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Abstract

Systemic lupus erythematosus (SLE) is a chronic systemic autoimmune disease that disproportionately affects African
American females. The causes of SLE are unknown but postulated to be a combination of genetic predisposition and
environmental triggers. Vitamin D deficiency is one of the possible environmental triggers. In this study we evaluated
relationships between vitamin D status, cellular aging (telomere length) and anti-telomere antibodies among African
American Gullah women with SLE. The study population included African American female SLE patients and unaffected
controls from the Sea Island region of South Carolina. Serum 25-hydroxyvitamin D levels were measured using a
nonchromatographic radioimmunoassay. Telomere length was measured in genomic DNA of peripheral blood mononuclear
cells (PBMCs) by monochrome multiplex quantitative PCR. Anti-telomere antibody levels were measured by enzyme-linked
immunosorbent assay (ELISA). Patients with SLE had significantly shorter telomeres and higher anti-telomere antibody titers
compared to age- and gender-matched unaffected controls. There was a positive correlation between anti-telomere
antibody levels and disease activity among patients and a significant correlation of shorter telomeres with lower 25-
hydroxyvitamin D levels in both patients and controls. In follow-up examination of a subset of the patients, the patients
who remained vitamin D deficient tended to have shorter telomeres than those patients whose 25-hydroxyvitamin D levels
were repleted. Increasing 25-hydroxyvitamin D levels in African American patients with SLE may be beneficial in maintaining
telomere length and preventing cellular aging. Moreover, anti-telomere antibody levels may be a promising biomarker of
SLE status and disease activity.
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essential steroid hormone with well-established effects on mineral
metabolism, skeletal health, and more recently described effects on
cardiovascular and immune health.[5-7] Mounting evidence has
revealed that vitamin D deficiency contributes to the morbidity

Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune
disease with diverse manifestations, with the presence of autoan-

tibodies a unifying feature among patients. SLE often affects
multiple organ systems, including but not limited to the skin,
musculoskeletal, cardiovascular, renal, pulmonary, gastrointesti-
nal, neuropsychiatric, and hematologic systems. [1] SLE occurs
primarily in women (9:1 ratio of women to men) during the
reproductive years. SLE disproportionately affects African Amer-
icans and Hispanics with African Americans also having higher
disease activity, rates of renal involvement, damage accrual and
mortality compared to other ethnicities in the United States. [2,3]
Genetics play a role in the pathogenesis of SLE, but genetics alone
are not sufficient for developing SLE, suggesting the influence of
environmental triggers of disease expression.

Vitamin D deficiency is a potential environmental trigger of

SLE and/or SLE-related disease activity. [4] Vitamin D is an
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and mortality of multiple chronic diseases. [8] Both vitamin D2
and D3 are converted to 25-hydroxyvitamin D3 (25(OH)D), an
inactive circulating form that must be hydroxylated to 1,25-
hydroxyvitamin Dj (1,25(OH),D) to be biologically active.
However, determination of serum 25(OH)D levels is considered
the best measure of vitamin D status. [9] Lifestyle factors have led
to an increased prevalence of vitamin D deficiency in the general
population, while improved availability and reliability of the serum
25(OH)D test have led to better awareness of the widespread
deficiency. Because patients with SLE avoid the sun, a common
trigger of disease flares, the risk of vitamin D deficiency is even
higher among SLE patients than in the general population,
particularly African Americans with SLE whose dermal pigmen-
tation impedes conversion of vitamin D. [4] Vitamin D deficiency
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was associated with increased antinuclear antibody (ANA)
positivity among healthy controls and increased B cell activation
among patients with SLE. [10] Previously, we demonstrated a
negative correlation between 25(OH)D and disease activity
(SLEDAI score) among an African American Gullah cohort
(SLE in Gullah Health or SLEIGH), a correlation which
subsequently was demonstrated in many other SLE populations
worldwide. [11].

Telomeres are DNA-protein complexes composed of short,
tandem hexanucleotide repeats located at the ends of linear
chromosomes on most somatic cells. The telomere end forms a
loop, which requires a length of single-stranded 3’ overhang. [12]
Telomerase, a telomere-lengthening enzyme, helps to maintain the
3" overhang and thus the integrity of the chromosome. [13]
Telomeres shorten during each cell division in the absence of
telomere synthesis mechanisms such as telomerase. When
telomeres reach a critically shortened length, chromosomal
aberrations such as end-to-end fusion occur, and cells enter
senescence or undergo apoptosis and are no longer able to
replicate. Previous studies demonstrated accelerated telomere
shortening in various circulating cells in SLE patients.[14-18] A
relationship between leukocyte telomere length and vitamin D
status was demonstrated in a cross-sectional measurement of
leukocyte telomere length and 25(OH)D level among women from
a large population-based cohort of twins in the United Kingdom.
This study demonstrated that serum 25(OH)D levels were
positively correlated with telomere length and this relationship
remained significant after adjustment for age and other covariates.
(19].

Anti-telomere antibodies are a type of anti-double stranded
DNA antibody that specifically targets the hexanucleotide repeat
sequences of telomeric DNA. SLE patients exhibit higher levels of
anti-telomere antibodies compared to unrelated controls, and
assays for anti-telomere antibodies are more specific for SLE
compared to other autoimmune diseases. [20,21].

To our knowledge, relationships between vitamin D status,
telomere length and anti-telomere antibody positivity in SLE have
not been investigated previously, particularly among African
Americans, who are disproportionately affected by both SLE and
vitamin D deficiency. In this study we analyzed the relationship
between serum 25(OH)D levels, telomere length and anti-telomere
antibody levels in a genetically similar population of African
American Gullah women with SLE and unaffected controls. We
demonstrate that SLE patients have shorter telomeres and higher
anti-telomere antibody levels than age- and gender-matched
controls. We further demonstrate an association between vitamin
D deficiency and shorter telomere length and a positive correlation
between anti-telomere antibodies and disease activity. Our results
support the concept that increasing 25(OH)D levels may be
beneficial in slowing or preventing premature cellular aging and
that anti-telomere antibody measures serve as an important
biomarker of SLE.

Materials and Methods

Ethics Statement and Study Subjects

This research was carried out with the approval of the
Institutional Review Board at the Medical University of South
Carolina. Written informed consent was obtained from all study
participants. This case-control study was nested in a longitudinal
observational cohort called SLE in Gullah Health (SLEIGH),
which was started in 2002. A more complete description of the
cohort was previously reported. [22] Briefly, eligible cases were: 1)
age two years and above, 2) self-identified as African American
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"Gullah" from the Sea Island region of South Carolina, 3)
diagnosed with SLE by meeting at least four of the 11 classification
criteria as designated by the ACR, [23,24] 4) able to speak and
understand English, and 5) able and willing to give informed
consent.

Stored DNA and serum from patients with SLE and age- and
gender-matched controls enrolled in the SLEIGH Study was
utilized for this study. Fifty-nine patients with SLE and fifty-nine
age- and gender-matched unrelated controls (all African American
Gullah) were included in the study. Patients were age-matched to
their controls within two years, and all patients and controls were
female. Twenty-nine of the patients with SLE had two samples
taken at least three months apart, allowing us to analyze changes
in 25(OH)D levels, telomere length and anti-telomere antibody
levels over time.

Clinical Disease Measurements

Disease activity was ascertained with the Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) using medical
records, laboratory testing and an in-person interview and physical
examination. [25] Disease damage was ascertained using the
Systemic Lupus International Collaborative Clinics (SLICC)/
ACR damage index (SDI). [26] Assays for antinuclear antibodies
(ANA) were performed by indirect immunofluorescence (IF) with
HEp-2 cells INOVA Diagnostics, Inc., San Diego, CA, USA).
Detection of ANA at a dilution of 1:40 was considered a minimal
positive result. Anti-double-stranded DNA (dsDNA) antibodies
were screened with a Crithidia assay (INOVA Diagnostics, Inc.,
San Diego, CA, USA). These assays were all performed in the
clinical immunology laboratory at the Oklahoma Medical
Research Foundation.

Vitamin D Measurements

Baseline 25(OH)D levels of patients with SLE and age- and
gender-matched controls from the SLEIGH cohort were mea-
sured in the laboratory of Dr. Bruce Hollis, a contract facility for
the NIH for measures of vitamin D metabolites using a
nonchromatographic radioimmunoassay (RIA). [27] Baseline
levels of 25(OH)D are categorically defined as <10 ng/ml (severe
deficiency), 10-19 ng/ml (moderate deficiency), 20-30 ng/ml
(insufficiency), or >30 ng/ml (sufficient).

Telomere Length Determination

Genomic DNA (gDNA) was extracted from PBMCs in blood
samples collected from subjects, and telomere length was
measured by monochrome multiplex quantitative PCR
(MMPCR) essentially as described. [28,29] Adaptations to the
protocol included the use of the SYBR green kit and the
Lightcycler from Roche Diagnostics (Indianapolis, IN). The
housekeeping single-copy gene albumin served as the normalizing
gene. Melting curve analyses demonstrated well-separated single
peaks for the telomere product and the single-copy gene product.
gDNA isolated from a single preparation from the Jurkat T cell
line served as a standard on each plate. Two standard curves were
generated following PCR, one for the telomere signal and one for
the single-copy gene signal. The average ratio of telomere signal to
single-copy signal is proportional to the average telomere length
per cell. All samples were run in triplicate within a plate and on
two separate plates with similar results.

Anti-telomere Antibody Measurements

Anti-telomere antibody levels for patient and control serum
samples were measured using an anti-telomere IgG antibody
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ELISA kit (Biohit, Finland) following the manufacturer’s instruc-
tions. Serum samples were diluted 1:100 and tested in duplicate
and were run at least twice with similar results. The initial
incubation time for the diluted serum on the pre-coated 96 well
plate was increased to one hour to facilitate binding. Absorbance
readings were measured with an ELx800 BioTek plate reader and
converted to anti-telomere antibody concentrations by comparison
to the provided standard at a concentration of 228 IU/mL. A
positive result for anti-telomere antibodies was considered to be
above 64 IU/mL, the 98™ percentile determined in healthy
controls. [21].

Statistics

To compare features between patients and controls, descriptive
statistics were calculated using the Chi square distribution for
proportions and t-tests for continuous variables. For data non-
normally distributed, appropriate transformations were per-
formed. Serum 25(OH)D level at baseline was examined as a
continuous variable in relationship to the telomere length
shortening rate between baseline and follow-up visits and in
relationship to baseline telomere length, while adjusting for
potential confounding variables such as age and disease duration.
Spearman correlation coefficients were also determined. All
statistical hypothesis tests were conducted at the Type I error
level of 0.05.

Results

In this study, we analyzed serum and DNA from patients with
SLE and unrelated controls from the SLE in Gullah Health
(SLEIGH) cohort described in the Materials and Methods.
Baseline demographic and clinical characteristics for the 59
patients and 59 controls are shown in Table 1. For the 29 patients
with SLE who had both baseline and follow-up measurements
analyzed, there was an average of 2.81.9 years between visits.
On average, both the patients (17.5%1.5 ng/ml) and controls
(17.3%1.1 ng/ml) analyzed in this study had 25(OH)D levels less
than 20 ng/mL, and all but 10 subjects had levels less than 30 ng/
ml (Fig. 1A).

A B

Vitamin D Deficiency and Telomere Length in SLE

To determine whether differences in cellular aging exist in this
population, telomere length was measured in circulating PBMCs.
As expected, there was a significant inverse correlation between
age and telomere length (p=0.031, rho=—0.2); higher age
predicts a shorter telomere length (p=0.04). SLE patients had
significantly shorter telomeres (0.526*0.022) than age- and
gender-matched controls (0.581*+0.017) (Fig. 1B, p=0.0485)
indicating that SLE patients in this cohort exhibit accelerated
cellular aging.

Anti-telomere antibodies, a specific anti-dsDNA antibody that
targets the telomeric ends of chromosomes, were shown previously
to be elevated in lupus patients and be more specific for lupus
compared to other autoimmune diseases in a largely Caucasian
population. [21] Similarly, we observed that this cohort of African
American SLE patients in our study had significantly higher levels
of anti-telomere antibodies (88.4%11.7 IU/ml, ranging from 0 to
447 TU/ml) compared to age- and gender-matched controls
(16.7+2.1 IU/ml, ranging from 0 to 80 IU/ml) (Fig. 1C,
p<<0.001). Individuals are considered positive for anti-telomere
antibodies if their levels are 64 IU/ml or above. Among patients,
there was a positive relationship between anti-telomere antibody
levels and anti-dsDNA antibody levels (p<<0.001, rho=0.62).
Interestingly, only 18 of the 59 patients were positive for anti-
dsDNA antibodies while 27 of 59 patients were positive for anti-
telomere antibodies. Of the controls, none were positive for anti-
dsDNA and only one was positive for anti-telomere antibodies.
This supports the idea that measuring levels of anti-telomere
antibodies may be a more sensitive measure of SLE disease activity
than anti-dsDNA antibodies.

Relationship between Vitamin D Levels, Telomere Length
and Anti-telomere Antibodies

We next analyzed the relationship between 25(OH)D levels and
telomere length. No correlation between 25(OH)D levels and
telomere length was observed among the patients (Fig. 2A;
p=0.0858, rho=0.23) or controls (p=0.9867, rho=0.002).
Among patients with the highest disease activity (SLEDAI score
=6), there was also no correlation between 25(OH)D levels and
telomere length (p =0.0950, rho =0.45).
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Figure 1. Vitamin D, telomere length and anti-telomere antibodies in SLEIGH patients and controls. A) 25(0H)D levels. B) Telomere
length analysis. C) Anti-telomere antibody levels. Error, standard deviation by two-sample T-test with equal variance.

doi:10.1371/journal.pone.0063725.g001
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with SLE.
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Table 1. Demographic characteristics of the patients with SLE and unaffected controls and clinical characteristics of the patients

Gullah Controls (n=59)

Gullah Patients with SLE (n=59)

Age, mean * SD (years) 39.86+11.57
Disease duration, mean = SD (years) n/a

% of patients with ACR criteria for renal disorder n/a

% of patients with damage (SDI >1) n/a

% with ESRD 0.0

% with ANA positive (>1:40) 30.5

% with dsDNA positive 0.0

% with anti-telomere positive 1.7

39.88+11.63
74x6.7
559

50.1

13.6

94.9

30.5

45.8

doi:10.1371/journal.pone.0063725.t001

The prevalence of vitamin D insufficiency was high among both
patients and controls in this cohort. Therefore, we tested for an
association between 25(OH)D levels and telomere length in all
subjects with 25(OH)D levels <20 ng/ml and observed a
statistically significant correlation between short telomeres and

low 25(OH)D levels (Fig. 2B; p=0.0102, rho = 0.28).

A80'
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Relative Telomere Length

25(0OH)D (ng/ml)

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Relative Telomere Length

Figure 2. Vitamin D levels are positively correlated with
telomere length in SLEIGH subjects. A) Correlation between
25(0H)D levels and telomere length in SLEIGH patients (n=59) and B)
all SLEIGH subjects (both patients and controls with 25(0H)D levels less
than 20 ng/ml) (n=84).

doi:10.1371/journal.pone.0063725.9002
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For the 29 patients with 2 visits, the age used is from their baseline visit indicated above.

We then tested for correlations between 25(OH)D and anti-
telomere antibody levels. No correlation was observed between
25(OH)D levels and anti-telomere antibody levels for either
patients or controls. However, there was a trend towards an
inverse relationship between having a short telomere (=0.56) and
anti-telomere antibody level when analyzing all subjects
(p=0.055). This trend was also observed between short telomeres
and anti-dsDNA antibody levels, although neither trend reached
statistical significance.

Relationship between Disease Parameters and Telomere

Length or Anti-telomere Antibodies

Correlations between telomere length and damage (SDI) score,
presence of end stage renal disease (ESRD), total ACR criteria
count and disease activity (SLEDAI) score within ten days of visit
were analyzed. No significant correlations were observed. There
also were no correlations between anti-telomere antibody levels
and SDI score or between anti-telomere positivity and high/low
SDI damage. However, there was a significant relationship
between anti-telomere antibody level and SLEDAI score in
patients (Fig. 3; n=152, p=0.009, rho = 0.36). Anti-dsDNA levels
also correlated with SLEDAI score to a similar degree as the anti-
telomere antibody levels (p =0.012, rho = 0.35).

Relationship between Increase in Vitamin D, Telomere
Length and Anti-telomere Antibody Levels Over Time
Nearly all of the patients in the cohort had insufficient or
deficient levels of 25(OH)D. To determine whether increasing
25(OH)D levels over time would impact telomere length and/or
anti-telomere antibody levels, 29 of the 59 patients in the cohort
were followed over an average period of 2.8*1.9 years. The
average 25(OH)D levels in these 29 patients significantly increased
between the first (I'1=19.8%1.7 ng/ml) and second wvisits
(T2=30.3%=1.7 ng/ml) (Fig. 4A, p=0.0004), which was likely
due largely to increased awareness of vitamin D status and starting
supplementation. However, there was no significant change in
average telomere length (Fig. 4B; T1=0.554*0.013,
T2=0.554%0.014) or in average anti-telomere antibody levels
(Fig. 4C; T1=108.6%=11.6 IU/ml, T2=107.0x11.9 IU/ml). In
analyzing the relationship between 25(OH)D levels and telomere
length and/or anti-telomere antibodies in the longitudinal
patients, no correlations were observed between change in
25(OH)D levels and telomere length over time or change in
25(OH)D levels and anti-telomere antibody levels over time.
Additionally, no relationship was observed between telomere
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Figure 3. Anti-telomere antibody levels are positively correlated with SLEDAI score in SLEIGH patients. SLEDAI scores available for SLE
patients at their baseline visit were compared to their anti-telomere antibody levels at their baseline visit (n=52) by Spearman’s rank test.
doi:10.1371/journal.pone.0063725.g003

length and total SDI score, ESRD, total ACR criteria count or length and anti-telomere antibodies in Gullah African American
SLEDALI score at follow up in the longitudinal patients. women with SLE to determine whether 25(OH)D levels may

Interestingly, when categorizing the 29 longitudinal patients as impact telomere length and cellular aging in SLE. 25(OH)D levels,
25(OH)D insufficient/deficient (<30 ng/ml) or 25(OH)D suffi- telomere length and anti-telomere antibody levels were measured

cient (=30 ng/ml) at follow up visit, we observed that the in the patients and age-matched unaffected control subjects. One
25(OH)D sufficient patients tend to have longer telomeres, strength of this study lies in the study population. The Sea Island
although the difference was not statistically significant (Table 2). Gullah African American population enrolled in the SLE in

Gullah Health (SLEIGH) study, an established cohort of African
Discussion American patients with SLE, is an ideal cohort for defining genetic

and environmental risk factors for SLE because of their genetic
homogeneity with very low non-African genetic admixture and
preserved family unit. [22] The strong influence of ethnicity on
overall and renal outcomes in SLE may reflect varying environ-
mental exposures and/or genetic factors. Similar disparities are

A B C

In SLE, vitamin D deficiency is thought to act as a possible
trigger of disease and/or disease activity, and cellular aging/
senescence may contribute to disease progression. Here we
explored a potential relationship between vitamin D, telomere
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Figure 4. SLEIGH patients had a significant increase in vitamin D levels, but not in telomere length over time. Vitamin D levels,
telomere length and anti-telomere antibody levels were measured in 29 of the 51 SLEIGH patients in Fig. 1 at a follow-up visit and compared to their
levels at their baseline visit. A) 25(OH)D levels. B) Telomere length analysis. C) Anti-telomere antibody levels. T1, baseline visit; T2 is follow-up visit for
patients in T1.

doi:10.1371/journal.pone.0063725.g004
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vitamin D levels.
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Table 2. Telomere length and anti-telomere antibody levels in longitudinal SLE patients with sufficient compared to insufficient

25(0OH)D Average

25(OH)D (ng/ml) Telomere Length Average Anti-Telomere Ab Average (IlU/ml)
Insufficient 21.75+5.83 0.54+0.08 96.88+76.71

(<30 ng/ml) (33% “long”) (56% positive)

n=18

Sufficient 41.61*x11.18 0.58+0.14 122.56+112.38

(=30 ng/ml) (55% “long”) (55% positive)

n=11

Insufficient vs. Sufficient p-value <0.01 0.47

doi:10.1371/journal.pone.0063725.t002

seen in levels of 25(OH)D, with African Americans having a
disproportionately higher prevalence of vitamin D deficiency. [30]
African Americans also have a three-fold increased incidence of
SLE, develop SLE at an earlier age, and have increased morbidity
and mortality compared with Caucasians. [2,3] The low genetic
admixture and the high incidence of SLE in the Gullah population
lends itself towards an analysis that is less likely to be hampered by
variability due to wide genetic differences.

We observed that both SLE patients and unaffected controls in
this Gullah cohort were largely vitamin D deficient at their
baseline visit similar to previous studies in other populations
[4,31]. Vitamin D has a variety of immunomodulatory functions,
[10,32,33] and may be a contributing factor to various diseases
and overall mortality. [8] Vitamin D has autocrine and paracrine
roles as it affects T cells, B cells and dendritic cells, which all
express the vitamin D receptor (VDR) and the vitamin D
activating enzymes necessary to produce the active form of
vitamin D, 1,25(OH);D. The VDR gene encodes a transcription
factor that is activated by 1,25(OH),D and modulates many
biologic processes. The overall immunologic effects of 1,25(OH),D
include downregulating Th]l immune responses, modulating the
differentiation of dendritic cells (DCs), and lowering proliferation
of activated B cells, while upregulating regulatory T cells and
preserving innate immune responses.[32-34] In particular,
1,25(OH);D inhibits type 1 interferon (IFN), which plays an
important role in SLE. [35].

In measuring telomere length, we first tested whether telomere
length in PBMCs is representative of what is occurring in a specific
cell type such as T cells. We compared telomere lengths in total
PBMC:s to telomere length in T cells isolated from the same blood
sample of nine lupus patients. Results from these nine patients
indicated that, on average, the telomere length in PBMCs of lupus
patients is similar to that observed in their circulating T cells (data
not shown). Therefore, we determined that telomere length in
PBMC:s of this cohort would provide a representative assessment
of differences in telomere length. We observed that SLE patients
have significantly shorter telomeres than their age- and gender-
matched controls. As expected, telomere length was inversely
correlated with age and a higher baseline age was predictive of a
shorter telomere.

Influences causing telomeric loss include genetic and epigenetic
factors, sex hormones, reactive oxygen species, defects in telomere
repair, inflammatory reactions and increased cellular turn-
over.[36-38] Immune system function is highly dependent on
the maintenance of telomere length. Telomere shortening occurs
naturally over time in T and B lymphocytes, granulocytes,
monocytes, and natural killer cell populations. This leads to a
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Telomere length is considered “long” at a cut-off of >0.56. Anti-telomere antibodies are considered “positive” at a cut-off of 64 1U/mL.

decrease in adaptive immunity and may cause predisposition to
autoimmune responses, increasing susceptibility for chronic
inflammatory diseases. [36,37,39] Leukocytes have the unique
ability to activate telomerase when stimulated and delay the loss of
telomeric DNA enhancing their function and immune response.
[40] However, in situations where the immune system is constantly
stimulated an increase in senescent cells and telomere shortening
occurs. [41] This was observed in several immune cell types in
lupus where chronic endogenous cell activation and inflammation
occurs. Specifically, telomeres in mononuclear cells (MNCs) and
polymorphonuclear neutrophils (PMNs) were demonstrated to
decrease normally with age, but patients with SLE displayed
premature and accelerated telomere shortening in these cells. [16]
In other studies, patients with SLE showed accelerated telomere
shortening and higher levels of senescent telomeric DNA in
PBMCs, leukocytes or T cells compared to age- and gender-
matched controls. [14,17,18].

Given the immunomodulatory effects of vitamin D and that
telomeres exhibit premature shortening in immune cells of patients
with SLE, we analyzed potential relationships between 25(OH)D
levels and telomere length in PBMCs in the Gullah cohort.
Although 25(OH)D levels did not correlate with telomere length
per se in either the patients or the control subjects, there was a
statistically significant correlation of shorter telomeres among
those with 25(OH)D deficiency (<20 ng/ml) when analyzing all
subjects at baseline visit. There also was a trend towards an inverse
relationship between short telomeres and anti-telomere antibody
level. When examining 25(OH)D levels and telomere length in a
subset of the patients over time there was an increase in 25(OH)D
levels (likely due to initiation of vitamin D supplements after
discovery of the low 25(OH)D at baseline), but no significant
change in telomere length and no correlation between 25(OH)D
levels and telomere length at follow-up. However, we did observe
that patients that remained at insufficient/deficient levels of
25(OH)D (<30 ng/ml) at follow-up had shorter telomeres than
those patients that had sufficient levels of 25(OH)D (>30 ng/ml).
We speculate that repleting 25(OH)D levels in these patients may
prevent or slow the premature shortening of their telomeres to a
rate equivalent to the normal aging process. A longer follow-up
period in the longitudinal study is needed to provide confirmation
of this initial observation.

As mentioned previously, one hallmark of SLE is the expression
of anti-dsDNA antibodies, often before overt signs or symptoms of
disease. Anti-telomere antibodies, a type of anti-dsDNA antibody
that specifically target telomeres, are present in SLE and appear to
be more specific for SLE than anti-dsDNA antibody tests. [20,21]
We postulated that targeting of the telomeres by anti-telomere
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antibodies may impact the accelerated shortening of telomeres
observed in SLE patients. Therefore, we measured anti-telomere
antibody levels in the Gullah cohort and tested for relationships
between anti-telomere antibody level and telomere length. Our
data, in agreement with previously published data, demonstrated
that SLE patients have significantly higher levels of anti-telomere
antibodies compared to age- and gender-matched unaffected
controls. In fact, more SLE patients were positive for anti-telomere
antibodies than for anti-dsDNA antibodies. These results support
the suggestion that anti-telomere antibodies may serve as an
important biomarker for characterizing disease activity indepen-
dent of anti-dsDNA antibodies, in addition to the high disease
specificity that was observed in previous study populations. [20,21]
Importantly, our results are the first to demonstrate a strong
relationship between anti-telomere antibody levels and disease
activity in African American SLE patients.

No significant correlation between anti-telomere antibody level
and telomere length among patients was observed when analyzing
absolute values or degree of change over time. We also analyzed
anti-telomere antibody levels with respect to 25(OH)D levels but
did not observe any significant relationships. Additional analyses
included determining potential relationships between telomere
length or anti-telomere antibody levels with specific disease
characteristics, measures of disease damage, and disease activity
at baseline and follow-up for SLE patients. Interestingly, anti-
telomere antibody levels were significantly correlated with
SLEDAI score, which was not observed in a subset of 48 SLE
patients in a previous study. [20] Although largely Caucasian, the
diverse genetic backgrounds of the 48 patients may account for the
lack of a significant correlation in the previous study.

In conclusion, in a cohort of Gullah African American women
we observed that SLE patients had significantly higher anti-

References

1. Rahman A, Isenberg DA (2008) Systemic lupus erythematosus. N Engl ] Med
358: 929-939.

2. Bernatsky S, Boivin JF, Joseph L, Manzi S, Ginzler E, et al. (2006) Mortality in
systemic lupus erythematosus. Arthritis Rheum 54: 2550-2557.

3. Pons-Estel GJ, Alarcon GS, Scofield L, Reinlib L, Cooper GS (2010)
Understanding the epidemiology and progression of systemic lupus erythema-
tosus. Semin Arthritis Rheum 39: 257-268.

4. Kamen DL, Aranow C (2008) The link between vitamin D deficiency and
systemic lupus erythematosus. Curr Rheumatol Rep 10: 273-280.

5. Al Mheid I, Patel R, Murrow J, Morris A, Rahman A, et al. (2011) Vitamin D
status is associated with arterial stiffness and vascular dysfunction in healthy
humans. Journal of the American College of Cardiology 58: 186-192.

6. Zhao G, Ford ES, Li C, Croft JB (2012) Serum 25-hydroxyvitamin D levels and
all-cause and cardiovascular disease mortality among US adults with
hypertension: the NHANES linked mortality study. J Hypertens 30: 284-289.

7. Aranow C (2011) Vitamin D and the immune system. J Investig Med 59: 881—
886.

8. Zittermann A, Iodice S, Pilz S, Grant WB, Bagnardi V, et al. (2012) Vitamin D
deficiency and mortality risk in the general population: a meta-analysis of
prospective cohort studies. Am J Clin Nutr 95: 91-100.

9. Vila LM, Alarcon GS, McGwin G Jr, Friedman AW, Baethge BA, et al. (2004)
Early clinical manifestations, disease activity and damage of systemic lupus
erythematosus among two distinct US Hispanic subpopulations. Rheumatology
43: 358-363.

10. Ritterhouse LL, Crowe SR, Niewold TB, Kamen DL, Macwana SR, et al.
(2011) Vitamin D deficiency is associated with an increased autoimmune
response in healthy individuals and in patients with systemic lupus erythema-
tosus. Ann Rheum Dis 70: 1569-1574.

11. Ben-Zvi I, Aranow C, Mackay M, Stanevsky A, Kamen DL, et al. (2010) The
impact of vitamin D on dendritic cell function in patients with systemic lupus
erythematosus. PLoS ONE 5: €9193.

12. Tew MB, Ahn CW, Friedman AW, Reveille JD, Tan FK, et al. (2001) Systemic
lupus erythematosus in three ethnic groups. VIII. Lack of association of
glutathione S-transferase null alleles with disease manifestations. Arthritis
Rheum 44: 981-983.

13. Calvo-Alen J, Alarcon GS, Bugard SL, Williams HJ (1995) Predictors of Renal
Involvement in Patients with Recent Onset Systemic Lupus Erythematosus.
J Clin Rheumatol 1: 260-267.

PLOS ONE | www.plosone.org

Vitamin D Deficiency and Telomere Length in SLE

telomere antibody levels and shorter telomeres than age- and
gender-matched controls. We observed that anti-telomere anti-
body levels significantly correlated with SLEDAI score and may be
an informative marker of disease in SLE worth further explora-
tion. Although we did not observe any specific correlations
between serum 25(OH)D levels and anti-telomere antibodies or
telomere length at baseline in SLE patients, there was a significant
correlation between telomere length and 25(OH)D level in all
subjects (controls and patients) with the lowest 25(OH)D levels.
There also was a trend toward patients with the lowest 25(OH)D
levels having the shortest telomeres in the longitudinal analysis in
which there was a significant increase in the average 25(OH)D
levels. These studies support a relationship between vitamin D
status and telomere length in patients with SLE. However,
additional prospective follow-up of patients and controls with
collection of samples over a longer period of time is needed to
more precisely determine a possible relationship between telomere
length and vitamin D status over time.

Acknowledgments

We thank Dr. Gary Gilkeson for providing subject samples for this study
and we are indebted to the lupus and control study participants for their
generosity. The contents of this publication do not represent the views of
the Department of Veterans Affairs or the United States Government.

Author Contributions

Conceived and designed the experiments: DLK TKN. Performed the
experiments: BMH LMR TKN. Analyzed the dataz: BMH LMR DLK
TKN. Contributed reagents/materials/analysis tools: DLK TKN. Wrote
the paper: BMH LMR DLK TKN.

14. Honda M, Mengesha E, Albano S, Nichols WS, Wallace DJ, et al. (2001)
Telomere shortening and decreased replicative potential, contrasted by
continued proliferation of telomerase-positive CD8+CD28(lo) T cells in patients
with systemic lupus erythematosus. Clin Immunol 99: 211-221.

15. Alarcon GS, Ball GV, Goldfarb PM Jr (1983) Systemic lupus erythematosus,
gout and Paget’s disease. Arthritis Rheum 26: 238.

16. Wu CH, Hsich SC, Li KJ, Lu MC, Yu CL (2007) Premature telomere
shortening in polymorphonuclear neutrophils from patients with systemic lupus
erythematosus is related to the lupus disease activity. Lupus 16: 265-272.

17. Beier F, Balabanov S, Amberger CC, Hartmann U, Manger K, et al. (2007)
Telomere length analysis in monocytes and lymphocytes from patients with
systemic lupus erythematosus using multi-color flow-FISH. Lupus 16: 955-962.

18. Kurosaka D, Yasuda J, Yoshida K, Yokoyama T, Ozawa Y, et al. (2003)
Telomerase activity and telomere length of peripheral blood mononuclear cells
in SLE patients. Lupus 12: 591-599.

19. Richards JB, Valdes AM, Gardner JP, Paximadas D, Kimura M, et al. (2007)
Higher serum vitamin D concentrations are associated with longer leukocyte
telomere length in women. Am J Clin Nutr 86: 1420-1425.

20. Wallace DJ, Salonen EM, Avaniss-Aghajani E, Morris R, Metzger AL, et al.
(2000) Anti-telomere antibodies in systemic lupus erythematosus: a new ELISA
test for anti-DNA with potential pathogenetic implications. Lupus 9: 328-332.

21. Salonen EM, Miettinen A, Walle TK, Koskenmies S, Kere J, et al. (2004) Anti-
telomere antibodies in systemic lupus erythematosus (SLE): a comparison with
five antinuclear antibody assays in 430 patients with SLE and other rheumatic
diseases. Ann Rheum Dis 63: 1250-1254.

22. Kamen DL, Barron M, Parker TM, Shaftman SR, Bruner GR, et al. (2008)
Autoantibody prevalence and lupus characteristics in a unique African American
population. Arthritis Rheum 58: 1237-1247.

23. Tan EM, Cohen AS, Fries JF, Masi AT, McShane D]J, et al. (1982) The 1982
revised criteria for the classification of systemic lupus erythematosus. Arthritis
Rheum 25: 1271-1277.

24. Hochberg MC (1997) Updating the American College of Rheumatology revised
criteria for the classification of systemic lupus erythematosus. Arthritis Rheum
40: 1725.

25. Bombardier C, Gladman DD, Urowitz MB, Caron D, Chang CH (1992)
Derivation of the SLEDAIL A disease activity index for lupus patients. The
Committee on Prognosis Studies in SLE. Arthritis Rheum 35: 630-640.

26. Gladman D, Ginzler E, Goldsmith C, Fortin P, Liang M, et al. (1996) The

development and initial validation of the Systemic Lupus International

May 2013 | Volume 8 | Issue 5 | e63725



27.

28.

29.

30.

31.

32.

Collaborating Clinics/American College of Rheumatology damage index for
systemic lupus erythematosus. Arthritis Rheum 39: 363-369.

Hollis BW (2000) Comparison of commercially available (125)I-based RIA
methods for the determination of circulating 25-hydroxyvitamin D. Clin Chem
46: 1657-1661.

“awthon RM (2002) Telomere measurement by quantitative PCR. Nucleic
Acids Res 30: e47.

~awthon RM (2009) Telomere length measurement by a novel monochrome
multiplex quantitative PCR method. Nucleic Acids Res 37: e21.
Ginde AA, Liu MC, Camargo CA Jr (2009) Demographic differences and trends
of vitamin D insufficiency in the US population, 1988-2004. Arch Intern Med
169: 626-632.

Gilkeson G, James J, Kamen D, Knackstedt T, Maggi D, et al. (2011) The
United States to Africa lupus prevalence gradient revisited. Lupus 20: 1095~
1103.
Alvarez-Rodriguez L, Lopez-Hoyos M, Garcia-Unzueta M, Amado JA, Cacho
PM, et al. (2012) Age and low levels of circulating vitamin D are associated with
impaired innate immune function. J Leukoc Biol 91: 829-838.

. Kamen DL, Tangpricha V (2010) Vitamin D and molecular actions on the

immune system: modulation of innate and autoimmunity. J] Mol Med 88: 441—
450.

PLOS ONE | www.plosone.org

34.

39.

40.

41.

Vitamin D Deficiency and Telomere Length in SLE

Adams JS, Ren S, Liu PT, Chun RF, Lagishetty V, et al. (2009) Vitamin d-
directed rheostatic regulation of monocyte antibacterial responses. J Immunol
182: 4289-4295.

Obermoser G, Pascual V (2010) The interferon-alpha signature of systemic lupus
erythematosus. Lupus 19: 1012-1019.

Goronzy JJ, Fujii H, Weyand CM (2006) Telomeres, immune aging and
autoimmunity. Exp Gerontol 41: 246-251.

. Kaszubowska L (2008) Telomere shortening and ageing of the immune system.

J Physiol Pharmacol 59 Suppl 9: 169-186.

. Ouyang Q, Baerlocher G, Vulto I, Lansdorp PM (2007) Telomere length in

human natural killer cell subsets. Ann N'Y Acad Sci 1106: 240-252.

Lin J, Epel E, Cheon J, Kroenke C, Sinclair E, et al. (2010) Analyses and
comparisons of telomerase activity and telomere length in human T and B cells:
insights for epidemiology of telomere maintenance. J Immunol Methods 352:
71-80.

Hathcock KS, Jeffrey Chiang Y, Hodes RJ (2005) In vivo regulation of
telomerase activity and telomere length. Immunol Rev 205: 104-113.

Chebel A, Bauwens S, Gerland LM, Belleville A, Urbanowicz I, et al. (2009)
Telomere uncapping during in vitro T-lymphocyte senescence. Aging Cell 8:
52-64.

May 2013 | Volume 8 | Issue 5 | e63725



