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Abstract
Objective—To assess the use of Helios in combination with FoxP3 as a superior method for
identifying non–cytokine-producing human Treg cells in patients with systemic lupus
erythematosus (SLE) and to determine if FoxP3+Helios+ Treg cells are maintained at normal
levels in patients with clinically active disease.

Methods—Peripheral blood mononuclear cells (PBMCs) were purified from the blood of healthy
volunteer donors and from 52 consecutive patients with SLE of varying clinical activity (Systemic
Lupus Erythematosus Disease Activity Index scores of 0, 2–4, and ≥5). PBMCs (either fresh or
after 4 hours of stimulation for cytokine production) were then analyzed by flow cytometry for the
expression of cell surface markers (CD4, CD25, CD127, and CD45RA) and transcription factors
(FoxP3 and Helios), as well as for the production of cytokines (interleukin-2 and interferon- γ).

Results—FoxP3+Helios+ Treg cells were found to be non–cytokine producing in both SLE
patients and healthy controls. Patients with clinically active SLE had higher percentages of
FoxP3+Helios+ Treg cells than did patients with inactive SLE or healthy controls. When corrected
for the total CD4 cell count, the absolute numbers of FoxP3+Helios+ Treg cells in patients with
moderately-to-highly active SLE were normal.

Conclusion—Previous reports of a deficiency in Treg cell number or function in SLE are
limited by their use of CD25, either alone or in combination with other markers, to identify human
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Treg cells. Helios in combination with FoxP3 is a superior method for detecting all non–cytokine-
producing Treg cells, irrespective of CD25 or CD45RA expression. Using this method, we
showed that FoxP3+Helios+ Treg cell numbers are not reduced in patients with clinically active
SLE.

FoxP3+ Treg cells are a subset of CD4+ T cells that are essential for maintaining
homeostasis of the immune system and preventing systemic autoimmune disease (1).
Naturally occurring, albeit rare, genetic deficiency of FoxP3 leads to the development of
autoreactive B cells (2) and the immune dysregulation, polyendocrinopathy, enteropathy, X-
linked syndrome (IPEX) (3). Despite these observations, it has been difficult for researchers
to establish a clear connection between human autoimmune disease and abnormalities of
Treg cell numbers and function (4).

In systemic lupus erythematosus (SLE), there is much interest in the role of Treg cells (5).
Multiple lines of evidence suggest that Treg cells might be reduced in number or function in
SLE because of a relative reduction in T cell interleukin-2 (IL-2) production and signaling
and a high level of interferon (IFN)–induced gene expression (6,7). However, the lack of a
single marker or combination of markers that would reliably identify human Treg cells has
made it difficult to correlate these cells with disease activity in SLE and other autoimmune
diseases (8). In humans, CD25 (IL-2 receptor α-chain) and FoxP3 expression is not limited
to Treg cells; they may also be expressed in activated conventional T cells (9), and not
necessarily conferring a stable regulatory phenotype (10). Furthermore, CD25low/− cells may
also contain functional FoxP3+ Treg cells (11).

Helios, a member of the Ikaros gene family of transcription factors, has recently been shown
to be selectively expressed by 70–80% of human FoxP3+ T cells (12). Studies in mice have
suggested that FoxP3+Helios+ Treg cells are thymus-derived, while FoxP3+Helios− T cells
are likely induced at peripheral sites. A similar situation may exist in humans, as FoxP3+ T
cells induced in culture with transforming growth factor β are Helios−. Furthermore, the
composition of the FoxP3+Helios- population is complex, as it contains a large number of
cytokine-producing cells that may represent activated conventional T cells (12). More recent
studies of the methylation status of the Treg-specific demethylation region (TSDR) of the
FoxP3 locus have also suggested that up to 50% of FoxP3+Helios- cells may be activated
conventional T cells (13).

For these reasons, we used the expression of Helios in combination with FoxP3 to more
accurately quantify human peripheral blood Treg cells in patients with SLE with various
levels of disease activity. We compared the number of FoxP3+Helios+ Treg cells in healthy
controls to that in patients with SLE of differing clinical severities (determined by the
Systemic Lupus Erythematosus Disease Activity Index [SLEDAI] score) (14) and tested
whether FoxP3+Helios+ Treg cells in SLE are preferentially low producers of cytokines as
compared to FoxP3+Helios− T cells. We also determined the absolute number and relative
abundance of FoxP3+Helios+ Treg cells in SLE patients with inactive disease (SLEDAI
score of 0) as compared to patients with mildly active (SLEDAI score of 2–4) or
moderately-to-highly active (SLEDAI score of ≥5) disease.

PATIENTS AND METHODS
Buffy coat products containing ∼5 × 108 cells were obtained from 40 healthy adult donors
(60% female; age range 20–60 years) at the Department of Transfusion Medicine, National
Institutes of Health (NIH). A total of 52 SLE patients were enrolled in this cross-sectional
study between December 1, 2009 and May 31, 2012. All patients were ≥18 years of age and
fulfilled the 1997 update of the American College of Rheumatology revised criteria for SLE

Golding et al. Page 2

Arthritis Rheum. Author manuscript; available in PMC 2014 January 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(15,16). Patients were recruited from the Rheumatology Clinic at the National Institute of
Arthritis and Musculoskeletal and Skin Diseases (NIAMS), NIH. Peripheral blood
mononuclear cells (PBMCs) were derived from 5–10 ml of blood obtained from patients
with SLE who participated in an Institutional Review Board–approved protocol at NIAMS
(NIH no. 94-AR-0066, Studies of the Pathogenesis and Natural History of Systemic Lupus
Erythematosus; ClinicalTrials.gov identifier: NCT00001372). All patients provided written
informed consent before participating in the protocol.

PBMCs were washed once with phosphate buffered saline and once with 1 × NC flow
cytometry staining buffer (eBioscience). PBMCs were then stained on ice for 30–60 minutes
with fluorescence-labeled CD4 (Invitrogen), CD25 (BioLegend), CD45RA (BD
Biosciences), and/or CD127 (BD Biosciences), washed, and spun. Cells were then fixed/
permeabilized (FoxP3 fixation/permeabilization buffer kit; eBioscience) for 1 hour on ice or
overnight at 4°C Cells were then washed in 1 × Perm buffer (eBioscience) and stained for
intracellular FoxP3 (clone 236A/E7; eBioscience) and Helios (BioLegend). All samples
were analyzed on a BD LSRII fluorescence-activated cell sorter (FACS) and analyzed using
FlowJo software. To ensure that sufficient events were recorded during sample collection, a
minimum of 5,000 events were collected within a gate set on FoxP3+Helios+ cells. For total
CD4+ T cells, this required staining of ≥5 × 105 cells/sample. The raw data were then
converted to numerical data, which is presented as the percentage of total CD4+ T cells or
the absolute Treg cell numbers.

For measurement of intracellular cytokine production, PBMCs were stimulated for 4 hours
at 37°C with 12-O-tetradecanoylphorbol-13-acetate (PMA; 50 ng/ml) and ionomycin (1 µg/
ml) in the presence of GolgiStop (0.75 µl/ml). The cells were fixed, permeabilized, and
stained for FoxP3 and Helios expression, as well as for IL-2 and IFNγ (eBioscience). DNA
methylation analysis of the TSDR in freshly isolated and fixed Treg cells was performed as
previously described (13).

Statistical comparison of various lymphocyte subsets was performed by Student’s unpaired
t-test in Microsoft Excel. Correlation analyses were done by Spearman’s rank correlation
test using GraphPad Prism software version 4 for Mac.

RESULTS
Patients with a diagnosis of SLE were recruited from the NIH Lupus Cohort. The mean ±
SD age of the 52 study patients was 42 ± 15 years, and the mean ± SD disease duration was
14 ± 10 years. The patients were predominantly female (92%) and either had no clinical
activity or had mild-to-moderate clinical activity (81% with a SLEDAI score of ≤4) at the
time the blood sample was taken. The most common end organ involvement included the
skin (94%), joints (77%), and kidneys (63%). The majority of patients were being treated
with hydroxychloroquine (77%), with a minority (34%) receiving DMARDs. A continuum
of prednisone dosages was in use, ranging from none to 60 mg/day, with a median daily
prednisone dose of 5 mg. (Further demographic and medication data are available upon
request from the corresponding author.) Blood samples were obtained on the day of clinic
visit and were immediately processed as described in Patients and Methods for enrichment
of PBMCs, followed by FACS analysis after antibody staining, with or without prior
cytokine activation.

It has previously been shown that FoxP3+ Helios+ cells do not produce significant amounts
of cytokine upon PMA/ionomycin stimulation, whereas significant percentages of cytokine-
producing cells can be detected in the FoxP3+Helios− population (12). Similarly, a
significant percentage of FoxP3+Helios− T cells from SLE patients produced IL-2 or IFNγ,
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but the percentage of cytokine-producing cells in the FoxP3+Helios− subset from the SLE
patients did not differ considerably from the percentage in the FoxP3+Helios− subset from
the healthy donors (Figure 1). These results confirm our previous observations that the
FoxP3+Helios− population may be contaminated with a significant percentage of cytokine-
producing conventional T cells. For this reason, we focused our study in SLE on an analysis
of the FoxP3+Helios+ subpopulation.

As an alternative approach to the analysis of Treg cells from SLE patients, we used the well-
established phenotype CD25highCD127− (17). In the healthy donors, the majority of the
CD25highCD127− subset was FoxP3+Helios+ (≥80%) (data not shown). However, in the
SLE patients, the CD25highCD127− population contained a lower percentage of
FoxP3+Helios+ Treg cells (≤60%) (data not shown). In contrast, ≥95% of the FoxP3+Helios
+ Treg cells were CD127− in both healthy donors and SLE patients (data not shown).

Compared to the healthy donors, there was often a higher degree of overlap in CD25
expression between FoxP3+Helios+ Treg cells and FoxP3−Helios− cells in the SLE patients
(Figure 2). Furthermore, there was quite a high variability in the mean fluorescence intensity
(MFI) for CD25 staining of FoxP3 + CD4+ T cells in SLE patients as compared to normal
donors (Figure 2D). The relationship between the MFI for CD25 staining of FoxP3+ versus
FoxP3− cells was significantly different between patients with inactive SLE (n = 8) and
those with active SLE (n = 11). The lower ratio among the patients with more active disease
makes it more difficult to use CD25 expression as a means to distinguish between FoxP3+
and FoxP3− cells. Whereas a distinct CD25high population could be found within the
FoxP3+Helios + subset as opposed to the FoxP3−Helios− cells in healthy individuals
(Figure 2A), there was greater overlap of CD25 expression between FoxP3+Helios+ Treg
cells and FoxP3−Helios− conventional T cells in SLE patients. Gating on CD25high cells
revealed >60% conventional T cells (FoxP3−Helios−) in SLE patients as compared to only
∼10% FoxP3−Helios− cells in healthy donors (Figures 2B and C). This high number of
conventional T cells in the CD25high population makes CD25 a poor marker for Treg cells in
SLE patients.

It has recently been proposed that FoxP3+ T cells can be subdivided into 3 fractions based
on the isoform of CD45 that is expressed as well as the level of FoxP3 expression (18).
Fraction I, called “resting” Treg cells, consists of the CD45RA+FoxP3low subset, fraction II,
called “activated” Treg cells, consists of the CD45RA−FoxP3high subset, and fraction III,
regarded as being composed primarily of activated conventional T cells and called “non–
Treg” cells, consists of the CD45RA−FoxP3low subset. It was previously observed that
patients with active SLE have a relatively low number of activated Treg cells and an
increased number of resting Treg cells as compared to healthy controls (18). However, in
our cohort of patients and healthy controls, the largest subset/group as a percentage of total
FoxP3+CD4+ T cells was the non–Treg cell group (Figure 3A). Furthermore, we did not
find any significant differences in the 3 subsets between the healthy donors and the patients
at any level of SLE clinical activity.

As we regard the expression of Helios to be a marker of thymus-derived, non–cytokine-
producing Treg cells, it was of interest to determine the percentage of Helios+ cells within
each of these groups. As shown in Figure 3B, all 3 subsets, including the so-called non–Treg
cells, contained a high percentage of Helios+ cells in healthy controls and in SLE patients of
all clinical activity levels. Of note, the FoxP3+Helios+ subset always failed to produce
either IL-2 or IFNγ, even within the non–Treg cell group (Figures 3C and D). Thus, in terms
of Helios expression, the so-called non– Treg cell group (fraction III) contains both
FoxP3+Helios + and FoxP3+Helios− subpopulations at levels very similar to the those of
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the “resting” or “naive” Treg cell group, while the “activated” Treg cell population is
composed almost exclusively of FoxP3+Helios+ cells.

A gold standard for identifying bona fide Treg cells is the methylation status of the FoxP3
gene locus TSDR (19). We have previously shown that male-derived FoxP3+Helios+ cells
are >95% demethylated at the TSDR, as compared to >90% methylation in FoxP3− cells
(13). Because of X-inactivation, Treg cells from females are at most 50% demethylated at
the FoxP3 TSDR, as compared to Treg cells sorted from males (one X chromosome copy of
the FoxP3 locus per cell). Due to the need for a large number of starting CD4+ T cells prior
to sorting and the relative infrequency of SLE in males as compared to females, we were
thus far limited to assessing the FoxP3 locus TSDR demethylation in female SLE patients.

We sorted the following subsets from the PBMCs of a female SLE patient (Figure 4):
CD45RA−FoxP3− (conventional T cells), FoxP3highCD45RA− (activated Treg cells),
FoxP3lowHelios−CD45RA−, and FoxP3low Helios+CD45RA−. Interestingly, the FoxP3high

and FoxP3lowHelios+ cells exhibited maximal TSDR demethylation (50% for the female
patient) (Figure 4C), as opposed to <20% TSDR demethylation for FoxP3− cells
(conventional T cells) and <30% for FoxP3lowHelios– cells (Figure 4C). The Helios+
fraction therefore identifies TSDR locus–demethylated Treg cells among all subsets of
mature (CD45RA−) CD4+ T cells, including those with low-to-moderate FoxP3+
expression.

Numerous studies have attempted to correlate the clinical activity of SLE with a numerical
or functional deficiency in Treg cells (5). Using the combination of Helios and FoxP3 to
identify non–cytokine-producing Treg cells, we found that, as a percentage of total CD4+ T
cells, FoxP3+Helios + Treg cells were significantly increased in the presence of higher
clinical disease activity (P < 0.05) (Figure 5A). Spearman’s rank correlation for the
percentage of FoxP3+Helios + Treg cells and increasing clinical activity of SLE was r =
0.4165 (P < 0.002). The percentage of FoxP3+Helios− cells also increased with higher
clinical activity (P < 0.05) (Figure 5B); however, the ratio between Helios+ and Helios−
cells among CD4+FoxP3+ cells did not change considerably (data not shown). The absolute
numbers of FoxP3+Helios+ Treg cells did not change significantly with increasing SLE
clinical activity, as determined by the SLEDAI score (Figure 5D), and was within the
normal range seen in healthy donors. The relative invariability of the absolute numbers of
FoxP3+Helios+ Treg cells among the SLE clinical activity groups as compared to the
percentage of FoxP3+Helios+ Treg cells was due to the significant decrease in the average
CD4 count in the SLE groups with higher clinical activity (Figure 5C).

Use of corticosteroids has previously been shown to result in higher percentages of Treg
cells in SLE patients (20). Although we observed a significant association between
prednisone use and SLEDAI scores (Figure 6A), FoxP3+Helios + Treg cells did not
correlate in a statistically significant way with the prednisone dosage across the entire
spectrum of clinical activity (Figure 6B). These data strongly suggest that a positive
association between the percentage of FoxP3+Helios+ Treg cells and the SLEDAI score is
not primarily a reflection of the prednisone dosage.

DISCUSSION
In order to analyze the contribution of human Treg cells to the pathophysiology of SLE or
any other autoimmune disease, it is necessary to have accurate and reliable criteria as to
what constitutes a bona fide Treg cell in both normal individuals and patients with these
conditions. Although it may seem to be a foregone conclusion that Treg cells are
quantitatively or functionally deficient in SLE, much of the published data regarding Treg
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cell numbers in SLE patients rely on using CD25 and FoxP3, either alone or in combination,
for the identification of Treg cells (21). We have shown that relative to healthy donors, SLE
patients have greater overlap of CD25 expression between Treg cells and conventional T
cells. Furthermore, CD25-CD4+ T cells from SLE patients have been shown by other
investigators to include FoxP3 + Treg cells with suppressive functions (11). Therefore, the
use of CD25 as a marker for the identification of Treg cells, even in combination with
CD127− cells, may underrepresent the number of Treg cells in conditions in which IL-2
production is compromised as it is in SLE (22).

Other groups of investigators have emphasized the importance of using CD45RA and
relative FoxP3 expression levels in order to distinguish different functional subsets of Treg
cells (18). One major problem with this model is that it is not possible to sort viable Treg
cells based on the level of FoxP3 expression. While Miyara et al claim that the level of
CD25 expression mirrors the level of FoxP3 expression, such a scenario may not be true in a
disease such as SLE. Since ∼70% of FoxP3+ T cells are found in the CD45RA−FoxP3low

(fraction III in Miyara’s study) subpopulation in normal healthy adults and SLE patients
(present study) and since this population is composed of “non–Treg cells” as defined by
Miyara et al, major questions must be raised about the utility of using FoxP3 alone as a
marker of bona fide Treg cells. Furthermore, the model proposed by Miyara et al is not
readily applicable to cells from many patients over the age of 25 years, since the percentage
of CD45RA+ Treg cells decreases steadily with age. It is highly likely that the CD45RA
−FoxP3low subset (Miyara’s fraction III) is markedly heterogeneous and contains a
substantial percentage of bona fide Treg cells.

Our previous studies divided FoxP3+ Treg cells from both mice and humans into 2
subpopulations based on the expression of the transcription factor Helios. A number of
correlative experiments suggested that FoxP3 + Helios+ Treg cells were thymus derived,
whereas FoxP3+Helios− T cells were generated peripherally. Although some studies in mice
have demonstrated that Helios can be expressed on induced FoxP3+ T cells, there is little
doubt that Helios expression is a valid marker of functional Treg cells. All FoxP3+ Helios+
Treg cells from both mice and humans exhibit highly demethylated TSDR regions of the
FoxP3 gene, which further validates the utility of this marker (13). Our observation that at
least 50% of the cells in fraction III described by Miyara et al express Helios and fail to
produce IL-2 or IFNγ is strong evidence against the exclusion of these cells as “non–Treg
cells” and calls into question the utility of this model for the separation of subsets of human
Treg cells.

The present study, together with a recently published similar study (23), shows that the
combination of Helios with FoxP3 is a superior method for identifying Treg cell numbers in
SLE patients. By collecting data on absolute CD4 numbers, we were able to calculate the
absolute numbers of FoxP3+Helios+ Treg cells. We compared the absolute numbers of
FoxP3+Helios+ Treg cells in healthy donors and SLE patients and included a subset of SLE
patients with inactive disease. Whereas patients with inactive disease showed percentages of
FoxP3+Helios+ Treg cells that were similar to those in healthy donors, patients with more
active disease had higher percentages of FoxP3+Helios+ Treg cells as compared to the
patients with inactive disease and compared to healthy donors. Due to a decline in the
absolute CD4 count in patients with more active SLE, as has been previously been reported
in the literature (24), the absolute numbers of FoxP3+Helios+ Treg cells are not significantly
changed between SLE patients and healthy donors and are maintained in the presence of
varying levels of clinical activity. It remains to be seen whether FoxP3+Helios+ Treg cell
numbers are preserved in untreated SLE patients with the highest clinical activity (SLEDAI
score of ≥10). While we did study samples from a significant number of patients with active
SLE, only a few (∼8% [4 of 52]) had a SLEDAI score of ≥10. Of note, in those with the
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highest SLE activity, the mean percentage of FoxP3+Helios+ Treg cells was 11.5% of
CD4+ T cells, as compared to 4.5% in patients with inactive SLE.

The previously reported observations of low levels of IL-2 in some SLE patients (22) as well
as evidence that IFNα can negatively influence Treg cell expansion (7) would have
predicted that Treg cell homeostasis is disrupted in active SLE. It is therefore unclear by
what mechanism FoxP3+Helios Treg cells might be maintained or even increased in SLE
patients with more active disease. It remains possible that FoxP3+Helios+ Treg cells are
maintained via stimulation by cytokines other than IL-2 or are stimulated by the heightened
level of general T cell activation, which has been documented in SLE (6). The increased
percentage of FoxP3+Helios + Treg cells may indicate an attempt, albeit unsuccessful, by
the immune system to correct for “runaway” activation of conventional T cells. While the
Treg cell numbers may be adequate, conventional T cells and other targets of Treg cell
inhibition may be resistant to suppression due to their heightened activation by direct
antigen receptor stimulation, by cytokines such as IFNα or IL-6, or through Toll-like
receptor activation (25–27).

Workers in our laboratory are actively trying to identify a cell surface marker on human T
cells that can differentiate between Helios− and Helios+ Treg cells so that the FoxP3+Helios
+ Treg cells can be tested directly in a functional suppression assay. Absent the ability to
isolate live FoxP3+Helios+ Treg cells, we rely on FoxP3 TSDR hypomethylation and very
low cytokine production as evidence that the Helios + subset of FoxP3+ CD4+ T cells are
most likely to have suppressive functions.

It is also important to keep in mind that the majority of studies of Treg cells in SLE,
including the present study, are limited to the peripheral blood compartment and may not
directly reflect the numbers of Treg cells that are present in the tissues with end-organ
damage in SLE (28). Future studies directed at identifying Treg cells in situ in tissue
samples from SLE patients may benefit from the combination of Helios and FoxP3 markers
as a more reliable method by which to identify bona fide Treg cells.

Until we and other investigators are able to determine whether functional Treg cells are
present in sufficient numbers to suppress harmful effector cell actions in target tissues in
SLE, we will not be able to conclusively answer whether Treg cells are an essential part of
the pathophysiology of SLE or just innocent bystanders. In order to justify focusing
therapeutic approaches on Treg cells in SLE and other autoimmune conditions (29), it will
be necessary to use the best methods for accurately identifying Treg cells with the highest
suppressive potential, including after ex vivo expansion. We assert that Helios in
combination with FoxP3 is currently the best way to identify the majority of bona fide
human Treg cells for this purpose.
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Figure 1.
The non−cytokine-producing FoxP3+Helios+ Treg cell subset of CD4+FoxP3+ cells from
patients with systemic lupus erythematosus (SLE). A, Peripheral blood mononuclear cells
(PBMCs) from 18 patients with SLE (9 with a Systemic Lupus Erythematosus Disease
Activity Index score of 0, 4 with a score of 2, and 5 with a score of ≥4) were stimulated with
12-O-tetradecanoylphorbol-13-acetate (PMA)/ionomycin/GolgiStop to induce cytokine
production and then stained for CD4, intracellular Helios, intercellular FoxP3, and either
interleukin-2 (IL-2) or interferon-γ (IFNγ). * = P = 0.015; ** = P = 0.00001 by Student’s
unpaired t-test. B, PBMCs from 6 healthy donors (HD) were also stimulated and stained for
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intracellular cytokines as for those from the SLE patients. * = P = 0.05; ** = P = 0.001 by
Student’s unpaired t-test. Values are the mean ± SD.
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Figure 2.
CD25, a poor marker of Treg cells in systemic lupus erythematosus (SLE). Representative
histograms and fluorescence-activated cell sorter (FACS) plots for cells from 12 healthy
donors (HD) and 19 SLE patients are shown. A, CD4+ T cells gated on FoxP3+Helios+
(Treg cells) or Helios−FoxP3− (conventional T cells), showing relative CD25 expression.
Vertical lines indicate CD25 expression levels that overlap between FoxP3+Helios+ and
FoxP3−Helios− cells in SLE patients but not healthy donors. B, FACS analysis of total
peripheral blood mononuclear cells, showing gating strategy for the CD4+CD25high subset
based on the CD25 histograms shown in A. C, Helios and FoxP3 expression in the gated
CD4+CD25high subset shown in B. D, Ratio of the CD25 mean fluorescence intensity (MFI)
in FoxP3+ versus FoxP3− CD4+ T cells in 8 patients with inactive SLE (Systemic Lupus
Erythematosus Disease Activity Index [SLEDAI] score of 0), 11 patients with active SLE
(SLEDAI score of >0), and 12 healthy donors. Values are the mean ± SD. * = P > 0.05; ** =
P < 0.05 by Student’s unpaired t-test.
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Figure 3.
Presence of non-cytokine-producing FoxP3+Helios+ cells irrespective of the expression of
CD45RA or the level of FoxP3 in healthy donors and patients with systemic lupus
erythematosus (SLE). All panels are gated on CD4+ cells, and subtypes of FoxP3+ cells are
based on the previously published system (18). A, Cell samples from 20 SLE patients and 17
healthy donors were stained for CD45RA in addition to CD4, Helios, and FoxP3, and the
Treg cell subsets were determined as a percentage of the total CD4+FoxP3+ cells. rTreg =
resting Treg cells; aTreg = activated Treg cells. B, Percentage of Helios expression in Treg
cell subsets was determined in the samples shown in A. Patients in A and B were
categorized according to Systemic Lupus Erythematosus Disease Activity Index [SLEDAI]
scores. Values in A and B are the mean ± SD. C, Peripheral blood mononuclear cells from
an SLE patient were directly stimulated ex vivo with 12-O-tetradecanoylphorbol-13-acetate
(PMA)/ionomycin/GolgiStop, as described in Patients and Methods, prior to surface and
intracellular staining. Costaining for the cytokines interferon-γ (IFNγ) and interleukin-2
(IL-2) was performed. Results are representative of cells from 6 different patients. Numbers
in each compartment are the percentages of positive cells. Cell fractions I, II, and III are
indicated. D, IFNγ production in 6 SLE samples was determined as described in C. Values
are the mean ± SD. P values were determined by Student’s unpaired t-test.
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Figure 4.
Hypomethylation of the FoxP3 locus Treg-specific demeth-ylation region (TSDR) in Helios
+ versus Helios− cells, even within the previously described (18) “non–Treg cell”
FoxP3lowCD45RA− cell subtype. A, Nine sequentially CpG methylated or unmethylated
sites within the FoxP3 locus TSDR, as described by Floess et al (19) (ideal results of
methylation sequencing), are shown. Site 6 was unreliable in our experiments and was
therefore excluded. Due to X-inactivation in females, at most only 50% of the potential
TSDR CpG sites in sorted Treg cells are demethylated, as compared with 100%
demethylation of TSDR CpG sites in sorted Treg cells from males, where both X
chromosome FoxP3 genes are expressed. B, Sorted CD4+CD45RA− FoxP3+ mature Treg
cells from a healthy male donor show almost complete demethylation of CpG sites. C,
Sorted CD45RA− subsets from a female patient with systemic lupus erythematosus (SLE)
show FoxP3 locus TSDR methylation. Maximum (50%) TSDR demethylation is observed in
sorted FoxP3highCD45RA− cells as well as sorted FoxP3lowCD45RA–Helios+ cells as
compared to sorted FoxP3– CD45RA– cells and FoxP3lowCD45RA−Helios− cells.
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Figure 5.
Lack of association between increasing clinical activity of systemic lupus erythematosus
(SLE) and a drop in the absolute numbers of FoxP3+Helios+ Treg cells, but positive
correlation with an increasing percentage of FoxP3+Helios+ Treg cells among total CD4+ T
cells. A and B, Percentages of FoxP3+Helios+ cells (A) and FoxP3+Helios− cells (B) in
healthy donors (HD) and in SLE patients with different levels of clinical disease activity. C,
Numbers of CD4+ T cells in SLE patients with different levels of clinical disease activity.
D, Absolute numbers of FoxP3+Helios+ Treg cells in SLE patients with different levels of
clinical disease activity. Each data point represents a single subject; bars show the mean ±
SD. P values were determined by Student’s unpaired t-test.
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Figure 6.
Lack of direct correlation between prednisone use and FoxP3+Helios + Treg cells in patients
with systemic lupus erythematosus (SLE). A, Spearman’s rank correlation between the mean
daily prednisone dose and clinical disease activity, as determined by Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) scores. B, Spearman’s rank correlation
between the percentage of FoxP3+Helios+ Treg cells and the daily prednisone dosage in
SLE patients of all clinical disease activity groups.
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