
Altered homeostasis of CD4
+ FoxP3

+ regulatory T-cell subpopula-
tions in systemic lupus erythematosus

Introduction

Systemic lupus erythematosus (SLE), a chronic and often

debilitating autoimmune disease, is characterized by a loss

of immune tolerance to self-antigens (Ags) and by the

persistent production of pathogenic autoantibodies.1

While the exact pathogenic mechanisms remain to be

elucidated, recent studies have suggested dysregulation of

the regulatory T cells (Tregs), particularly the naturally

occurring Tregs, as one of the major factors conferring

risk for the expression of human autoimmune diseases,

including SLE. For example, defective suppressor function

in CD4+ Treg cells with relatively high levels of CD25

(CD25high) has been demonstrated in patients with multi-

ple sclerosis and autoimmune polyglandular syndrome

Type II.2,3 Also, while some studies have suggested that

the frequency of CD4+ CD25+/high T cells is decreased in

both adult4–6 and paediatric7 patients with SLE, the con-

tribution of various subsets of CD4+ FoxP3+ T cells has

not been investigated. Moreover, there are conflicting
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Summary

The role of naturally occurring regulatory T cells (Treg), known to be

phenotypically heterogeneous, in controlling the expression of systemic

lupus erythematosus (SLE) is incompletely defined. Therefore, different

subpopulations of CD4+ FoxP3+ Tregs in patients with active or inactive

SLE were investigated and compared with those of healthy subjects and

patients with ankylosing spondylitis (AS). Characterization of different

subsets of circulating CD4+ FoxP3+ Tregs was examined using flow

cytometry. CD4+ CD25high T cells were sorted and examined for suppres-

sive activity in vitro. The results showed first that a significant decrease in

the frequency of CD4+ CD25high FoxP3+ T cells was present in patients

with active SLE (n = 58), compared with healthy controls (n = 36) and

AS patients (n = 23). In contrast, the frequencies of CD25low FoxP3+ and

CD25) FoxP3+ CD4+ T cells were significantly increased in patients with

active SLE by comparison with the control subjects. The elevation of these

two putative Treg subpopulations was associated with lower plasma levels

of complement C3 and C4 in patients with SLE. In addition, the ratios of

the three subsets of CD4+ FoxP3+ Tregs versus effector T cells

(CD4+ CD25+ FoxP3)) were inversely correlated with the titer of anti-

double-stranded DNA IgG in patients with inactive, but not active, SLE.

These results suggest that the pathogenesis of SLE may be associated with

a defect in the homeostatic control of different Treg subsets.

Keywords: anti-dsDNA IgG; FoxP3; regulatory T cells; systemic lupus

erythematosus

Abbreviations: Ag, antigen; APC, antigen-presenting cell; AS, ankylosing spondylitis; c.p.m., counts per minute; CTLA-4,
cytotoxic T-lymphocyte antigen 4; dsDNA, double-stranded DNA; FACS, fluorescence-activated cell sorter; FoxP3, forkhead box
P3; IgG, immunoglobulin G; GITR, glucocorticoid-induced tumour necrosis factor receptor-related protein; PBMCs, peripheral
blood mononuclear cells; SLE, systemic lupus erythematosus; SLEDAI, SLE disease activity index; Teff, effector T cell; Treg,
regulatory T cell.
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data regarding the function of CD4+ CD25high T cells in

patients with SLE,6,8 which may be a result of the hetero-

geneity of the Treg population.

Two subsets of CD4+ Tregs have been classified as nat-

ural and adaptive Tregs.9,10 Naturally occurring Tregs

develop during normal T-cell maturation in the thymus

and represent 1–2% of CD4+ T cells in the peripheral

blood.11,12 They typically express high levels of CD25, as

well as cytotoxic T-lymphocyte antigen 4 (CTLA-4) and

glucocorticoid-induced tumour necrosis factor receptor-

related protein (GITR).13 Most importantly, natural Tregs

express a specific transcription factor, forkhead box P3

(FoxP3), which is critical in the generation and develop-

ment of the regulatory function of CD4+ CD25+ Tregs.14

Similarly to natural Tregs, adaptive Tregs, including

transforming growth factor- b (TGF-b)-expressing

T-helper 3 (Th3) cells and interleukin (IL)-10-producing

T-regulatory 1 (Tr1) cells, originate from the thymus, but

they are developed throughout the course of the immune

response in vivo. Of interest is the finding that naı̈ve

CD4+ T cells can be converted, de novo, into

CD25+ FoxP3+ and CD25) FoxP3+ suppressor T cells

upon subimmunogenic stimulation.15 Also, it has been

shown that TGF-b can induce FoxP3 expression, blurring

the distinctions between the different adaptive Treg sub-

sets.16 Therefore, alteration of the tissue and cytokine

milieu may tip the balance in the composition of Treg

subpopulations, which may, in turn, contribute to the

pathogenesis of autoimmune diseases.

While the detailed mechanisms are under active inves-

tigation, natural and adaptive Treg-cell subsets may dif-

fer functionally in their mechanism of suppression.

Natural Tregs primarily mediate suppression by CTLA-4,

whereas adaptive Tregs initiate the suppressive cascade

in a cytokine-dependent manner.9,17 In addition, the

degree to which T-effector cells (Teffs) are resistant to

Treg suppression is also important in immune regula-

tion. For example, not only is GITR constitutively

expressed by CD4+ CD25+ Tregs but it is also expressed

by activated Teffs.18 Previous studies showed that liga-

tion of GITR leads to an Ag-non-specific proliferation

and activation of CD4+ CD25+ Tregs,13,19 while the

engagement of GITR renders Teffs resistant to Treg sup-

pression.20

In this study, we used intracellular FoxP3, together with

CD25 staining, to distinguish different subsets of

CD4+ FoxP3+ T cells and Teffs (CD4+ CD25+ FoxP3)),

clearly, in human peripheral blood mononuclear cells

(PBMCs). We found a decrease in CD4+ CD25high

FoxP3+ T cells and a dramatic increase of CD25low

FoxP3+ and CD25) FoxP3+ T cells in patients with active

SLE. We also demonstrated that CD4+ CD25high FoxP3+

T cells from SLE patients exhibit a potent ability to

inhibit activated naı̈ve CD4+ T cells in vitro. Interest-

ingly, the ratio of CD4+ CD25low/) FoxP3+ T cells to

Teffs was significantly associated with disease activity

and autoantibody levels in SLE patients. This study

shows a comprehensive quantification of FoxP3-

expressing CD4+ Treg subsets in SLE patients and

examines their relevance to disease progression. This

study will help us to understand, in greater detail, the

role of different subsets of Tregs, and potentially to

optimize novel therapies based on the expansion of Tregs

in SLE.

Materials and methods

Subjects

We enrolled individuals who were 18 years of age or

older, and used a protocol approved by the institu-

tional review board at the Kaohsiung Medical Univer-

sity. Informed consent was provided according to the

Declaration of Helsinki. The study subjects included

patients with inactive SLE [SLE disease activity index

(SLEDAI) score � 3], patients with active SLE (SLEDAI

score > 3), healthy controls and subjects with ankylo-

sing spondylitis (AS) as patient controls. Healthy volun-

teers with no history of autoimmune diseases were

enrolled in the study. Any normal donors or patients

with signs of infection were excluded before the study

start. Patients with SLE fulfilled the American Rheuma-

tism Association revised criteria for SLE.21 Treatment

regimens in the patients with inactive and active SLE

were as follows: prednisolone alone (n = 10 and 14,

respectively); prednisolone + hydroxychloroquine (n = 14

and 33, respectively); and prednisolone + hydroxychloro-

quine + azathioprine (n = 2 and 5, respectively).

The clinical information of the SLE patients is shown

in Table 1. The following were measured in the SLE

patients in the clinical immunology laboratory of the

Kaohsiung Medical University Hospital: differential

white cell count; the titer of anti-double-stranded

DNA (dsDNA) immunoglobulin G (IgG) (Pharmacia &

Upjohn, Freiburg, Germany); and the level of plasma

complement C3 and C4 (Beckman Coulter, Fullerton,

CA). These were all performed in parallel with the anal-

ysis of Treg-cell subpopulations.

Cell isolation and flow cytometry

To diminish non-specific staining by monocytes, total T

cells were negatively selected from the peripheral blood

from study subjects (StemCell Tech., Vancouver, BC,

Canada). For fluorescence-activated cell sorter (FACS)

analysis (BD Biosciences, Mountain View, CA), the fol-

lowing conjugated antibodies were used: CD4 (RPA-T4),

human FoxP3 (PCH101), HLA-DR (LN3), CD25

(B1.49.9), CD127 (hIL-7R-M21), CD45RO (UCHL1),

CD45RA (HI100), CTLA-4 (BNI3), GITR (110416) and
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isotype controls. All antibodies were used at concentra-

tions titrated for optimal staining. The samples were

run on a FACScan or an LSRII flow cytometer, collect-

ing data on 105 lymphocytes (gated by forward-scatter

and side-scatter properties), and were analyzed using

FCS EXPRESS software (De Novo Software, Thornhill,

ON, Canada) and CELLQUEST PRO software (BD Bio-

sciences).

For cell sorting, PBMCs were purified by Ficoll–

Hypaque gradient centrifugation and this was followed by

CD4+ T-cell isolation. CD4+ CD25high T cells,

CD4+ CD45RAhigh naı̈ve T cells and CD4+ CD25) T cells

were separated on a FACSVantageTM SE cell sorter to a

purity of > 97%. CD4+ CD25high T cells contained only

1–2% of CD4+ T cells with the highest CD25 expression,

as previously reported.12 The purity and phenotype of

samples were further tested by intracellular FoxP3 stain-

ing that revealed at least > 94% FoxP3+ cells in the sorted

CD4+ CD25high T-cell population and < 1% FoxP3+ cells

in sorted naı̈ve T cells.

Proliferation assays

For the assessment of CD4+ CD25high T-cell suppressive

activity, different numbers of sorted CD4+ CD25high T cells

were cocultured with 2500 autologous naı̈ve responder

T cells (CD4+ CD45RAhigh) and 50 000 autologous mito-

mycin C-treated, CD4+ T-cell-depleted PBMCs in 96-well

U-bottom plates coated with 0�5 lg/ml of anti-CD3

(UCHT1). Cells were cultured in RPMI-1640 supple-

mented with 5% human AB serum. After 5 days of culture,

1 lCi of [3H]thymidine was added and the cells were cul-

tured for a further 16 hr. [3H]Thymidine incorporation

was measured in counts per minute (c.p.m.) using a

scintillation counter. To compare independent assays,

proliferation of responder T cells was set at 100%. Thus,

per cent suppression of Tregs was defined as 1 ) (c.p.m.

incorporated in the coculture of CD4+ CD25high T cells

with responder T cells/c.p.m. of responder cells

alone) · 100%.

Statistical analysis

To adjust for the gender and age effect on Treg percent-

ages in different groups, the general linear model was

adopted to compare the group differences. The frequen-

cies of different Treg subsets were considered as response

variables, individually. The variables of group, gender and

age were included in each general linear model. The sig-

nificant level of group variables was then considered as

significantly different after adjusting for gender and age

effects. Statistical comparisons of data among groups of

normal and SLE subjects (without the AS group) were

performed using the non-parametric Mann–Whitney

U-test. Correlations were determined by non-parametric

Spearman’s correlation. Probability (P) values of < 0�05

were considered significant. All statistical tests were

performed using SPSS for Windows, version 13.0. (SPSS

Inc., Chicago, IL).

Results

Demographic and clinical information of study
subjects

The healthy volunteers were matched with the inactive

and active SLE patients for both age and gender. In addi-

tion, we chose AS patients as patient controls because a

previous study had mentioned that the function of

CD4+ CD25high T cells from AS patients was normal.2

Within the study group, the mean age of patients with

active SLE was significantly younger than that of AS

patients. Patients with AS were predominantly male, while

patients with SLE were primarily female (Table 1). There-

fore, statistical comparisons of data among groups of

study subjects were performed using a general linear

Table 1. Clinical information for control subjects and patients with systemic lupus erythematosus (SLE) included in this study

Normal control Inactive SLE Active SLE AS

Patient no. 36 29 58 23

Age1 (range) 37 ± 12 (22–70) 40 ± 11 (21–70) 36 ± 11 (21–61) 43 ± 12* (21–70)

Gender (female/male) 34/2 27/2 52/6 4/19**

SLEDAI score1 NA 1�5 ± 1�0 7�5 ± 5�3 NA

Prednisolone (users/non-users) NA 26/3 54/4 NA

Hydroxychloroquine (users/non-users) NA 16/13 40/18 NA

Azathioprine (users/non-users) NA 2/27 5/53 NA

Drug (users/non-users) NA 26/3 54/4 NA

AS, ankylosing spondylitis; NA, not applicable; SLEDAI, systemic lupus erythematosus disease activity index.

*P < 0�05 compared with active SLE, results analyzed using the Mann–Whitney U-test; **P < 0�05 compared with normal control, results ana-

lyzed using Fisher’s exact test.
1Mean ± standard deviation.
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model to adjust for age and gender effects, as described

in the Materials and methods.

Definition and phenotypic characterization of Treg
subsets and Teff in patients and controls

To clarify the proportions of different populations of

Tregs in the peripheral blood of study subjects, including

SLE patients, the expression of CD25 and FoxP3 on

CD4+ T cells was examined to define the CD25high

FoxP3+, CD25low FoxP3+ and CD25) FoxP3+ subsets. As

shown in Fig. 1a, most CD4+ CD25high T cells are FoxP3+

cells (termed CD25high Tregs).12 In the phenotypic analy-

sis of the cells from SLE patients (Fig. 1a lower panel),

the population of CD25low and CD25) cells among CD4+

T cells contained a substantial number of the cells

co-expressing FoxP3+ (termed CD25low Tregs and CD25)

Tregs, respectively). CD4+ CD25+ FoxP3) T cells may

represent recently activated CD4+ T cells (termed Teffs).22

We further characterized these putative Treg subsets

and Teffs using CD127 and other surface markers associ-

ated with activation and Ag presentation. Using multi-

color analysis (Fig. 1b), most CD4+ FoxP3+ T cells,

irrespective of their CD25 expression, were CD127low/),

whereas CD4+ CD25+ FoxP3) T cells contained around

50% of CD127+ cells and at least 80% of CD45RO+ cells,

both in the controls and patients. As CD127 could be

used to discriminate between Tregs and activated T

cells,23,24 our data support that CD4+ FoxP3+ T cells, irre-

spective of their CD25 expression, represent Treg subsets

and that CD4+ CD25+ FoxP3) T cells represent Teffs.

As to other markers, CD25high Tregs are mainly HLA-

DRlow, CD45RO+ and CD45RAlow/), both in the controls

(black line) and in patients (color line). In addition,
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Figure 1. Characterization of different subsets of regulatory T cells (Tregs) and effector T cells (Teffs) in patients with systemic lupus erythemat-

osus (SLE) and in controls. (a) Purified T cells from peripheral blood mononuclear cells (PBMCs) were stained with monoclonal antibodies

specific for CD4, CD25 and intracellular forkhead box P3 (FoxP3) and analyzed using a FACScan. Representative dot-plots show the expression

of CD25 and FoxP3 on gated CD4+ T cells from one healthy donor (upper panel) and from one patient with SLE (lower panel). Quadrants were

established using appropriate isotype controls. CD4+ CD25high FoxP3+ (R1), CD4+ CD25low FoxP3+ (R2) and CD4+ CD25) FoxP3+ (R3) cells

were termed as CD25high Tregs, CD25low Tregs and CD25) Tregs, respectively. CD4+ CD25+ FoxP3) (R4) cells were termed as Teffs. (b) PBMCs

were stained with monoclonal antibodies specific for CD4, CD25, CD127, HLA-DR, CD45RO, CD45RA and intracellular FoxP3 and analyzed

using LSRII. Histograms show surface marker expression on different Treg subsets and Teffs of one healthy donor (black line) and one patient

with SLE (color line). The blue lines represent the isotype control. Data are representative of five independent controls and four independent

patients.
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CD25) Tregs in the controls may consist of memory and

naı̈ve subsets, based on their CD45RO and CD45RA

expression, as shown in Fig. 1b. However, CD25) Tregs

in patients with SLE were mainly CD45RO+ and

CD45RAlow/), possibly reflecting the recent activation of

patient’s CD25) Tregs by self-Ags in vivo.

Frequencies of circulating CD4+ CD25high FoxP3+ T
cells (CD25high Tregs) were significantly decreased in
patients with active SLE

As shown in Fig. 2, the percentage of circulating CD25high

Tregs was significantly lower in patients with active SLE

(0�61 ± 0�41%) that in healthy donors (0�86 ± 0�39%).

Although no significant difference in Treg preponderance

was observed between subjects with inactive SLE

(0�69 ± 0�33%) and healthy controls, the percentage of

CD25high Tregs in patients with inactive SLE tended to be

lower than that in healthy controls. We also found that

the absolute numbers of CD25high Tregs in patients with

inactive (3�64 ± 3�39 · 103/ml) and active (2�33 ± 2�06

· 103/ml) SLE were significantly lower than those found

in healthy controls (5�58 ± 2�11 · 103/ml).

The percentages of CD25low FoxP3+, CD25) FoxP3+

and CD25+ FoxP3) populations were increased
among CD4+ T cells in SLE patients

In contrast to the reduction of CD25high Tregs, the pro-

portions of CD25low Tregs, CD25) Tregs and Teffs were

significantly elevated in SLE patients (Fig. 2). The propor-

tions of circulating CD25low Tregs, as well as CD25)

Tregs, were significantly increased in patients with in-

active SLE (5�62 ± 2�02%, 4�14 ± 2�38%, respectively)

and active SLE (7�1 ± 2�92%, 6�26 ± 4�87%, respectively)

compared with the proportions in healthy donors

(4�31 ± 1�29%, 2�37 ± 1�18%, respectively). However, the

absolute counts of CD25low Tregs and CD25) Tregs were

similar among these three subject groups (CD25low Tregs:

normal, 2�8 ± 1�12 · 104/ml, inactive, 2�62 ± 2�01 · 104/

ml, active, 2�57 ± 1�68 · 104/ml; CD25) Tregs: normal,

1�49 ± 0�7 · 104/ml, inactive, 1�85 ± 1�77 · 104/ml, act-

ive, 2�19 ± 2�19 · 104/ml). The apparently normal abso-

lute Treg numbers found in patients with SLE may be

partly the result of lymphopenia associated with the dis-

ease, which led to a decrease in the number of total

CD4+ T cells in patients with both inactive

(4�93 ± 3�62 · 105/ml) and active (4�24 ± 3�78 · 105/ml)

SLE, compared with that seen in normal controls

(6�69 ± 1�93 · 105/ml). As expected, when compared with

healthy controls (4�68 ± 1�54%), patients with SLE

showed a significantly increased percentage of Teffs (in-

active, 11�97 ± 10�1%; active, 14�71 ± 9�8%) (Fig. 2).

Absolute counts of Teffs were also significantly elevated

in patients with active (5�44 ± 5�24 · 104/ml) but not

inactive (4�5 ± 3�07 · 104/ml) SLE, compared with those

in healthy controls (3�15 ± 1�44 · 104/ml).

Regarding patients with AS, the percentages of CD25high

Tregs, CD25low Tregs, CD25) Tregs and Teffs

(0�97 ± 0�33%, 4�56 ± 1�36%, 2�51 ± 1�06%, 4�43 ± 2�39%,

respectively) did not significantly differ from those found

in normal controls (Fig. 2).

Altered relative ratios of CD25high Tregs and CD25low

Tregs versus Teffs in patients with SLE

Owing to the importance of the delicate balance between

Tregs and Teffs, the ratios of these two populations were

further analyzed and the results are shown in Fig. 3.

There was a significantly lower ratio of both CD25high

Tregs and CD25low Tregs versus Teffs in patients with

inactive and active SLE than in healthy individuals

(CD25high Tregs/Teffs: inactive, 0�1 ± 0�08, active,

0�07 ± 0�06, normal, 0�23 ± 0�24; CD25low Tregs/Teffs:

inactive, 0�67 ± 0�37, active, 0�65 ± 0�38, normal,

1�13 ± 0�86). However, there was no significant difference
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Figure 2. The percentages of different regulatory T-cell (Treg) sub-

sets and effector T cells (Teffs) in patients with systemic lupus eryth-

ematosus (SLE) and in healthy controls. The results are shown as

percentages of CD25high Tregs, CD25low Tregs, CD25) Tregs and

Teffs in normal controls (n = 36), in patients with inactive SLE

(n = 29), in patients with active SLE (n = 58) and in patients with

ankylosing spondylitis (AS) (n = 23). Symbols represent the frequen-

cies of Treg subsets and Teffs in individual samples. The line within
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of < 0�05 was considered as significant following analysis of the

results using a general linear model adjusted for gender and age. See

Fig. 1 for other definitions.
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in the ratio of CD25) Tregs to Teffs between patients

with inactive or active SLE and healthy controls (inactive,

0�54 ± 0�42, active, 0�74 ± 1�26, normal, 0�7 ± 0�78).

The imbalance between Tregs and Teffs correlated
with levels of anti-dsDNA IgG in patients with
inactive SLE

We next examined whether the change in the distribution

of the Treg subsets is correlated with the clinical and

serologic features of SLE. First, the titer of anti-dsDNA

IgG was, as expected, positively correlated with the per-

centage of Teffs in patients with inactive SLE (Fig. 4a),

but this correlation was not seen in active SLE (data not

shown). Second, it was found that the ratios of CD25high

Tregs, CD25low Tregs, or CD25) Tregs versus Teffs were

inversely correlated with the titer of anti-dsDNA IgGs in

patients with inactive SLE (Fig. 4a), but not in those with

active disease (data not shown). In addition, we com-

pared the percentages of different Treg subsets in SLE

patients exhibiting normal complement levels or low

complement levels. The percentages of CD25low Tregs and
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Figure 4. The relationships between disease activity and the frequencies or relative ratios of regulatory T-cell (Treg) subsets and effector T cells

(Teffs) in patients with systemic lupus erythematosus (SLE). (a) The ratios of different Treg subsets versus Teffs were negatively correlated with

the titre of anti-double-stranded DNA immunoglobulin G (anti-dsDNA IgG) in patients with inactive SLE (n = 18). (b) The results are shown as

the percentage of CD25high Tregs, CD25low Tregs, CD25) Tregs and Teffs in healthy controls (n = 36); SLE patients exhibiting normal comple-

ment levels (Non-low C’) (n = 18); and SLE patients exhibiting low complement levels (Low C’) (n = 69). Lines within the vertical points mark

the mean for each group. A P-value of < 0�05 was considered as significant following analysis of the results using the Mann–Whitney U-test.

*P < 0�05 compared with normal subjects; dP < 0�05 compared to SLE subjects with normal complement levels. See Fig. 1 for other definitions.
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CD25) Tregs in patients with low complement levels

(6�9 ± 2�8%, 6�06 ± 4�58%, respectively) were signifi-

cantly higher than those in patients with normal comple-

ment levels (5�16 ± 1�94%, 3�61 ± 2�28%, respectively).

However, no significant differences in the percentages of

CD25high Tregs and Teffs were found in these two groups

(Fig. 4b). We also compared the percentages of different

Treg subsets and the ratios of Tregs versus Teffs in SLE

patients with or without nephritis; however, we did not

find any statistically significant differences between these

two groups (data not shown).

CD25high Tregs displayed normal function in patients
with SLE

Previous studies examined SLE patient Treg function

using CD4+ CD25) T cells as responding T cells.6,8 How-

ever, our data showed that CD4+ CD25) T cells con-

tained significantly higher levels of FoxP3+ cells in

patients with inactive (4�14 ± 2�38%) and active

(6�26 ± 4�87%) SLE compared with control donors

(2�37 ± 1�18%) (Fig. 2). To avoid the contamination of

FoxP3+ cells in responder T cells, we sorted only highly

pure naı̈ve T cells (CD4+ CD45RAhigh) as responder cells.

When activated with a plate-bound anti-CD3, these naı̈ve

T cells responded with robust proliferation, although the

magnitude of the proliferative response was lower than

that induced by CD4+ CD25) cells in the same culture

conditions.

We cocultured sorted CD4+ CD25high T cells and auto-

logous naı̈ve T responder cells in the presence of auto-

logous antigen-presenting cells (APCs) at different ratios.

As shown in Fig. 5, CD4+ CD25high T cells from both

healthy individuals and patients with SLE significantly

inhibited T-cell proliferation in a dose-dependent man-

ner. In fact, CD4+ CD25high T cells from normal individ-

uals and SLE patients demonstrated similar capacities for

suppressing the proliferative responses of naı̈ve T cells at

varying ratios of Treg cells/naı̈ve T cells.

Discussion

The role of Tregs in the pathogenesis of SLE has been

suggested, but the exact mechanism remains to be

defined. This study provides, to our knowledge, the first

evidence for an increased prevalence of circulating

CD25low and CD25) of CD4+ FoxP3+ T cells in SLE

patients. The results also showed that quantitative im-

balances between different CD4+ FoxP3+ subsets and Teffs

were associated with disease activity and autoantibody

production in patients with SLE. While the causal rela-

tionship remains to be established, this study suggests

that the delicate balance between Tregs and Teffs may be

important in the pathogenesis of human lupus.

Several studies demonstrated that CD25low FoxP3+ cells

are Tregs with a naive phenotype, which is reflected in

their low expression of CD45RO and CD95, as well as

their resistance to CD95 ligand (CD95L)-mediated apop-

tosis. In contrast, CD25high FoxP3+ Tregs exhibited a pre-

dominantly memory phenotype with high expression of

CD45RO and CD95, and displayed sensitivity to CD95L-

induced apoptosis.22,25,26 As a corollary, Miyara et al.6

suggested that enhanced CD95-mediated apoptosis of

CD4+ CD25high Tregs could result in reduced frequencies

of Treg in active SLE. The sensitivity to apoptosis may

thus determine, in part, the relative frequency of the Treg

subpopulations. This possibility would be consistent with

our finding of a decreased frequency in the CD25high

Tregs in patients with active SLE. Furthermore, the

increased frequency of CD25low Tregs, as seen in our

study patients, may compensate for the loss of CD25high

Tregs in active SLE. However, this compensation may not

be enough to regulate the autoimmune response because

the ratio of CD25low Tregs versus Teffs in both inactive

and active SLE still remains significantly lower than that

in normal controls (Fig. 3). Thus, our data suggest that

the pathogenesis of SLE might be associated with not only

a reduction in CD25high Tregs, but also the quantitative

imbalance between CD25low, and CD25) Tregs, and Teffs.

Active systemic inflammation against self-Ags, as

observed in patients with SLE, may induce T-cell
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Figure 5. The CD25high regulatory T-cell (Treg) suppressive function

in patients with systemic lupus erythematosus (SLE) appears normal

in vitro. Naı̈ve T cells (CD4+ CD45RAhigh) were stimulated alone or

cocultured with autologous CD4+ CD25high T cells in the presence of

mitomycin C-treated autologous antigen-presenting cells (APCs) at

the indicated ratios. SLE patients (s, n = 7, three inactive and four

active) and age- and gender-matched healthy individuals (d, n = 6)

were tested for CD25high Treg activity. The per cent suppression of

proliferation was calculated as described in the ‘Materials and

methods’. The average proliferative response of APCs was 583 counts

per minute (c.p.m.) in the control group and 1224 c.p.m. in the

patient group. The average stimulation index of responder T cells

was 8�3 in the control group and 9�9 in the patient group. Sorted

CD4+ CD25high T cells proliferated poorly after activation with

monoclonal anti-CD3, while the average stimulation index of

CD25high Tregs in both groups was < 2�0. See Fig. 1 for other defini-

tions.
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activation, resulting in increased CD25 expression. Our

data indeed showed a significantly higher frequency of

CD4+ CD25+ FoxP3) T cells in SLE patients compared

with normal controls (Fig. 2). In addition, systemic

inflammation may induce the differentiation of naı̈ve

CD4+ T cells into CD25+ FoxP3+ and CD25) FoxP3+

Tregs, or so-called adaptive Tregs.15,16,27 Liu et al.23 also

found that that FoxP3 was expressed in 8–10% of the

human CD4+ T cells, independently of CD25 expression

in normal individuals. Although it is currently unclear

whether such differentiation of adaptive Tregs exists in

human inflammatory diseases in vivo, it is tempting to

speculate that CD4+ CD25) FoxP3+ T cells in SLE

patients might represent adaptive Tregs induced by a sys-

temic autoimmune response. It is also possible that

CD25low Tregs in SLE patients may contain not only thy-

mically derived Tregs with a naı̈ve phenotype,22,25 but

also peripherally converted Tregs.

In addition to the disproportionate numbers of Tregs

and Teffs, the functions of different Treg subsets in SLE

still need further clarification. The in vitro suppressive

data of CD4+ CD25high T cells (Fig. 5) support the pres-

ence of normally functioning, suppressive CD4+ CD25high

T cells in SLE patients. The data are consistent with those

of Miyara et al.,6 but not with those of Valencia et al.8

This discrepancy might be a result of the different mono-

clonal antibodies and types of APCs used for in vitro

stimulation. Regarding the functions of CD25low Tregs

and CD25) Tregs in normal individuals, Liu et al.

demonstrated that CD4+ CD127low/) T cells, which

include both CD25low FoxP3+ and CD25) FoxP3+ sub-

sets, could suppress the allogeneic mixed-lymphocyte

response as well as classical ‘CD4+ CD25high’ Tregs.23

However, our phenotypic analysis of different Treg sub-

sets showed a reduced frequency of CTLA-4-expressing,

CD25low/) Tregs in SLE patients compared with those in

normal controls (data not shown). On the other hand, it

should be taken into account that activation-induced

expression of FoxP3 mRNA has been reported for in

vitro-stimulated CD4+ T cells.28–30 Furthermore, acetyla-

tion of several lysines in the forkhead domain of the

FoxP3 protein determines the optimal Treg function.31

These observations raise questions about whether

CD25low Tregs and CD25) Tregs in patients with SLE

exhibit suppressive activity.

Immune regulation is not only controlled by Tregs but

also by the status of responder T cells. A previous study

demonstrated that activated responder T cells from the

synovial fluid of patients with rheumatoid arthritis were

more resistant to suppression mediated by CD4+ CD25+

T cells than responder cells from the peripheral blood of

these patients.32 This study also found an increased

percentage of CD4+ CD25+ T cells in synovial fluid, but

not in the peripheral blood, of patients with rheumatoid

arthritis.32 Therefore, the degree to which Teffs are

resistant to Treg suppression in SLE patients requires fur-

ther investigation.

One important characteristic of SLE is the production

of anti-dsDNA IgG. Although the role of Tregs on T-cell-

mediated immunity has been widely explored, the effects

of Tregs on humoral immunity are less clear. Seo et al.33

have shown that the tolerance breakdown of autoreactive

B cells in lpr/lpr mice requires the help of CD4+ T cells

and the overcoming of suppression by CD4+ CD25+

Tregs. In agreement with the previous study,33 our data

showed that the ratios of CD4+ FoxP3+ subsets versus

Teffs were inversely correlated with the titer of anti-

dsDNA IgG in patients with inactive SLE (Fig. 4a). This

suggests that as the number and/or function of Tregs

decline relative to those of Teffs, tolerance begins to be

breached in SLE patients. Thus, for autoimmune diseases

with altered frequencies of Tregs, an analysis of Teffs

should be carried out in parallel.

On the other hand, the imbalance between Treg subsets

and Teffs did not correlate with the level of anti-dsDNA

IgG in patients with active SLE (data not shown). We

speculate that the high dose of drug treatment may affect

the levels of autoantibodies in patients with active SLE.

The main treatment approach for lupus patients in this

study was the combination of prenisolone, hydroxy-

chloroquine and azathioprine. Among these drugs,

corticosteroids, such as prednisolone, can control

inflammation through the suppression of multiple

inflammatory genes that are activated in chronic

inflammatory diseases. Prednisolone also suppresses

T-lymphocyte proliferation by inhibiting nuclear factor-

jB, which eventually down-regulates IL-2 expression.34,35

With a lack of T-cell help, IgG autoantibody production

would significantly decrease. Thus, the higher dose of

prenisolone used in active SLE may interfere with the titre

of anti-dsDNA IgG, and therefore no correlation was

found between Tregs versus Teffs ratios and the

anti-dsDNA IgG titer in those study patients. This

possibility clearly needs to be further investigated. As to

the effect of treatment on the distribution of Tregs, the

percentage of those three Treg subsets in the patients did

not correlate with daily prednisolone dose (data not

shown).

In summary, our study examined the frequencies of

different subpopulations of CD4+ FoxP3+ T cells, which

may represent a comprehensive Treg pool in human

PBMCs from normal individuals and patients with SLE.

Our study also found that altered homeostasis, as evi-

denced by an imbalance between different CD4+ FoxP3+

subsets and Teffs, were associated with disease activity,

complement consumption and the production of anti-

dsDNA IgG in SLE patients. Expanding the frequencies of

Tregs, especially in an Ag-specific manner, may be a

potential therapeutic strategy for treating autoimmune

diseases such as SLE.
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