse anti-human CD8 (all from BD
Biosciences). For forkhead box protein 3 (FoxP3) staining,
cells were permeabilized with 50 ml at a 1 : 3 ratio of eBio
Fix/Perm Concentrate and eBio Fix/Perm Diluent (both
eBioscience, Frankfurt, Germany) for 30 min at 4°C and
stained with PE-conjugated mouse anti-human FoxP3 anti-
body (BD Biosciences). Cells were analysed by flow cytom-
etry using a BD FACS Canto II (BD Biosciences) (Fig. 2).

Intracellular cytokine stain (ICCS)

For intracellular cytokine staining, 106 human PBMCs were
stimulated overnight with 50 mg/ml phorbol myristate
acetate (PMA) and 5 mg/ml ionomycin in the presence of
1 mg/ml Brefeldin A. The cells were stained with PE-Cy7-
conjgated mouse anti-human CD4 and Horizon V450-

conjugated mouse anti-human CD8 antibodies (BD
Biosciences), fixed, permeabilized and stained with FITC-
conjugated mouse anti-human interferon (IFN)-g, APC-
conjugated mouse anti-human interleukin (IL)-4 or
PE-conjugated mouse anti-human IL-17A antibodies
(all from BD Biosciences). Cells were analysed by flow
cytometry at a BD FACS Canto II (BD Biosciences) (Fig. 2).

Statistical analysis

Associations between polymorphism genotypes and VD
plasma levels as well as parameters defining the immune
status of T1D patients were analysed using the non-
parametric, unpaired, two-tailed Mann–Whitney U-test,
whereby two genotypes have always been compared with
each other. Similar data were obtained using the non-
parametric Kruskal–Wallis test comparing all three geno-
types simultaneously (GraphPad Prism Software, San
Diego, CA, USA). Associations between VD plasma levels
and parameters characterizing the immune status of
T1D patients were analysed using the non-parametric
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Fig. 2. Flow cytometry of human PBMCs. (a,b)

The frequency of T cells with a T helper type

1 (Th1), Th2 and Th17 phenotype was

determined by stimulation of peripheral blood

mononuclear cells (PBMCs) with phorbol

mysristate acetate (PMA)/ionomycin in the

presence of Bredfeldin A and staining with

antibodies to CD4, CD8, interferon (IFN)-g
(Th1), interleukin (IL)-17 (Th17), and IL-4

(Th2). The gating strategy is displayed for one

representative patient with type 1 diabetes

(T1D). Numbers indicate the frequency of

IFN-g-, IL-17- or IL-4-producing cell in relation

to the total number of CD4 or CD T cells. (c)

In order to quantify the frequency of regulatory

T cells (Tregs) PBMCs were stained with

antibodies to CD4, CD8, CD25 and forkhead

box protein 3 (FoxP3). Note that CD25, FoxP3

double-positive Tregs were detected only in

the CD4 T cell population. (d) For the

determination of dendritic cell (DC)

subpopulations human PBMCs were stained

with antibodies to Linage cocktail 3 (Lin3–),

Lin3, CD303, CD123, CD11c and CD4 and

gated for plasmacytoid dendritic cells (pDCs)

(CD303+, CD123+ and CD11c+ of the Lin3

negative leucocytes) and myeloid dendritic cells

(mDCs) (CD303–, CD123lo, CD11chi and CD4+

of the Lin3-negative leucocytes).
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Spearman’s correlation test, whereby P-values < 0·05 indi-
cate significant correlations (GraphPad Prism Software).

Results

It was the aim of this pilot study to evaluate how the VD
level correlates with the immune status of T1D patients. In
addition, we wanted to assess the influence of genetic varia-
tions associated with either VD metabolism or binding on
the frequency and activity of a broad variety of immune
cells. In total, we analysed blood samples of 63 T1D
patients. In order to investigate the immune status, we used
the plasma for determination of the 25D and 1,25D content
and isolated PBMC. Further, we obtained additional blood
samples, one from 27 patients and two from 17 patients.
These patients were supplemented with VD if the 25D level
was below 20 ng/ml. The average time interval between the
sample collections was 6 months (Fig. 1). In this longitudi-
nal study design we wanted to assess how the immune
status changes in individual patients over time.

Analysis of the VD levels exposes a high prevalence of
VD deficiency in the cohort

First, determination of both 25D and 1,25D plasma levels
revealed that 52·4% of the 63 patients were VD-deficient,
with 25D levels of less than 20 ng/ml. Only 19% of patients
displayed 25D levels within the normal range of
30–60 ng/ml (Fig. 3a). There was considerable variation,
ranging from 4·6 to 47 ng/ml (median 20 ng/ml) and from
9·0 to 99 ng/ml (median 47 ng/ml) for 25D (Fig. 3a) and
1,25D (Fig. 3b), respectively.

Only marginal associations between VD plasma level
and immune status of T1D patients

PBMC were isolated from 63 T1D patients and were
assessed for the frequency of leucocyte subpopulations. In
particular, we determined the frequencies of plasmacytoid
(pDC) and myeloid dendritic cells (mDCs) and their ratio
in order to evaluate the nature of the overall status of the
main antigen-presenting cells that might be influenced by
VD. In addition, we determined the frequency of FoxP3+

CD25+ CD4+ Tregs as well as CD4 and CD8 T cells producing
IFN-g, IL-4 or IL-17 by flow cytometry (Fig. 2). The values
obtained were then correlated with the levels of 25D and
1,25D in individual patients (Fig. 3). The frequency of IL-4
producing CD8 T cells with higher 25D levels was reduced
significantly (P = 0·022), and a trend towards a reduced fre-
quency of IL-17-producing CD8 T cells (P = 0·134) was
detected. However, no significant correlation was found
between the 25D level and any of the other parameters ana-
lysed (Fig. 3a). Further, no correlation was found between
1,25D and any of the parameters analysed (Fig. 3b). These
data indicate that in this small cohort of T1D patients the

VD levels had almost no influence on the regulatory milieu
in the blood. In particular, the ratio of DC subpopulation
and the frequency of Tregs were not affected and the ratio of
T cells producing type 1 (IFN-g), type 2 (IL-4) or type 17
(IL-17) cytokines was only marginally dependent on the
VD-levels.

Classification of T1D patients according to their
VD-related polymorphisms reveals a moderate
correlation between the CYP24A1 genotype and
immune status

The cohort of T1D patients was subdivided according to
their VD-related polymorphisms as well as HLA-DR/DQ.
No differences in the VD levels and immune status were
detected between patients carrying high-risk HLA geno-
types (DR3, DR4, DQ2 and DQ8) and patients carrying
other HLA alleles (Supporting information, Fig. S1). In
contrast, significant differences were detected between
patients carrying the GG genotype of the CYP24A1
rs2296241 polymorphism who showed a higher frequency
of mDCs and CD8 T cells than patients with AA and AG
genotypes (Fig. 4). In addition, these patients carried a sig-
nificantly lower frequency of CD8 T cells that produced
IL-4 upon unspecific stimulation with PMA/ionomycin.
However, the frequency of IL-4-producing CD8 cells was
below 1% for all genotypes. Further, we found a significant
reduction of pDCs in patients with the GG genotype of the
CYP24A1 rs2248137 polymorphism (Supporting informa-
tion, Fig. S2) and an increased frequency of mDCs in
patients with the TT genotype of the CYP24A1 rs927650
polymorphism (Supporting information, Fig. S3). No
significant influence was found of the genotypes of the
second 25-vitamin D3 hydroxylase CYP2R1 polymorphisms
rs1074657 (Supporting information, Fig. S4) and
rs12794714 (Supporting information, Fig. S5) on the VD
levels or immune status. For the polymorphisms that affect
the 25-hydroxyvitamin D3-1a hydroxylase CYP27B1, we
found a lower frequency of Tregs in patients with the CC
genotype of the rs4646536 polymorphism (Supporting
information, Fig. S7), but no correlation with any genotype
of the rs10877012 polymorphism (Supporting information,
Fig. S6) with the VD levels of immune status.

The most pronounced influence of genes expressed poly-
morphically was detected for DBP. In particular, patients
with the TT genotype of the Hae III polymorphism had sig-
nificantly reduced 25D-levels compared to patients with the
GG or GT genotypes (Fig. 5). Similarly, patients with the
AA genotype of the Sty I polymorphism showed signifi-
cantly lower 1,25D levels and a tendency to lower 25D levels
than patients with the CC and AC genotype (Fig. 5).
However, the frequency of patients with the AA genotype
of the Sty I polymorphism was somewhat low in our
cohort. Nevertheless, the data confirm earlier studies that
demonstrated lower VD plasma levels in individuals with

Vitamin D and immune status in patients with type 1 diabetes
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the genotypes AA of Sty I and TT of Hae III [36,37]. In
addition, patients with the TT genotype of the Hae III DBP
polymorphism displayed an increased frequency of IL-4-
producing CD4 and CD8 T cells (Supporting information,
Fig. S8), and patients with the CC genotype of the Sty
I DBP polymorphism showed a reduced frequency of
IFN-g-producing CD4 T cells (Supporting information,
Fig. S9).

Several associations have been found between the indi-
vidual genotypes of four different VDR polymorphisms.

The AA genotype of the VDR Apa I polymorphism is asso-
ciated with an increased 25D level, a reduced CD4 T cell fre-
quency and an increased CD8 T cell frequency (Supporting
information, Fig. S10), the BB genotype of the VDR Bms I
polymorphism with an increased 1,25D level and a reduced
CD4 T cell frequency (Supporting information, Fig. S11),
the FF genotype of the VDR Fok I polymorphism with an
augmented frequency of IL-4-producing CD4 T cells (Sup-
porting information, Fig. S12) and the tt genotype of the
VDR Taq I polymorphism with an increased 1,25D level, a
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reduced CD4 T cell frequency and a increased CD8 T cell
frequency (Supporting Fig. information, S13). These data
indicate that individual genotypes of VD-related genes
influence the frequency of cellular compartments that char-
acterize the immune status of the patients. However, there is
no clear picture emerging from these associations. The find-
ings reflect our correlation data that, with the exception of
the reduced frequency of IL-4-producing CD8 with higher
25D levels, revealed no significant correlation between the
VD-levels and any of the parameters analysed (Fig. 3).

Longitudinal study of VD levels and immune status
reveals no association

We obtained second and third blood samples of 27 and 17
T1D of the cohort of 63 patients, respectively. We per-
formed a longitudinal assessment of the plasma VD levels
and the immune status over time. For analysis the patients
were grouped according to whether or not they were
advised to supplement VD. For those patients from whom
we obtained two blood samples in a mean interval of 6
months (Fig. 6) we found no significant different 25D and
1,25D plasma levels in the two samples, regardless of VD
supplementation (Fig. 6a). Similarly, no significant differ-
ences have been detected in the distribution of DC and T
cell subtypes (Fig. 6b,c). The mean time interval of the third
blood samples obtained from 17 patients was 12 months
after the first sample had been collected. The inclusion of
this third sample demonstrated that the 25D and in particu-
lar the 1,25D plasma levels display a profound variability
within these 12 months of observation (Fig. 7a). In con-
trast, the frequency of DC and T cell subtypes remained

stable (Fig. 7b,c). No significant differences were detected in
the groups that had or had not received VD supplementa-
tion. Therefore, we were able to detect an association of the
plasma VD levels with immune status in this preliminary
longitudinal study of 17 T1D patients. The number of indi-
viduals was too low for a detailed analysis of a possible
influence of the VD-related genetic polymorphisms in the
longitudinal study.

Discussion

It was the aim of this pilot study, with a small cohort of 63
T1D patients, to evaluate a possible association between
plasma VD levels and immune status in patients with differ-
ent genetic polymorphisms in VD-related genes. We found
considerable variety in the VD plasma levels at the begin-
ning of the study. VD-deficient patients who displayed 25D
levels of below 20 ng/ml at the first visit were advised to
supplement with VD at 1000 IU/day. However, this supple-
mentation seems to have no direct effect on the 25D and
1,25D plasma levels at months 6 and 12 after beginning
supplementation. Further, we correlated the plasma levels of
25D and 1,25D with immune status, including the fre-
quency and ratio of mDC and pDC and the frequency of
several T cell subtypes. It has been reported that 1,25D
selectively induces tolerogenic properties in mDCs, but not
pDCs [30]. In particular, it has been demonstrated that
exposure of mDCs to 1,25D results in expression of the
chemokine CCL22, which predominantly attracts FoxP3+,
CD25+ Tregs [30]. The programmed cell death ligand 1 (PD-
L1) seems to play a critical role in the process of mDC-
induced Treg activation [38]. Further, aggressive T cells seem
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to be driven towards apoptosis upon interaction with 1,25D
or analogue-differentiated mDCs [28]. It has also been
shown that human autoreactive T cells can be redirected by
in-vitro interaction with DCs that have been differentiated
with a 1,25D analogue [39]. In the non-obese diabetic
(NOD) mouse, it has been shown that administration of
1,25D alters the profile of bone marrow-derived DCs [27]
and causes a decrease in islet cytokine and chemokine
expression, a lower degree of insulitis and, most impor-

tantly, reduced T1D incidence [40,41]. All in all the bioac-
tive form of VD, 1,25D, seems to play an important role in
the differentiation of DCs and the activation of Tregs in vitro
and in animal models for T1D. In our pilot study, we were
not able to identify a clear-cut association between the
plasma VD levels and frequency of DC subtypes and Tregs in
PBMCs of T1D patients. Nevertheless, we found a decrease
in the frequency of IL-4-producing CD8 T cells and a trend
towards a reduced frequency of IL-17-producing CD8 T
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cells with a higher 25D level. However, it should be noted
here that although the decreased frequency of IL-4-
producing CD8 T cells is statistically significant (P = 0·022),
it is dependent largely upon one patient with a very low
25D level and a somewhat high frequency of IL-4-
producing CD8 T cells (Fig. 3). Removal of this outlier from
the statistical analysis results in a P-value of 0·047. Never-
theless, our preliminary results suggest that, to a certain
extent, VD might reduce the T helper type 2 (Th2) immune

response. Although it is the general opinion that b cell
destruction is mediated predominantly by a Th1/Th17
immune response, it has been shown in the past that T cells
with a Th2 phenotype might also contribute to b cell
damage or stress. In particular, transfer of islet-antigen-
specific Th2-type T cells into immunocompromised NOD
severe combined immunodeficient (SCID) mice resulted in
‘swarming pancreatitis’ with infiltrations in the endocrine
and exocrine pancreas and, subsequently, T1D [42].
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collected over a mean interval of 12 months were analysed for the VD plasma levels and the immune status. (a) 25D and 1,25D plasma levels; (b)

frequency of plasmacytoid dendritic cells (pDCs) [Linage cocktail 3 (Lin3–), CD303+, CD123+, CD11c+], myeloid dendritic cells (mDCs) (Lin3–,

CD303–, CD123lo, CD11chi, CD4+), regulatory T cells (Tregs) (CD4+, CD25+, forkhead box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+) and (c)

interferon (IFN)-g, interleukin (IL)-17 or IL-4-producing CD4 and CD8 T cells after overnight stimulation with phorbol myristate acetate

(PMA)/ionomycin. Straight lines: male; dashed lines: female.
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Fine-tuning of our data to the level of VD-related
genetic polymorphisms revealed an association between
the VD plasma level and the AA genotype of the DBP Sty I
polymorphism and the TT genotype of the DBP Hae III
polymorphism, both of which showed significantly
reduced levels of VD. Even though the number of patients
was low for some of the genotypes (i.e. n = 5 for the AA
genotype of the DBP Sty I polymorphism), the data
confirm earlier findings [36,37] and suggest that aberrant
binding of free VD to DBP as occurring in individuals
with the AA genotype of Sty I, the TT genotype of Hae III,
results in lower plasma levels of bioactive 1,25D. A link
between DBP expression and T1D has been demonstrated
in the past [24]. However, in our pilot study we did not
find an association between the DBP genotype and
immune status. Because many studies have demonstrated
an association between T1D and other VD-related poly-
morphisms, such as CYP27B1 and CYP2R1 [16–19], it is
of interest that we did not find a significant difference in
the immune status of patients who carry genotypes associ-
ated with a higher risk for T1D. In contrast, for CYP24A1
genotypes we found significant differences in the fre-
quency of total CD8 T cells, IL-4-producing CD8 T
cells and DC subsets. This observation may also be of
interest in the context of other autoimmune disorders, as a
recent genome-wide association study of multiple sclerosis
(MS) patients showed a significant association with the
CYP24A1 gene [43].

Controversially, an association of VDR polymorphism
and T1D has been discussed. Some studies suggest that
there is no association [21,22]. In contrast, a recent meta-
analysis suggests that at least one of four known polymor-
phisms in the VDR gene is associated with a higher risk
for T1D in Asians [23]. However, from our preliminary
results we were not able to confirm a link of the VD
plasma level to any of the four VDR-associated polymor-
phisms investigated.

Several reasons seem to account for our finding of a lack
of a profound association between the VD plasma levels and
immune status in our pilot study. One reason was clearly
the small cohort of 63 T1D patients. In particular, subdivi-
sion of patients into individual subgroups according to the
13 VD-related polymorphisms resulted in somewhat small
numbers of patients in some subgroups (see Supporting
figures). Note that, due to the small number of patients, an
association analysis of the genotypes with data from the
longitudinal study was not possible. In addition, the varia-
tion in the VD plasma levels in all groups was considerable.
The plasma was collected throughout the year from patients
living in the greater Frankfurt area. Due to the reported sea-
sonality of the VD status in individual healthy volunteers
[44,45], such a variation is not entirely surprising. Of the 63
baseline samples in our cohort, 12 were collected in spring,
25 in summer, 16 in autumn and 10 in winter. However,
there were no significant seasonal differences in the 25D

plasma levels [spring, 22 (� 8·5) ng/ml; summer, 19 (� 11)
ng/ml; autumn 20 (� 11) ng/ml; winter, 17 (� 11) ng/ml]
and 1,25D [spring, 43 (� 11) pg/ml; summer, 50 (� 18)
pg/ml; autumn, 49 (� 19) pg/ml; winter, 40 (� 7·8) pg/ml]
in our cohort of T1D patients. An advised supplementation
of 1000 IU/day VD in patients with a VD deficiency had
no effect on the plasma 25D and 1,25D levels within a
12-month period. However, the VD supplement dose might
have been too low, and we are currently performing a
follow-up study supplementation of 4000 IU/day over a
3-month period.

Khoo et al. recently demonstrated a change in the periph-
eral blood T cell compartment associated with the VD
plasma level in 15 healthy individuals [45]. In contrast
to our study, Khoo et al. performed a longitudinal study
with healthy individuals collecting blood samples for the
duration of 1 year and found that elevated plasma VD levels
in the summer were associated with increased CD4 and
CD8 T cells [45]. They further found a higher frequency of
FoxP3-positive Tregs within the overall Treg population, and
a reduced capacity of CD4 and CD8 T cells to produce
proinflammatory cytokines that paralleled the elevated
VD-plasma levels in the summer [45]. However, the data
were restricted to a very small number of healthy male
individuals, and a causative relation between the observed
differences in the immune status and the VD plasma levels
is still missing.

Another reason for the lack of a clear association of VD
levels and immune status might be due to the complexity
of the system, including the inherent variability of the
immune status of patients as well as healthy individuals.
Thus, a protective effect of VD administration as demon-
strated in models with inbred mice [27,40,41] might be
weakened in T1D patients. Alternatively, direct administra-
tion of in-vitro VD-differentiated DCs might circumvent
such an ablation of a possible beneficial effect of VD.
Indeed, it has been demonstrated that in-vitro VD-
differentiated tolerogenic DCs transfer their regulatory
properties via induction of autoreactive Tregs to proinflam-
matory DCs, indicating that VD-differentiated DCs may
cause a form of infectious tolerance [46].

Our preliminary data provide insight into the complexity
of the genetic polymorphism related to VD, on one hand,
and the large variability of T1D patients with regard to VD
supplementation on the other hand. Therefore, we believe
that our pilot study provides a basis for further more com-
prehensive follow-up studies. Preclinical model systems,
such as the NOD or the rat insulin promoter-lymphocytic
choriomeningitis (RIP-LCMV) mouse [47], provide an
excellent platform to evaluate further the mechanism
behind a possible VD-induced protection. Additional
clinical trials need to be performed in order to evalu-
ate whether oral VD administration or direct transfer of
VD-differentiated cell populations might be beneficial for
T1D patients.
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Additional Supporting Information may be found in the
online version of this article:

Fig. S1. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the human leucocyte

antigen (HLA)-DR/DQ genotype. Type 1 diabetes (T1D)
patients were subdivided into two groups: group A includes
individuals with T1D high-risk genotypes HLA-DR3, HLA-
DR4, HLA-DQ2 and HLA-DQ8. Group B includes patients
with other HLA genotypes not associated with an elevated
risk to develop T1D. The two groups were analysed for asso-
ciations between the individual genotypes and (A) 25-VD
and 1,25-VD serum level; (B) frequency of plasmacytoid
dendritic cells (pDCs) [Linage cocktail 3 (Lin3–), CD303+,
CD123+, CD11c+], mDCs (Lin3–, CD303–, CD123lo, CD11chi,
CD4+), regulatory T cells (Tregs) (CD4+, CD25+, forkhead
box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+) and (C)
interferon (IFN)-g, interleukin (IL)-17 or IL-4-producing
CD4 and CD8 T cells after overnight stimulation with
phorbol myristate acetate (PMA)/ionomycin. Significant
differences in the Mann–Whitney U-test are indicated
(GraphPad Prism software).
Fig. S2. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the genotypes of the
CYP24A1 rs2296237 polymorphism. Type 1 diabetes (T1D)
patients were subdivided into the three different genotypes
of the CYP24A1 rs2296237 polymorphism (CC, CG, GG)
and analysed for associations between the individual geno-
types and (A) 25-VD and 1,25-VD serum level; (B)
frequency of plasmacytoid dendritic cells (pDCs) [Linage
cocktail 3 (Lin3–), CD303+, CD123+, CD11c+], myeloid DCs
(mDCs) (Lin3–, CD303–, CD123lo, CD11chi, CD4+), regula-
tory T cells (Tregs) (CD4+, CD25+, forkhead box protein 3
(FoxP3)+; CD8+, CD25+, FoxP3+) and (C) interferon
(IFN)-g, interleukin (IL)-17 or IL-4-producing CD4 and
CD8 T cells after overnight stimulation with phorbol myr-
istate acetate (PMA)/ionomycin. Significant differences in
the Mann–Whitney U-test are indicated (GraphPad Prism
software).
Fig. S3. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the genotypes of the
CYP24A1 rs927650 polymorphism. Type 1 diabetes (T1D)
patients were subdivided into the three different genotypes
of the CYP24A1 rs927650 polymorphism (TT, TC, CC) and
analysed for associations between the individual genotypes
and (A) 25-VD and 1,25-VD serum level; (B) frequency of
plasmacytoid dendritic cells (pDCs) [Linage cocktail 3
(Lin3–), CD303+, CD123+, CD11c+], myeloid dendritic cells
(mDCs) (Lin3–, CD303–, CD123lo, CD11chi, CD4+), regula-
tory T cells (Tregs) (CD4+, CD25+, forkhead box protein 3
(FoxP3)+; CD8+, CD25+, FoxP3+) and (C) interferon (IFN-g,
interleukin (IL)-17 or IL-4-producing CD4 and CD8 T cells
after overnight stimulation with phorbol myristate acetate
(PMA)/ionomycin. Significant differences in the Mann–
Whitney U-test are indicated (GraphPad Prism software).
Fig. S4. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the genotypes of the
CYP2R1 rs1074657 polymorphism. Type 1 diabetes (T1D)
patients were subdivided into the three different genotypes
of the CYP2R1 rs1074657 polymorphism (AA, AG, GG)
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and analysed for associations between the individual geno-
types and (A) 25-VD and 1,25-VD serum level; (B) fre-
quency of plasmacytoid dendritic cells (pDCs) [Linage
cocktail 3 (Lin3–), CD303+, CD123+, CD11c+], myeloid den-
dritic cells (mDCs) (Lin3–, CD303–, CD123lo, CD11chi,
CD4+), regulatory T cells (Tregs) (CD4+, CD25+, forkhead
box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+) and (C)
interferon (IFN)-g, interleukin (IL)-17 or IL-4-producing
CD4 and CD8 T cells after overnight stimulation with
phorbol myristate acetate (PMA)/ionomycin. Significant
differences in the Mann–Whitney U-test are indicated
(GraphPad Prism software).
Fig. S5. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the genotypes of the
CYP2R1 rs12794714 polymorphism. Type 1 diabetes (T1D)
patients were subdivided into the three different genotypes
of the CYP2R1 rs12794714 polymorphism (AA, AG, GG)
and analysed for associations between the individual geno-
types and (A) 25-VD and 1,25-VD serum level; (B) fre-
quency of plasmacytoid dendritic cells (pDCs) [Linage
cocktail 3 (Lin3–), CD303+, CD123+, CD11c+], myeloid den-
dritic cells (mDCs) (Lin3–, CD303–, CD123lo, CD11chi,
CD4+], regulatory T cells (Tregs) (CD4+, CD25+, forkhead
box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+) and (C)
interferon (IFN)-g, interleukin (IL)-17 or IL-4-producing
CD4 and CD8 T cells after overnight stimulation with
phorbol myristate acetate (PMA)/ionomycin. Significant
differences in the Mann–Whitney U-test are indicated
(GraphPad Prism software).
Fig. S6. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the genotypes of the
CYP27B1 rs10877012 polymorphism. Type 1 diabetes
(T1D) patients were subdivided into the three different
genotypes of the CYP27B1 rs10877012 polymorphism (AA,
AC, CC) and analysed for associations between the indi-
vidual genotypes and (A) 25-VD and 1,25-VD serum level;
(B) frequency of plasmacytoid dendritic cells (pDCs)
[Linage cocktail 3 (Lin3–), CD303+, CD123+, CD11c+],
myeloid dendritic cells (mDCs) (Lin3–, CD303–, CD123lo,
CD11chi, CD4+), regulatory T cells (Tregs) (CD4+, CD25+,
forkhead box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+)
and (C) interferon (IFN)-g, interleukin (IL)-17 or IL-4-
producing CD4 and CD8 T cells after overnight stimulation
with phorbol myristate acetate (PMA)/ionomycin. Signifi-
cant differences in the Mann–Whitney U-test are indicated
(GraphPad Prism software).
Fig. S7. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the genotypes of the
CYP27B1 rs4646536 polymorphism. Type 1 diabetes (T1D)
patients were subdivided into the three different genotypes
of the CYP27B1 rs4646536 polymorphism (TT, TC, CC)
and analysed for associations between the individual geno-
types and (A) 25-VD and 1,25-VD serum level; (B) fre-
quency of plasmacytoid dendritic cells (pDCs) [Linage
cocktail 3 (Lin3–), CD303+, CD123+, CD11c+], myeloid den-

dritic cells (mDCs) (Lin3–, CD303–, CD123lo, CD11chi,
CD4+), regulatory T cells (Tregs) (CD4+, CD25+, forkhead
box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+) and (C)
interferon (IFN)-g, interleukin (IL)-17 or IL-4-producing
CD4 and CD8 T cells after overnight stimulation with
phorbol myristate acetate (PMA)/ionomycin. Significant
differences in the Mann–Whitney U-test are indicated
(GraphPad Prism software).
Fig. S8. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the genotypes of the
VD-binding protein (DBP) Hae III polymorphism. Type 1
diabetes (T1D) patients were subdivided into the three dif-
ferent genotypes of the DBP Hae III polymorphism (GG,
GT, TT) and analysed for associations between the indi-
vidual genotypes and (A) 25-VD and 1,25-VD serum level;
(B) frequency of plasmacytoid dendritic cells (pDCs)
[Linage cocktail 3 (Lin3–), CD303+, CD123+, CD11c+],
myeloid dendritic cells (mDCs) (Lin3–, CD303–, CD123lo,
CD11chi, CD4+), regulatory T cells (Tregs) (CD4+, CD25+,
forkhead box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+)
and (C) interferon (IFN)-g, interleukin (IL)-17 or IL-4-
producing CD4 and CD8 T cells after overnight stimulation
with phorbol myristate acetate (PMA)/ionomycin. Signifi-
cant differences in the Mann–Whitney U-test are indicated
(GraphPad Prism software).
Fig. S9. Vitamin D (VD) serum level and immune status in
patients subgrouped according to the genotypes of the
VD-binding protein (DBP) Sty I polymorphism. Type 1
diabetes (T1D) patients were subdivided into the three dif-
ferent genotypes of the DBP Sty I polymorphism (CC, AC,
AA) and analysed for associations between the individual
genotypes and (A) 25-VD and 1,25-VD serum level; (B) fre-
quency of plasmacytoid dendritic cells (pDCs) [Linage
cocktail 3 (Lin3–), CD303+, CD123+, CD11c+], myeloid den-
dritic cells (mDCs) (Lin3–, CD303–, CD123lo, CD11chi,
CD4+), regulatory T cells (Tregs) (CD4+, CD25+, forkhead
box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+) and (C)
interferon (IFN)-g, interleukin (IL)-17 or IL-4-producing
CD4 and CD8 T cells after overnight stimulation with
phorbol myristate acetate (PMA)/ionomycin. Significant
differences in the Mann–Whitney U-test are indicated
(GraphPad Prism software).
Fig. S10. Vitamin D (VD) serum level and immune status
in patients subgrouped according to the genotypes of the
VDR Apa I polymorphism. Type 1 diabetes (T1D) patients
were subdivided into the three different genotypes of the
VDR Apa I polymorphism (AA, Aa, aa) and analysed for
associations between the individual genotypes and (A)
25-VD and 1,25-VD serum level; (B) frequency of plasma-
cytoid dendritic cells (pDCs) [Linage cocktail 3 (Lin3–),
CD303+, CD123+, CD11c+], myeloid dendritic cells (mDCs)
(Lin3–, CD303–, CD123lo, CD11chi, CD4+), regulatory T cells
(Tregs) (CD4+, CD25+, forkhead box protein 3 (FoxP3)+;
CD8+, CD25+, FoxP3+) and (C) interferon (IFN)-g, inter-
leukin (IL)-17 or IL-4-producing CD4 and CD8 T cells after
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overnight stimulation with phorbol myristate acetate
(PMA)/ionomycin. Significant differences in the Mann–
Whitney U-test are indicated (GraphPad Prism software).
Fig. S11. Vitamin D (VD) serum level and immune status
in patients sub-grouped according to the genotypes of the
VDR Bms I polymorphism. Type 1 diabetes (T1D) patients
were subdivided into the three different genotypes of the
VDR Bms I polymorphism (BB, Bb, bb) and analysed for
associations between the individual genotypes and (A)
25-VD and 1,25-VD serum level; (B) frequency of plasma-
cytoid dendritic cells (pDCs) [Linage cocktail 3 (Lin3–),
CD303+, CD123+, CD11c+], myeloid dendritic cells (mDCs)
(Lin3–, CD303–, CD123lo, CD11chi, CD4+), regulatory T
cells (Tregs) (CD4+, CD25+, forkhead box protein 3 (FoxP3)+;
CD8+, CD25+, FoxP3+) and (C) interferon (IFN)-g, inter-
leukin (IL)-17 or IL-4-producing CD4 and CD8 T cells
after overnight stimulation with phorbol myristate acetate
(PMA)/ionomycin. Significant differences in the Mann–
Whitney U-test are indicated (GraphPad Prism software).
Fig. S12. VD serum level and immune status in patients
subgrouped according to the genotypes of the VDR Fok I
polymorphism. Type 1 diabetes (T1D) patients were subdi-
vided into the three different genotypes of the VDR Fok I
polymorphism (FF, Ff, ff) and analysed for associations
between the individual genotypes and (A) 25-VD and
1,25-VD serum level; (B) frequency of plasmacytoid

dendritic cells (pDCs) [Linage cocktail 3 (Lin3–), CD303+,
CD123+, CD11c+], mDCs (Lin3–, CD303–, CD123lo, CD11chi,
CD4+), regulatory T cells (Tregs) (CD4+, CD25+, forkhead
box protein 3 (FoxP3)+; CD8+, CD25+, FoxP3+) and (C)
interferon (IFN)-g, interleukin (IL)-17 or IL-4-producing
CD4 and CD8 T cells after overnight stimulation with
phorbol myristate acetate (PMA)/ionomycin. Significant
differences in the Mann–Whitney U-test are indicated
(GraphPad Prism software).
Fig. S13. Vitamin D (VD) serum level and immune status
in patients subgrouped according to the genotypes of the
VDR Taq I polymorphism. Type 1 diabetes (T1D) patients
were subdivided into the three different genotypes of the
VDR Taq I polymorphism (TT, Tt, tt) and analysed for
associations between the individual genotypes and (A)
25-VD and 1,25-VD serum level; (B) frequency of plasma-
cytoid dendritic cells (pDCs) [Linage cocktail 3 (Lin3–),
CD303+, CD123+, CD11c+], myeloid dendritic cells (mDCs)
(Lin3–, CD303–, CD123lo, CD11chi, CD4+), regulatory T cells
(Tregs) (CD4+, CD25+, forkhead box protein 3 (FoxP3)+;
CD8+, CD25+, FoxP3+) and (C) interferon (IFN)-g,
interleukin (IL)-17 or IL-4-producing CD4 and CD8 T
cells after overnight stimulation with phorbol myristate
acetate (PMA)/ionomycin. Significant differences in the
Mann–Whitney U-test are indicated (GraphPad Prism
software).
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