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Abstract

Patients with active lupus have altered T cells characterized by low DNA methyltransferase levels.
We hypothesized that low DNA methyltransferase levels synergize with low methionine levels to
cause greater overexpression of genes normally suppressed by DNA methylation. CD4+ T cells
from lupus patients and controls were stimulated with PHA then cultured in custom media with
normal or low methionine levels. Oxidative stress was induced by treating the normal CD4+ T
cells with peroxynitrite prior to culture. Methylation sensitive gene expression was measured by
flow cytometry. Results showed low methionine levels caused greater overexpression of
methylation sensitive genes in peroxynitrite treated T cells relative to untreated T cells, and in T
cells from lupus patients relative to T cells from healthy controls. In conclusion, low dietary
transmethylation micronutrient levels and low DNA methyltransferase levels caused either by
oxidative stress or lupus, have additive effects on methylation sensitive T cell gene expression.
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Introduction

Systemic lupus erythematosus (SLE) is an incompletely understood autoimmune disease
that causes significant morbidity and mortality in those affected. While the etiology of lupus
remains unknown, genetic and environmental factors play critical roles. Familial clustering
as well as the association of numerous single nucleotide polymorphisms (SNPs) with SLE
indicate a genetic requirement for the development of this disease [1]. However, an
environmental component is also required, as evidenced by the incomplete concordance of
lupus in monozygotic twins [2] and the chronic relapsing course of the disease. Exogenous
agents associated with lupus onset and flares include certain drugs [3] as well as
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environmental agents that cause oxidative stress such as ultraviolet (UV) light [4], cigarette
smoke [5], silica [6], and infections [7]. Lupus flares are characterized by continuing
oxidative stress, caused by superoxide (O,°) combining with nitric oxide (NO) to form
peroxynitrite (ONOO~) which nitrates tyrosines in serum proteins during the flares [8].
However, it is unclear how oxidizing agents alter the immune system to cause the flares in
genetically predisposed individuals.

DNA methylation is an epigenetic mechanism that regulates gene expression. The drugs
procainamide and hydralazine, as well as UV light, cause lupus-like autoimmunity in mice
and likely humans at least in part by inhibiting T cell DNA methylation [3, 4]. Previous
work demonstrated that treating CD4* T cells with DNA methylation inhibitors such as 5-
azacytidine causes hypomethylation and overexpression of immune genes including CD11a,
CD70, KIR and perforin at the mRNA and protein levels [9], and that similar epigenetically
altered CD4™ T cells are sufficient to cause lupus-like autoimmunity in animal models [3].
Further, the same genes are also hypomethylated and overexpressed by CD4* T cells from
patients with active lupus, again at the mRNA and protein levels [10-13].

The mechanisms causing T cell DNA demethylation in lupus patients are unclear. The
replication of DNA methylation patterns during mitosis requires S-adenosylmethionine
(SAM), the methyl donor, and DNA methyltransferase 1 (Dnmtl), the enzyme that transfers
the methyl group from SAM to dC bases in DNA CpG pairs. Therefore, environmental
factors such as diet, which provides the methyl donors, and agents that decrease Dnmt1
enzymatic activity may synergize to demethylate DNA in dividing T cells, causing
overexpression of the methylation-sensitive immune genes that contribute to lupus flares
[14]. T cell Dnmtl levels are regulated in part by the extracellular receptor kinase (ERK)
pathway [15], and we have reported that methylation sensitive T cell genes are
overexpressed in transgenic C57BL/6 x SJL mice with an inducible T cell ERK pathway
signaling defect. Inhibiting T cell ERK pathway signaling in these mice is sufficient to cause
lupus-like autoimmunity. Further, the disease severity can be modulated in these mice by
varying dietary transmethylation micronutrients in their chow when Dnmt1 levels are low,
but not when the levels are normal [15].

CD4* T cells from patients with active lupus also have impaired ERK pathway signaling.
This causes a decrease in Dnmt1 levels during mitosis that contributes to T cell DNA
hypomethylation in these patients [16]. This signaling defect is caused by nitration of
protein kinase C delta (PKC8) [17], an upstream regulator of ERK pathway signaling [18],
and the nitration is caused by environmental agents that stimulate inflammation such as UV
light, cigarette smoke, silica, and infections. The PKCS inactivation prevents Dnmtl
upregulation to copy DNA methylation patterns when T cells divide [18]. Lupus patients
with active disease also have other markers of ongoing oxidative stress including elevated
levels of serum protein carbonyls [19] and urinary Fy-isoprostane [20] as well as elevated 3-
nitrotyrosine levels [21].

Since oxidative stress is increased [21] and T cell Dnmt1 levels are decreased in lupus
patients [16], and low dietary transmethylation micronutrient levels also decrease
lymphocyte DNA methylation [22], we hypothesized that the expression of methylation-
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dependent genes by T cells from patients with active lupus may be more sensitive to low
micronutrient levels than normal T cells, causing demethylation and overexpression of the
methylation-sensitive genes that contribute to disease flares. We therefore cultured CD4* T
cells from lupus patients and healthy controls in custom media containing a range of folate
or methionine levels to test if CD4* lupus T cells are more sensitive to low transmethylation
micronutrient levels than CD4" T cells from healthy controls. We also tested if gene
expression by normal CD4* T cells exposed to oxidative stress in vitro becomes more
sensitive to low transmethylation micronutrient levels than untreated cells.

Materials and Methods

Subjects

Healthy subjects were recruited by advertising. Lupus patients (35 women, 2 men, average
age 40, range 21-79 years) with active and inactive disease were recruited from the
University of Michigan outpatient rheumatology clinic. Thirty of the patients were
Caucasian, six African American and one was Hispanic. Lupus patients met the American
College of Rheumatology's revised criteria for SLE [23]. Disease activity was assessed using
the systemic lupus erythematosus disease activity index (SLEDALI) [24]. The mean activity
was 3, ranging from 0-12. Patients receiving cyclophosphamide or methotrexate were
excluded because of effects on transmethylation reactions. Healthy controls (n=6, average
age 37 range 21-53 years) were recruited by advertising. Transmethylation micronutrient
levels were measured in the University of Michigan MLabs and Department of Pathology
Specimen Processing Laboratories, and Ralston Analytical Laboratories. The University of
Michigan Institutional Review Board for Human Subject Research reviewed and approved
this HUMO00008181 study.

Chemicals and reagents

RPMI 1640, RPMI 1640 without folate and RPMI 1640 without methionine, as well as
purified folate and methionine, were purchased from Invitrogen Life Technologies. Custom
media, containing normal serum levels of the transmethylation micronutrients, was created
using RPMI 1640 without vitamin B6, methionine, folate, vitamin B12, riboflavin, and
choline, all purchased from Invitrogen Life Technologies. Zinc was also obtained from
Invitrogen. Homocysteine was purchased from Sigma. Fetal bovine serum was dialyzed
against Hank's Balanced Salt Solution (HBSS) using SpectraPor dialysis tubing with a
molecular weight cutoff of 2,000 to remove micronutrients, then filter sterilized. Ficoll-
Paque Plus was purchased from GE Healthcare; phytohemagglutinin was purchased from
Remel; recombinant human IL-2 was purchased from Peprotech; and peroxynitrite was
purchased from Calbiochem. Antibodies were obtained from BD Pharmingen, Beckman
Coulter and R & D Systems. Cytofix/Cytoperm Kits were purchased from BD Biosciences.
Standardization particles were purchased from Bangs Laboratories. Magnetic beads were
from Miltenyi Biotech, the SV Total RNA Isolation System was from Promega Corporation,
and the QuantiTect SYBR Green RT-PCR kit was purchased from Qiagen.
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T cell isolation and culture

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by density
gradient centrifugation on Ficoll-Paque, cultured in standard RPMI 1640/10% fetal bovine
serum and stimulated with 1 pug/ml phytohemagglutinin (PHA) for 24 h. CD4* T cells were
then separated by positive selection using magnetic beads (Miltenyi Biotec), washed, and
cultured for 72 h with 10 ng/ml IL-2 in either RPMI 1640/10% fetal bovine serum (FBS) or
custom RPMI 1640 without vitamin B6, methionine (Met), folate, vitamin B12, riboflavin,
and choline as the base. Vitamin B6, Met, folate, vitamin B12, riboflavin, and choline were
added back at concentrations adjusted to physiologic levels as shown in Table 1.
Homocysteine and zinc were also added at physiologic concentrations (Table 1). As
described above, the fetal bovine serum for the custom media was dialyzed against Hank's
Balanced Salt Solution (HBSS) using SpectraPor dialysis tubing with a molecular weight
cutoff of 2,000 to remove additional transmethylation micronutrients, then filter sterilized.
Where indicated the stimulated cells were treated with 20 or 25 uM ONOO" prior to culture.

Flow cytometry

Purified CD4* T cells were stained with fluorochrome-conjugated antibodies to human
CD11a and CD70. KIR expression was measured using a cocktail of antibodies to KIR
proteins including CD158b1/b2, j; CD158i; NKB1; CD158bh; CD158a, h; and KIR2DL4/
CD158d. Intracellular staining was performed using anti-human perforin antibodies and the
Cytofix/Cytoperm Kit (BD Biosciences). The cells were then fixed and analyzed on a
FACSCalibur flow cytometer (BD Biosciences) 24 hours later to allow for cell equilibration
after contraction due to fixing. Isotype and single-color positive controls were included in
each experiment. Standardization particles for fluorescein isothiocyanate (FITC),
phytoerythrin (PE) and PE-Cy5 were run during each experiment for instrument calibration.

Statistical Analysis

Results

To compare micronutrient levels in serum from lupus patients to normal population values,
the means of the lupus patients' levels were compared to the midpoint of the normal range,
using a one-sample t-test. For non-normally distributed variables, the median of the
micronutrient value was compared to the midpoint of the normal range using a non-
parametric Wilcoxon sign rank test. The percentage of patients who were out of the normal
range (either above or below the normal range) was assessed using a one-sample binomial
proportion, and a 95% confidence interval was computed.

Initial studies measured transmethylation micronutrient levels in the serum of 28-35 patients
with mildly active lupus (mean SLEDAI 3). Table 2 compares the mean levels of
methionine, choline, folate, zinc, homocysteine and vitamins B6, B2, and B12 in serum from
the lupus patients relative to population means. Overall, serum zinc, methionine and vitamin
B6 levels were significantly (p<0.05) lower in the lupus patients relative to the population
controls while homocysteine was increased as reported by others [25]. The number of SLE
patients examined with highly active lupus was too small to draw any correlations with
disease activity.
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We then used custom media to test the effects of low transmethylation micronutrient
concentrations on CD70, KIR and perforin expression by PHA stimulated CD4" T cells
from healthy subjects. Normal RPMI 1640 tissue culture media is enriched for
transmethylation micronutrients. We therefore used custom media in which the
transmethylation micronutrient concentrations were adjusted to normal human serum levels
(Table 1). PBMCs from 9 healthy subjects were stimulated with PHA and cultured in the
custom media described above, then CD70, KIR and perforin expression were measured by
flow cytometry. Figure 1 shows that the custom media caused significant increases in KIR
and perforin protein expression in CD4* T cells, and significant increases in CD70, KIR and
perforin protein in CD8" T cells. The increases in CD70 and perforin expression were
confirmed at the protein level in both CD4* and CD8* T cells.

We next investigated whether gene expression by T cells from lupus patients was more
sensitive to transmethylation micronutrient levels than T cells from healthy individuals.
PBMCs from 9 female lupus patients (average age: 44.1 yrs; average SLEDAI: 6) and 9 age-
and sex-matched controls (average age: 41.4 yrs.) were stimulated with PHA and cultured in
standard RPMI 1640, which contains 101uM methionine or custom RPMI 1640 containing
normal physiologic (30uM), or low (5uM) concentrations of methionine. The cells were then
stained with antibodies to CD4 and CD70, KIR or perforin, and then analyzed by flow
cytometry.

Decreasing media methionine levels did not significantly affect C70 expression by CD4* T
cells from the controls (Fig. 2A). However, decreasing media methionine levels caused a
significant increase in CD70 expression by CD4* T cells from the lupus patients (P=0.026).
The overall increase in CD70 expression was also greater in T cells from the lupus patients
relative to controls (P=0.002 by ANOVA). Figure 2B shows that low methionine levels also
increased KIR expression on CD4* T cells from both the lupus patients and controls, but
KIR expression by CD4" T cells from the lupus patients was significantly greater than by T
cells from controls (p=0.032). Figure 2C similarly shows the effects of methionine
restriction on perforin expression by PHA stimulated CD4* T cells from healthy controls
and lupus patients. Perforin was also overexpressed by significantly greater numbers of T
cells from the lupus patients than the controls when methionine levels were low (p=0.001).

The interactions between oxidative stress and transmethylation micronutrient deficiencies
were then tested on methylation-sensitive T cell gene expression. As noted above,
environmental agents that cause oxidative stress, such as UV light and infections, can trigger
lupus flares, and treating dividing CD4* T cells with oxidizing agents demethylates the
DNA [26]. The reactive oxygen species inactivate PKCS, preventing Dnmtl upregulation
during mitosis, inhibiting methylation of DNA in the daughter cells and making them
autoreactive [26], and the oxidized, autoreactive cells are sufficient to cause lupus-like
autoimmunity in mouse models [27]. This process suggests a mechanism by which oxidative
stress could trigger flares in lupus patients. Since low Dnmt1 levels increase the sensitivity
of T cell gene expression to low transmethylation micronutrient levels [28], we hypothesized
that normal CD4* T cells exposed to oxidizers such as ONOO- would overexpress
methylation sensitive genes as reported [26], and that gene expression would further increase
when the oxidized cells are cultured in media with low transmethylation micronutrient
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levels. To test this, PBMCs from healthy controls were stimulated with PHA, treated with 0,
20 or 25 UM ONOQO- then similarly cultured in media containing 101 uM, 30 uM or 15 uM
methionine (Met). Effects on CD70 and KIR expression were again measured by flow
cytometry. Figures 3a and 3b show that low Met levels synergize with increased ONOO-
concentrations to further increase CD70 and KIR expression. The effects of low folate levels
on T cell gene expression were similarly tested by stimulating PBMC with PHA, treating
with 0, 20 or 25 pM ONOO-, then culturing the cells in media containing 2270 nM, 40 nM
or 10 nM folate. Figures 4a and 4b show that low folate levels also synergize with increased
exposure to ONOO™ mediated oxidative stress to increase CD70 and KIR expression.

Together these results indicate that oxidative stress and low transmethylation micronutrient
levels can synergize to increase expression of methylation sensitive T cell genes in vitro
when Dnmt1 levels are low, and likely in lupus patients when their T cell Dnmtl levels are
low.

Discussion

Environmental agents that cause inflammation such as sun exposure, infections, smoking,
and silica are associated with lupus onset and flares, but how these agents trigger the flares is
unclear. Lupus-inducing drugs such as hydralazine and procainamide, as well as reactive
oxygen species such as O, and ONOO", generated by inflammation, inhibit CD4* T cell
DNA methylation by decreasing Dnmt1 enzymatic activity levels thereby increasing
methylation sensitive gene expression [26], and T cells epigenetically altered with
hydralazine, procainamide, H,O, or ONOO" are sufficient to cause lupus-like autoimmunity
in murine models [27]. Similar epigenetically altered T cells with low Dnmt1 levels and
increased methylation sensitive gene expression are found in patients with active lupus,
which is characterized by increased serum protein nitration [8], suggesting that the altered
cells may contribute to the flares. However, the mechanism by which inflammation
decreases Dnmt1 levels to inhibit DNA methylation in lupus T cells has been unclear.

Dnmtl levels increase as T cells enter mitosis by signals transmitted through the ERK and
JNK pathways [29]. Dnmt1 then binds the replication fork and “reads” CG pairs. Where the
parent strand is methylated, Dnmt1 catalyzes transfer of the methyl group from S-
adenosylmethionine (SAM) to the corresponding dC in the daughter strand, thereby
replicating methylation patterns in the daughter cell. Previous studies have shown that
impaired ERK pathway signaling decreases Dnmt1 levels in stimulated T cells from patients
with active lupus, causing DNA hypomethylation in the daughter cells [30]. The signaling
defect was traced to impaired PKCS signaling function due to nitration, caused by ONOO-
generated during inflammatory responses [17]. However, as noted above, the
transmethylation reaction is also dependent on SAM levels, and SAM levels depend on
methionine, an essential amino acid derived from the diet [31]. This interaction between
dietary transmethylation micronutrient levels, Dnmtl levels and autoimmunity was
confirmed in vivo by restricting dietary methyl donors in lupus-prone transgenic mice with
an inducible T cell ERK pathway signaling defect. The dietary restriction caused only a mild
lupus-like disease when signaling was intact and Dnmt1 levels were normal, and more
severe disease when ERK pathway signaling was disrupted, decreasing Dnmt1 levels [28].
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The present study extends these reports using in vitro models to test if the expression of
methylation sensitive genes by CD4" T cells from lupus patients is more sensitive to dietary
transmethylation micronutrient restriction than CD4* T cells from healthy controls. Standard
cell culture media often contains supraphysiologic levels of transmethylation micronutrients
thereby masking epigenetic effects. Culturing PHA stimulated CD4* T cells from healthy
subjects and lupus patients in custom media in which methionine levels could be varied
demonstrated that low methionine levels increased methylation sensitive gene expression in
the lupus T cells relative to the T cells from healthy controls, consistent with the hypothesis.
It should be noted that the KIR genes and perforin are normally silenced in CD4* T cells by
only DNA methylation. Inhibiting DNA methylation in CD4* T cells activates expression of
perforin as well as the entire the KIR gene family through demethylation of regulatory
elements. Transfection of methylated and unmethylated KIR promoter constructs into
normal T cells confirmed that promoter demethylation was necessary and sufficient to
activate KIR gene expression [12]. Perforin expression is similarly suppressed primarily by
DNA methylation in normal CD4" T cells, and activated by DNA methylation inhibition
[13].

Together, these studies indicate that low dietary transmethylation micronutrient levels can
synergize with low T cell Dnmtl levels, caused by oxidative stress, to increase methylation
sensitive gene expression. These studies thus suggest that oxidative stress and a methyl-poor
diet could combine to increase lupus flare severity in human lupus patients. The anti-oxidant
N-acetylcysteine has already been shown to be beneficial in lupus [32], and dietary
transmethylation micronutrient supplementation may also be beneficial.
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Figure 1. Low transmethlyation micronutrient levels increase CD70, KIR and perforin
expression by CD4* and CD8* T cells from healthy subjects

(A) PBMCs were isolated from 9 healthy donors, stimulated with PHA and cultured in either
standard RPMI 1640 or custom media with low transmethylation micronutrient levels as
described in “Materials and Methods”. The cells were then stained with fluorochrome
conjugated antibodies to CD4 or CD8 and analyzed by flow cytometry. (B) PBMC from 5
healthy subjects were similarly stimulated with PHA, cultured in either complete RPMI
1640 or the custom media then separated into CD4* and CD8" subsets as in panel A. Total
RNA was then extracted and analyzed by real-time RT-PCR. Results are shown relative to
expression by T cells cultured in the complete RPMI 1640. Error bars represent SEM.
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Figure 2. Low methionine levels cause overexpression of CD70, KIR and perforin by CD4* T

cells from lupus patients

PBMCs from 9 female lupus patients (average age: 44.1 yrs.; average SLEDAI: 6) and 9
age- and sex-matched controls (average age: 41.4) were stimulated with PHA and cultured
in RPMI 1640 with 101 uM, 30uM, or 5uM methionine. The cells were then stained with
antibodies to CD4 and (A) CD70, (B) KIR or (C) perforin and analyzed by flow cytometry.
The significance of the differences in gene expression both within and between subject

groups was determined by ANOVA Error bars represent SEM.
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Figure 3. Peroxynitrite and low methionine concentrations synergize to increase CD70 and KIR
expression

Peroxynitrite-treated CD4" T cells were cultured in media containing low methionine
concentrations then effects on CD70 and KIR expression were measured by flow cytometry.
(A) CD70 (p<0.001 for overall Met effect; p<0.001 for overall peroxynitrite effect; n=6) and
(B) KIR (p<0.001 for overall folate effect; p<0.01 for overall peroxynitrite effect; n=5).
Repeated measures ANOVA was used to analyze relationship between methionine and
peroxynitrite concentrations. Methionine and peroxynitrite concentration plus their
interaction was included as the within-subjects effects. Post-hoc tests with Bonferroni
correction for multiple comparisons were used to examine specific effects at each given
concentration. Error bars represent SEM.
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Figure 4. Peroxynitrite and low folate levels synergize to increase CD4" T cell CD70 and KIR

expression

Peroxynitrite-treated CD4™ T cells were cultured in media containing low folate
concentrations then expression of (A) CD70 (p<0.001 for overall folate effect; p<0.001 for
overall peroxynitrite effect) or (B) KIR (p<0.001 for overall folate effect; p<0.05 for overall
peroxynitrite effect) were measured by flow cytometry. n=6. Repeated measures ANOVA
was used to analyze relationship between folate and peroxynitrite concentrations. Folate and
peroxynitrite concentration plus their interaction was included as the within-subjects effects.
Post-hoc tests with Bonferroni correction for multiple comparisons were used to examine
specific effects at each given concentration. Error bars represent SEM.
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Table 1
Media transmethylation micronutrient concentrations
Component RPMI 1640 | Normal Serum Levels | Custom Media

Methionine (uM) 101 10-42 33
Choline (uM) 21.4 7-20 10
Folic acid (ng/ml) 1000 3-175 7
B6 (ug/L) 1000 5-50 22
B2 (ug/L) 200 3-15 6

B12 (pg/ml) 5000 211-911 350

Zn (ug/ml) 0 0.55-1.5 0.5
Homocysteine (UM) 0 5-15 9
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Table 2
Transmethylation micronutrient levels in lupus patients
Nutrient Reference (Mean/Range) | Lupus (Mean/Range | p-value
Zinc (ug/ml) 0.86 (0.55-1.50) 0.71(0.5-0.9 0.0001
B6 (ug/L) 22.5 (5-50) 16.48 (2-57) 0.021
Homocysteine (uM) | 9.5 (5-15) 11.37 (6-25) 0.013
Methionine (M) 26 (10-40) 23.09 (13-47) 0.012
Folate (ng/ml) 7.1 (1.5-22) 18.27 (6.4->24) N.S.
B12 (pg/ml) 500 (211-911) 569.8 (220-1770_ N.S.
B2 (ug/L) 6.0 (3-5) 9.0 (1-78) N.S.
Choline (ppm) 225.4 (194-261) 225 (201-260) N.S.
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