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Abstract Regulatory T cells (Tregs) are critical mediators of immune tolerance, yet their involvement in the autoim-
mune disease systemic lupus erythematosus (SLE) is incompletely understood. We analyzed CD4+ T cell subpopula-
tions with Treg-related phenotypes and their association with disease activity in peripheral blood (PB) and tissues of
patients with SLE. In detail, we quantified subpopulations regarding CD25, FOXP3, CD62L, CCR6, CD27, CD45RA,
and CD45RO expression in PB from 31 patients with SLE divided into two disease activity groups and 32 healthy
controls using flow cytometry. CD4+ and FOXP3+ T cells in skin and kidney biopsies of patients with SLE were
quantified by immunohistochemistry. CD4+CD25+/++FOXP3+ and CD4+CD25+CD45RA−/CD45RO+ T cell frequencies
were significantly higher in PB from patients with active compared to inactive SLE. The fraction of
CD4+CD25++FOXP3+ Tregs and CD4+CD25+CD45RA+/CD45RO− naïve Tregs was not significantly different between
these groups. CD4+CD25++ Tregs from active SLE patients comprised significantly less CD27+ cells and more CCR6+

cells compared to patients with inactive SLE. The percentage of CD4+FOXP3+ T cells among inflammatory infiltrates
in skin and kidney biopsies of SLE patients was not different from other inflammatory skin/kidney diseases. In
conclusion, although CD4+FOXP3+ T cell frequencies in the inflamed tissues of SLE patients were comparable to
other inflammatory diseases, distinct T cell subpopulations appeared misbalanced in PB of patients with active SLE.
Here, cells phenotypically resembling activated T cells, but not Tregs, were increased compared to patients with
inactive SLE. Within Tregs of patients with active SLE, markers related to Treg function and homing were altered.
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Introduction

Immunologic self-tolerance, i.e., unresponsiveness to self-
antigens, is an integral feature of the immune system and
is maintained by various mechanisms of central and pe-
ripheral tolerance. One aspect of dominant peripheral tol-
erance is mediated through regulatory T cells (Tregs),
which suppress other immune cells and play a critical role
in inhibiting immune responses to self-antigens and, thus,
autoimmune diseases (reviewed in [1]). Naturally occur-
ring Tregs develop in the thymus as a subset of CD4+ T
cells and were initially defined by expression of the IL-2
receptor α chain (CD25) [2]. In naïve mice, CD4+CD25+

Tregs constitute about 5 to 10 % of the entire peripheral
CD4+ T cell population [1], while in humans, Tregs with
potent suppressive activity are confined to the 1 to 2 % of
CD4+ T cells that display high expression levels of CD25
(CD25++) (reviewed in [3]). Subsequently, expression of
forkhead box P3 (FOXP3), a transcription factor also
called Scurfin, was described as Treg lineage-defining
factor (reviewed in [4]) and to date remains the best pro-
tein marker to determine Tregs. However, intermediate
levels of FOXP3 are also transiently expressed by
human-activated conventional T cells [4], demanding for
additional markers and defined expression levels to delin-
eate Tregs. Although expression of FOXP3 simultaneous-
ly with a high-level expression of CD25 identifies a large-
ly pure Treg population, additional markers have been
suggested to assure even better exclusion of activated
conventional T cells, such as absence of CD49d [5] or
CD127 [6] on Tregs; however, the latter does not enable
detection of all Tregs [7, 8] and also includes FOXP3+

non-Tregs [9]. The best strategy so far to gate unequivo-
cally on Tregs, outcompeting the use of CD127, was de-
fined by Miyara et al. [9] who described that based on
CD45RA in combination with expression levels of either
CD25 or FOXP3, human bona fide Tregs (Bfraction I^
(BFrI^) naïve Tregs; BFrII^ activated Tregs) can be distin-
guished from activated conventional T cells expressing
low levels of FOXP3 (BFrIII^ non-Tregs). Furthermore,
it emerges that the Treg population is comprised of sev-
eral subsets with increasing complexity: Treg subsets can
be defined by functional activities such as expression of
CD39 or CD27 [10–12]. Tissue-specific Treg subsets
have been defined as well, interestingly, with Treg pheno-
types mirroring effector T cell subsets based on lineage-
defining transcription factors or chemokine receptors [13,
14]. Therefore, analysis of additional markers apart from
CD25 and FOXP3, as well as analysis of Tregs in situ in
tissues, may shed new light on the Treg compartment in
disease stages.

Tregs are indispensable in the maintenance of immune
tolerance, as exemplified by the fact that FOXP3

mutations in mice (scurfy FOXP3-mutant mouse strain
or FOXP3 knockout mice) and men (IPEX syndrome)
result in severe autoimmune diseases [1]. Due to the
prominent role of Tregs in preventing autoimmune dis-
eases, many studies investigated whether a dysregulation
of the Treg population in peripheral blood (PB) can be
related to the pathogenesis of human autoimmune dis-
eases, with partially conflicting results (reviewed in
[15]). Controversies may in part be caused by the lack
of a unique marker for Tregs, appliance of different mark-
er combinations and gating strategies, as well as disease
stage and activity.

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disease characterized by pathogenic autoantibodies and
immune complexes, attributed to loss of immune tolerance
primarily manifesting in deregulated B and T cell responses.
Conflicting results have been published regarding Tregs in
patients with SLE (reviewed in [16–18]). Early studies are
complicated by the fact that CD25 expression alone is not
sufficient to delineate Tregs particularly in patients with im-
mune activation. Even considering only more recent studies
that applied FOXP3 as a marker for Tregs, the results are
conflicting: most studies reported reduced frequencies of
Tregs in SLE patients [19–24], while others did not find alter-
ations [25–27] or even increased numbers of Tregs [28, 29].
Resistance of target T cells to suppression by Tregs from SLE
patients has also been suggested [26, 27]. Disease activity
correlated with Treg numbers in several reports, yet many
studies did not investigate such relationship. Only few studies
have included CD45RA or CD45RO to determine abovemen-
tioned Treg fractions in SLE patients with partially contradic-
tory results [9, 30, 31], and only one of these studies has
distinguished patients based on disease activity [31]. Thus,
there is a demand for studying these Treg fractions in addi-
tional SLE patient cohorts.

Due to the conflicting results, it remains unclear whether
pathophysiological mechanisms of SLE might be connected
to a defect in the Treg population. Notably, almost all studies
have analyzed Tregs in PB of SLE patients, while studies of
Tregs in the affected tissue of SLE patients are rare [21].
Investigating Treg subsets based on several markers and in
different disease activity states as well as within inflamed
tissues could lead to new insights into the pathogenesis of
SLE. Indeed, a reduced number of CD4+FOXP3+ T cells in
inflamed skin biopsy specimens from patients with cutaneous
lupus erythematosus (CLE), a heterogeneous autoimmune
disease characterized primarily by skin inflammation, was
previously reported by our group [32].

In the present study, we investigated the frequency of
CD4+FOXP3+ T cells in skin and kidney biopsies from
patients with SLE compared to various other inflammato-
ry diseases. Moreover, we analyzed the frequencies of
CD4+CD25+/++FOXP3+ and CD4+CD25++FOXP3+ T
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cells in the PB of patients with SLE in relation to the SLE
Disease Activity Index (SLEDAI). To gain a more de-
tailed understanding of Treg subpopulations in SLE, we
extended our analyses and included the measurement of
FrI, II, and III T cells and we further studied markers
related to Treg activity and tissue migration, namely
CD62L, CCR6, and CD27. We show that the frequency
of CD4+CD25+/++FOXP3+, CD4+CD25+CD45RA−/
CD45RO+ T cells, and CCR6+ among CD4+CD25++ T
cells was significantly higher in PB from patients with
active compared to inactive SLE, while the fraction of
CD4+CD25++FOXP3+ Tregs and CD4+CD25+CD45RA+/
CD45RO− naïve Tregs was not significantly different.
CD4+CD25++ Tregs from active SLE patients comprised
significantly less CD27+ cells compared to inactive SLE.
The percentage of FOXP3+CD4+ T cells among infiltrates
in skin and kidney biopsies of SLE patients was not dif-
ferent from other inflammatory skin/kidney diseases.

Patients and methods

Patients

PB samples were obtained from 31 adult patients (five males
and 26 females, mean ± SD age 41.9 ± 12.9 years) with the
diagnosis of SLE according to the American College of
Rheumatology criteria [33] (see Table 1). All SLE patients
were diagnosed at the Department of Rheumatology,
University of Heidelberg, Germany, and at the Municipal
Hospital Karlsruhe, Germany. SLE patients were divided into
two groups according to their disease activity using the
SLEDAI, which is a validated index of SLE activity [34].
Thereby, inactive SLE was defined for patients with an
SLEDAI ≤4 and active SLE for patients with an SLEDAI
>4 respectively. Blood from 32 normal healthy donors (23
males and nine females, mean ± SD age 38.4 ± 11.0) was
included as control.

Skin biopsies from five patients with SLE (five females,
mean ± SD age 37.4 ± 9.6) were stained by immunohisto-
chemistry. As control, results were compared with data from
a previously published study [32] performed under the same
conditions, including lesional skin biopsy specimens from pa-
tients with cutaneous lupus erythematosus, psoriasis, lichen
planus, and atopic dermatitis.

Kidney biopsies from 11 patients with SLE (two males
and nine females, mean ± SD age 38.6 ± 13.2 years) were
stained by immunohistochemistry: one classified as II,
two classified as III, and eight classified as IV according
to the World Health Organization (WHO) classification
for lupus nephritis [35]. As control, results were com-
pared with kidney biopsy specimens from patients with
chronic interstitial rejection (four males and one female,

mean ± SD age 55.2 ± 20.2 years), nodular diabetic
glomerulosclerosis (four males and one female,
mean ± SD age 61.8 ± 7.3 years), polyomavirus infection
of allogeneic renal transplants (four males and one fe-
male, mean ± SD age 52.6 ± 12.5 years), signs of focal
florid interstitial rejection (two males and three females,
mean ± SD age 58.8 ± 6.7 years), and interstitial nephritis
( two males and three females , mean ± SD age
47.8 ± 8.3 years).

The study was approved by the local ethics committee of
the University of Heidelberg, Heidelberg, Germany, and was
conducted according to the Declaration of Helsinki.

Antibodies and reagents

For flow cytometry, antibodies against human CD4, CD25,
CD45RO, CD45RA, CD62L, and CCR6 were obtained from
BD PharMingen (Heidelberg, Germany); anti-CD27, anti-
FOXP3 antibody (clone PCH101), and IgG2a isotype control
antibody were obtained from eBioscience (San Diego, USA);
anti-FOXP3 antibody (clone 259D) used for control was ob-
tained from BioLegend (San Diego, USA). For immunohisto-
chemical analysis, anti-CD4 antibody (clone 1F6; Novocastra,
Newcastle, UK), anti-FOXP3 antibody (clone 236A/E7; a
generous gift from Alison H. Banham, Nuffield Department
of Clinical Laboratory Science, University of Oxford, Oxford,
UK), and mouse IgG1 isotype control antibody (Dako,
Glostrup, Denmark) were used.

Histologic and immunohistochemical analyses

At the time of initial presentation, biopsy specimens were
obtained from patients with SLE. The biopsy specimens were
fixed in formalin, and hematoxylin and eosin (H&E), CD4,
FOXP3, and IgG1 isotype-matched control stainings were
performed as described previously [36]. All specimens were
analyzed by two independent investigators in a blinded man-
ner. For each sample, the percentage of CD4+ and FOXP3+

cells in the infiltrate was calculated from three individual
values obtained from three different areas using high power
field (objective ×40).

Cell isolation and flow cytometry

PB was obtained from patients with SLE as well as from
normal healthy donors and separated by Ficoll gradient cen-
trifugation to obtain PB mononuclear cells (PBMCs). For
multicolor flow cytometry, PBMCs were first stained with
antibodies against surface molecules, followed by FOXP3 in-
tracellular staining, if applicable. Intracellular FOXP3 staining
was performed with the FOXP3 staining buffer set
(ebioscience) according to the manufacturer’s recommenda-
tions modified as described previously [8, 32]. Acquisition
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was performed immediately on a FACSCanto II cytometer,
and results were analyzed with FACSDiva software (BD
Biosciences, San Jose, CA).

Statistical analysis

Data were analyzed in GraphPad Prism 6. Data are presented
as individual values (each dot represents one subject) in addi-
tion to the median (median values are given and indicated by a

line). Mann-Whitney U test was used to compare the percent-
age of the given cell population in PB of patients and controls
as well as in biopsy specimens of kidney and skin. Univariate
linear regression analysis was performed to determine the re-
lationship between cell fractions and SLEDAI or age,
respectively.

Principal component analysis (PCA, via singular value de-
composition on the scaled and centered data matrix) was car-
ried out with the programming language R.Multivariate linear

Table 1 SLE patients

Patient
no.

Age
(years)

Sex Serological features
at time of study

SLEDAI
active >4

Treatment CD25+/++FOXP3+ T
cells
(% of CD4)

CD25++FOXP3+

Treg (% of CD4)

1 52 f ANA, dsDNA, Ro/SS-A, RNP 2 Medium CS, IS 25.7 0.4

2 33 f ANA, dsDNA, CL 0 Low CS, AM 3.4 1.0

3 33 f ANA, dsDNA 0 Low CS, IS, AM 6 2.4

4 44 f ANA; dsDNA 4 – 5.6 1.6

5 43 f ANA, dsDNA, CL 2 AM 5.2 1.7

6 41 m ANA, dsDNA, nRNP, CL 1 High CS, IS 6 2.4

7 25 f ANA, dsDNA, H, Scl-70, CL 9 Low CS, IS, NSAR 16 2.0

8 26 f ANAa, dsDNA, CL, LA 4 Low CS, IS 6.2 2.1

9 34 f ANA, dsDNA 4 Medium CS, CP n.d. n.d.

10 46 f ANA, dsDNAa 0 Low CS, IS 5.1 1.5

11 73 f ANA, dsDNA, Ro/SS-A, La/SS-B 8 Low CS 8.2 0.8

12 41 f ANA, dsDNAa, SM, nRNP 2 Low CS, IS, AM 3.8 1.1

13 69 f ANA, dsDNA, CL, LA, low C3 16 – 6.6 2.6

14 20 f ANA, dsDNA, N, H 2 Low CS, IS, AM 4.8 2.4

15 44 m ANA, dsDNA, low C4 18 Medium CS, IS 9.8 1.3

16 38 f ANA, dsDNA, Scl-70 4 Medium CS, AM 9.5 3.7

17 40 f ANA, dsDNA, La/SS-B, CL, low C3 7 Low CS, IS 11.7 3.4

18 25 f ANA, dsDNA, N, low C3 5 Low CS, AM 5.4 1.0

19 57 f ANA, dsDNA, N 15 Medium CS, IS,
NSAR

8.4 2.0

20 65 f ANA, dsDNA, N 8 Low CS 7.3 3.0

21 45 f ANA 6 Medium CS, IS 13.7 3.0

22 42 f ANA, dsDNA, Ro/SS-A, low C3 14 Low CS, IS 21.2 2.9

23 54 m ANA, low C3 8 Medium CS, IS 25 2.4

24 38 f ANA, Ro/SS-A, La/SS-B, Scl-70, low
C3

6 Low CS, IS, AM 12.1 1.7

25 42 f ANA, H, atypical ANCA, low C3 6 IS 13.7 3.7

26 37 f ANA, H, nRNP, Scl-70, CL, N 14 Low CS, IS, AM 20.3 2.5

27 55 f ANA, H 6 – 8.8 2.2

28 27 m ANA, dsDNA, N, low C3 6 Low CS, IS, TD 6.8 1.9

29 44 f low C3 6 Low CS, IS, AM 15.7 0.8

30 38 f ANA 6 High CS 13.4 2.0

31 27 m ANA 8 Low CS, IS 6.4 1.6

a Positive in previous tests

ANA anti-nuclear antibodies, ANCA anti-neutrophil cytoplasmic antibodies, CL anti-cardiolipin antibodies, dsDNA anti-double-stranded DNA antibod-
ies,H anti-histone antibodies, LA lupus anticoagulant, La/SS-B anti-La/SS-B antibodies, N anti-nucleosome antibodies, Ro/SS-A anti-Ro/SS-A antibod-
ies, AM antimalarials, CS corticosteroids (low <10 mg/day, medium 10–20 mg/day, high >20 mg/day), IS immunosuppressant (azathioprine, cyclospor-
ine A, cyclophosphamide, methotrexate, mycophenolate mofetil), NSAR nonsteroidal anti-inflammatory drugs, TD thalidomide
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regression (with following predictors: scaled age values,
scaled SLEDAI values, and group variable defining normal
healthy donor (NHD) or SLE patient) was performed in R.

P values <0.05 were considered significant and the follow-
ing labels were used: *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.

Results

Quantification of FOXP3+CD25+/++CD4+ T cells
and FOXP3+CD25++CD4+ Tregs in PB of SLE patients

We determined CD4+FOXP3+ T cells in PB of patients with
active SLE (SLEDAI higher than 4) or inactive SLE (SLEDAI
less than or equal to 4) and NHD by flow cytometry. We ana-
lyzed coexpression of FOXP3 on CD4+ Tcells with either high
levels of CD25 (CD25++ BTreg^) or, alternatively, we consid-
ered all CD4+FOXP3+ cells expressing intermediate to high
levels of CD25 (CD25+/++) (gating strategy, see Fig. 1a).

The median percentage of CD25+/++FOXP3+ T cells of total
CD4+ T cells was 11.7 % in patients with active SLE, which
was significantly higher than in patients with inactive SLE
(5.6 %) or in NHD (6.2 %) (Fig. 1b, left panel). The median
percentage of CD25++FOXP3+ Tregs of total CD4+ Tcells was
2.0 % in patients with active SLE, 1.7 % in patients with inac-
tive SLE, and 2.3 % in NHD (Fig. 1b, right panel) with no
significant differences between the three groups. When all pa-
tients were considered as one group, the median percentage of
CD25++FOXP3+ Tregs was 2.0 % in SLE patients which was
not significantly different from NHD (p = 0.34).

Next, we asked whether disease activity in SLEwas related
to the frequency of CD4+CD25++FOXP3+ Tregs or
CD4+CD25+/++FOXP3+ T cells. Linear regression analysis
was performed to determine the relationship between the fre-
quency of these cells and SLEDAI. Despite a trend that higher
SLEDAI coincided with higher CD4+CD25+/++FOXP3+ T
cell levels, there was no significant linear relationship between
the frequencies of either CD4+CD25+/++FOXP3+ T cells or
CD4+CD25++FOXP3+ Tregs and SLEDAI (Fig. 1c).

The specificity of the antibody clone PCH101 to detect
FOXP3+ cells has been discussed, particularly in relation to
activated conventional T cells [37, 38]. To exclude any misin-
terpretation by using the PCH101 clone for FOXP3 detection,
we compared two different anti-FOXP3 antibodies (clone
PCH101 and clone 259D) for staining of NHD as well as
SLE patient cells. Both clones yielded comparable results with-
out significant differences regarding the frequency of
CD4+CD25+/++FOXP3+ T cells or CD4+CD25++FOXP3+

Tregs both in NHD and in SLE patients (Fig. 1d).
Together, these results show that although there was no

difference in the frequency of CD25++FOXP3+ Tregs in
SLE patients, the frequency of CD25+/++FOXP3+ T cells

was increased in patients with active SLE compared to pa-
tients with inactive SLE or healthy donors.

Quantification of CD45RA and CD45RO naïve/memory
Treg subsets in PB of SLE patients and NHD

Because gating based on CD25 (or FOXP3) in combination
with the naïve/memory markers CD45RA or CD45RO can
distinguish resting/naïve Tregs (BFrI^), activated Tregs
(BFrII^), and activated non-Treg cells (BFrIII^) [9], we evalu-
ated these subsets in SLE patients. We applied two different
gating strategies, using CD25 and either CD45RA or
CD45RO (gating strategy, see Fig. 2a). We asked whether
the groups could be distinguished by the fraction values: when
performing principal component analysis considering all six
fractions, we observed a partial separation of the groups
(Fig. 2a). Thus, we next asked whether specific fractions are
different in the groups and analyzed all fractions separately.
Frequencies of FrI Tregs were significantly higher in patients
with active SLE compared to NHD, whether gated via
CD45RA or CD45RO (Fig. 2b). Further, both gating strate-
gies revealed higher frequencies of FrIII non-Tregs in patients
with active compared to inactive SLE. The frequencies of FrII
Tregs were generally low and revealed significant differences
only with one of the two gating strategies (Fig. 2b).

We next analyzed the relationship between Treg fractions
and SLEDAI by linear regression. There was a positive linear
relationship between FrIII T cells and SLEDAI when gated as
CD45RA−CD25+ (Fig. 2c, left panel), in line with the results
described above (Fig. 2b) in which active and inactive patients
were categorized by SLEDAI. A similar trend, although not
significant, was seen when FrIII T cells were defined as
CD45RO+CD25+ (p = 0.0901; r2 = 0.1437; data not shown).
There was no significant linear relationship between either FrI
or FrII Tregs and SLEDAI (data not shown). Because frequen-
cies of CD45RA and CD45RO Tcells might change with age,
we tested whether age could be a confounding factor in our
analysis, possibly explaining any differences of the respective
T cell fractions in the different subject groups. Univariate lin-
ear regression revealed that none of the fractions was signifi-
cantly dependent on age (data not shown). Of these, impor-
tantly, also the CD45RA−CD25+ (FrIII) Tcell fraction was not
significantly related to age in any of the groups or when con-
sidering all groups or all SLE patients together (Fig. 2c, right
panel). Thus, age is unlikely to be the reason for differences in
these Tcell fractions between the different groups. To confirm
the results from the univariate linear regression, we also per-
formed multivariate linear regression in which we considered
age, SLEDAI, and group as predictors. Here, SLEDAI had the
strongest (positive) effect on FrIII values, while the effect of
age was the weakest (data not shown), confirming that age is
unlikely to explain the observed differences in FrIII cells.
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Fig. 1 Analysis of FOXP3+CD25++ Tregs in human PB. Human PBMCs
were purified from PB and stained for surface expression of CD4 and
CD25. Cells were then fixed and stained intracellularly for FOXP3. NHD
normal healthy donor; ≤4 inactive SLE patient with SLEDAI ≤4;>4 active
SLE patient with SLEDAI >4. a Gating strategy: PBMCs (shown from a
NHD) were gated for the lymphocyte population (left panel, gate P1), and
from these, CD4+ Tcells were gated (middle panel, gate P2). Within CD4+

Tcells, FOXP3 and CD25 expression was determined (right); the whole of
CD25-expressing FOXP3+ cells was defined as BCD25+/++^ (gate P3). b

Frequencies of CD25+/++FOXP3+ Tcells (gate P3; left) or CD25++FOXP3+

Tregs (gate P4; right) were determined as in a. Median values are given and
indicated as a line; each dot represents one subject. c Linear regression
analysis of CD25+/++FOXP3+ or CD25++FOXP3+ cells within CD4+ cells
in relation to the SLEDAI. d FOXP3 staining with the antibody clone
PCH101 (used in other figures) was compared with clone 259D in the
same blood samples of seven NHD and eight patients with SLE (each
line connects samples from one individual); statistical analysis revealed
no significant differences between both antibodies
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We extended our analyses to include FOXP3 as a
marker to further study whether Tregs in SLE patients
are differentially activated compared to NHD. When
studying the fraction of memory T cells (CD45RO+) only
within FOXP3+CD25++ Tregs or within all FOXP3+ cells
(CD25+/++), there were no significant differences in these
subsets between NHD and SLE patients (Fig. 2d).

Effector and migratory phenotype of Tregs in PB of SLE
patients compared to healthy controls

In addition to determining the frequency of CD4+CD25++ Tregs,
we evaluated whether the phenotype of Tregs regarding effector
molecules and homing markers was altered in SLE patients.

CD27 is a receptor for the costimulatorymolecule CD70 and
belongs to the TNF receptor family. The CD27/CD70 pathway
provides stimulatory signals for Tand B cell activation and was
suggested to play a role in the pathogenesis of autoimmune
disease. High CD27 expression was also suggested to be a
hallmark of Tregs at sites of inflammation, because CD27 ex-
pression was high in Tregs (but not activated effector T cells) in
inflamed synovial tissue of juvenile idiopathic arthritis patients
[11] as well as in the skin during human cutaneous antigen-
specific memory responses [39]. Notably, CD27 was described
to classify a highly suppressive Treg subset [12]. We found that
the median percentage of CD27+ cells among CD4+CD25++

Tregs was significantly lower in patients with active SLE
(93.9 %) compared to patients with inactive SLE (98.8 %)
(Fig. 3a). In normal healthy donors, the median percentage
was 97.8 %. This reduction seemed to be specific for the
CD4+CD25++ Treg population, since the median percentage
of CD27+ cells among CD4+ T cells was not significantly dif-
ferent between the groups (Fig. 3b).

We next determined the activation status of Tregs based on
memory and homing markers. CCR6 is a chemokine receptor
mainly expressed by memory Tcells, involved in B cell matura-
tion and recruitment of T cells to inflammatory sites. CCR6 was
found to be highly expressed in human skin-resident Tcells [40],
and a tissue-accumulating Treg subset termed Beffector
memory^ Treg was characterized by high expression of CCR6
and CD45RO [41]. Further, CCR6 together with other markers
(such as IL17 and RORγt or CLA) can be used to identify a
subset of Tregs that phenotypically mirrors Th17 or Th22 cells,
respectively [14].We determined that the frequency of CCR6+ T
cells among CD4+CD25++ Tregs was significantly lower in pa-
tients with inactive SLE when compared to patients with active
disease or NHD (Fig. 3c). CD62L, known as L-selectin, is
expressed by naïve and central memory cells to ensure homing
to the secondary lymphoid organs, while it is downregulated on
effector T cells and effector memory cells [42]. The majority of
Tregswas demonstrated to express CD62L [43], which is needed
for their migration under homeostatic conditions [42]. Skin-
homing Tregs express high levels of CD62L [44], and presence

of Tregs in the skin has functional relevance for resolving inflam-
mation in several settings [42, 45]. When we determined the
percentages of CD62L+ T cells within CD4+CD25++ Tregs, we
did not observe differences between the three groups (NHD, SLE
patients with active or inactive disease) (Fig. 3d).

Frequency of CD4+FOXP3+ T cells in kidney biopsies
of patients with SLE compared to other diseases

In order to investigate a potential deregulation of Tregs partic-
ularly within inflamed tissue, we analyzed the frequency of
CD4+ and FOXP3+ cells in a series of kidney biopsy speci-
mens obtained from patients with SLE using immunohisto-
chemistry. As control, we included kidney biopsy specimens
from patients with chronic interstitial rejection, nodular dia-
betic glomerulosclerosis, polyomavirus infection of allogene-
ic renal transplants, signs of focal florid interstitial rejection,
and interstitial nephritis. Representative stained serial sections
from patients with SLE as well as from control diseases are
shown in Fig. 4a. The median frequency of CD4+ cells,
expressed as the percentage of the total renal infiltrate, was
determined to be 45.2 % (range 15.0 to 61.0 %) in SLE pa-
tients and was not significantly different compared to any of
the other diseases (Fig. 4b). As expected, the frequency of
CD4+ T cells in interstitial nephritis biopsies was significantly
higher than in specimens with signs of focal florid interstitial
rejection and nodular diabetic glomerulosclerosis (Fig. 4b).

Similarly, the frequency of FOXP3+ cells was not signifi-
cantly different between SLE patients and any of the control
diseases, whether analyzed within the total renal infiltrate
(Fig. 4c) or as FOXP3+ frequency of CD4+ cells (Fig. 4d).
In patients with SLE, the median percentage of FOXP3+ cells
was 5.8 % (range 1.2 to 19.6 %) of the total renal infiltrate and
16.7 % (range 2.0 to 44.8 %) of CD4+ cells, respectively.

Frequency of CD4+FOXP3+ T cells in the skin of patients
with SLE compared to other inflammatory skin diseases

In the present study, we sought to determine the frequency of
CD4+ and FOXP3+ cells in a series of lesional skin biopsy
specimens from patients with SLE. Our group demonstrated
previously that there is an organ-specific decrease of FOXP3+

T cells in the skin of CLE patients [32]. Examples of SLE
patient sections stained with anti-FOXP3 or anti-CD4 antibod-
ies are shown in Fig. 5a. As control, we included skin biopsy
specimens from patients with CLE, psoriasis, lichen planus, and
atopic dermatitis (data published in [32]).

The frequency of CD4+ cells, expressed as the median
percentage of the total dermal infiltrate, was 52.9 % (range
46.3 to 68.5 %) in SLE patient biopsies with no statistically
significant differences compared to the control diseases
(Fig. 5b). The percentage of FOXP3+ cells in the inflammato-
ry infiltrate of skin biopsy specimens from patients with SLE
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(median 15.0 %, range 11.9 to 22.4 %) was not changed com-
pared to other diseases except significantly increased com-
pared to the median percentage observed in biopsies from
CLE patients (median 5.3 %, range 0.8 to 8.7 %), who had
lower percentages compared to all other tested diseases as well
(Fig. 5c). Additionally, we calculated the frequency of
FOXP3+ cells in relation to the number of CD4+ cells.
Again, the median percentage in patients with SLE (median
32.4 %, range 23.1 to 33.0 %) was significantly higher than in
patients with CLE (median 9.6 %, range 1.3 to 18 %), but
there were no statistically significant differences between fre-
quencies in patients with SLE compared to those in the other
control diseases (Fig. 5d).

Discussion

Several studies have focused on the question whether an al-
teration in the number and/or function of Tregs is associated
with the pathogenic mechanisms of human autoimmune dis-
eases, with conflicting results [15]. Analyzing Tregs by more
recently described less ambiguous gating strategies in flow
cytometry analysis, as well as studying the presence of Tregs
directly in the inflamed tissue, may help to resolve these con-
troversies and was the subject of this study.

In our flow cytometry approach to determine Tregs in pe-
ripheral blood, we defined only cells expressing high levels of
CD25 , wh i ch s imu l t a n eou s l y exp r e s s FOXP3
(CD25++FOXP3+), as pure Tregs. Alternatively, we gated on

all CD25-expressing (CD25+/++) cells which includes activat-
ed conventional T cells. Furthermore, we used gating strate-
gies based on CD25 in combination with CD45RA or
CD45RO to distinguish naïve Tregs, activated Tregs, and
FOXP3+ non-Tregs. Using all three strategies to define
Tregs, we did neither find a decrease of Tregs in patients with
SLE compared to NHD nor in SLE patients with active versus
inactive disease. Instead, cells resembling activated non-Tregs
(CD25+/++FOXP3+ and FrIII cells) were strongly increased in
active SLE patients, underlining the importance of appropriate
marker combinations and gatings to exclude those activated T
cells from Treg analyses.

It is suggested that only highly CD25-expressing cells, ide-
ally in combination with FOXP3, should be designated Tregs;
nevertheless, studies are conflicting regarding the fraction of
Tregs in SLE patients based on this definition, ranging from
decreased, unchanged, to increased levels [16–18]. These con-
troversies may be related to slightly different gating strategies
or differences in the patient cohorts and treatments, although
results are also divergent regarding the correlation of Treg
numbers with SLE disease activity. While not apparent in
our study, when Tselios et al. prospectively analyzed a large
p a t i e n t c o h o r t , a n i n v e r s e r e l a t i o n s h i p o f
CD4+CD25++FOXP3+ Tregs with disease activity was evi-
dent [46]. Our data indicate that controversies in the literature
regarding Treg numbers in SLE do not seem to be due to the
usage of the disputed anti-FOXP3 antibody clone PCH101
[37, 38]. Because FOXP3 as well as CD25 are also expressed
by effector T cells upon activation, setting the gates in a
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reproducible manner between laboratories is difficult, and a
more confident strategy seems to be the inclusion of CD45RA
or CD45RO suggested by Miyara et al. [9], which enables
definition of Treg subsets as well as the exclusion of activated
effector T cells. However, analyses of T cells in SLE patients
based on this strategy are very limited to date. Based on
CD45RA and FOXP3, Miyara et al. described an increase in
FrI (naïve) Tregs and FrIII non-Tregs in active SLE patients
compared to healthy donors along with a decrease in FrII
(active) Tregs [9]. Pan et al. measured CD45RA and FOXP3
and also observed that patients with active SLE displayed
enhanced FrI Treg and FrIII non-Treg frequencies compared
to healthy donors as well as to patients with inactive disease,

while FrII (active) Tregs were not different between the three
groups [31]. Furthermore, only FrI Tregs correlated signifi-
cantly with the SLE disease activity index. Kim et al. [30]
did not find differences in Treg fractions when comparing
SLE patients with healthy controls; however, they included
patients with variable disease states. Taken together, three in-
dependent studies ([9, 31] and our study) determined in-
creased frequencies of FrI (naïve) Tregs in active SLE patients
compared to NHD, and both Pan et al. and our study revealed
a higher percentage of FrIII non-Tregs in active compared to
inactive SLE patients (the latter comparison was not made by
Miyara et al. but the respective fraction was increased when
comparing SLE patients with NHD). This increase in FrIII
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(IN), chronic interstitial rejection (CIR), polyomavirus infection of
allogeneic renal transplants (PI), signs of focal florid interstitial
rejection (FIR), and nodular diabetic glomerulosclerosis (NG) were
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×40) and FOXP3 (right panels, original magnification ×40). Photos
represent examples of the counted sections. Frequency of CD4+ cells
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inflammatory infiltrate of kidney biopsies was quantified. Frequencies
of counted sections in b–d are shown for individual patients with
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(FOXP3low) non-Tregs in SLE patients might contribute to the
controversy in the field, underlining the importance of includ-
ing CD45RA/RO as markers such as in the present study.
Taken together, these studies seem to outline a promising
strategy to define Tregs in a way that is more reproducible
between different laboratories, and at least regarding naïve
Tregs, these studies do not support the view of a Treg decrease
in SLE that emerged from previous studies (summarized in

[17, 18]). Considering FrII (active) Tregs, however, there are
differences between these recent studies (the present study and
[9, 31]), which might be due to different cohorts or technical
issues considering the very low frequencies of these cells in
general. Notably, within our study, we defined the fractions
based on CD45RA and CD45RO in parallel (within the same
PB samples for most samples) and observed divergent results
regarding FrII Tregs, while the results for FrI and FrIII were
independent of the gating strategy. Thus, we propose that
using both CD45RA and CD45RO-based gating strategies
in parallel may enhance the confidence of results and contrib-
ute to less controversy in the literature.

In patients with active compared to inactive SLE, we could
furthermore observe an increased fraction of CCR6+ cells and
decreased fraction of CD27+ cells among CD4+CD25++

Tregs, respectively, whichmay reflect alterations in Treg hom-
ing or functional activity. Future studies are needed to address
the functional relevance of these findings, as well as the
coexpression of these markers in different Treg subsets. The
increased frequency of CCR6+CD4+CD25++ T cells may me-
diate an increased recruitment of these cells to the inflamed
tissues [41, 47] and we therefore studied the frequency of
Tregs in tissues as well.

Although extensive studies were carried out on Tregs in
PB, we are aware of only limited analyses of Tregs in the
affected tissue of SLE patients [21]. A reduced number of
CD4+FOXP3+ T cells in inflamed skin biopsy specimens
(but not in PB) from patients with CLE was previously de-
scribed [32], and nowwe extended these studies to kidney and
skin biopsies of SLE patients, compared to a range of control
diseases. We observed that the percentage of CD4+FOXP3+ T
cells among infiltrates in skin and kidney biopsies of SLE
patients was not different from the one in other inflammatory
skin/kidney diseases . Notably, the frequency of
CD4+FOXP3+ T cells in the skin was decreased in CLE pa-
tients also compared to SLE patients, highlighting the impor-
tance for studies in the different disease subtypes. To our
knowledge, our study represents the most differentiated study
so far to analyze Tregs in the tissue of SLE patients, and our
results do not reveal altered Treg numbers in the affected
tissue of SLE patients. However, inherent limitations of these
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studies are the lack of Bnegative controls^ due to unavailabil-
ity of inflamed tissues in healthy donors, as well as restricted
possibilities (compared to flow cytometry) in the study of Treg
subsets based on marker combinations or expression levels.

It should be considered that nearly all patients in the current
study were receiving systemic medication, such as corticoste-
roids, antimalarials, and/or methotrexate, which may influ-
ence the number of T cells. Most studies that analyzed the
effects of treatment have suggested an increase in Treg num-
bers particularly after treatment with steroids but also other
treatments such as rituximab [19, 24, 48, 49]. Another study
revealed, however, that the increase in Treg numbers during
SLE disease remission was independent of the type of treat-
ment regimen and likely an epiphenomenon of disease remis-
sion [50]. Nevertheless, our results regarding FrI Treg and
FrIII Tcell frequencies are in line with two other reports which
studied untreated patients [9, 31].

In conclusion, our study reveals an increase of T cells
re f l ec t ing ac t iva ted e ffec tor T ce l l phenotypes
(CD4+CD25+/++FOXP3+, CD4+CD25+CD45RA− /
CD45RO+) in PB of active SLE patients, while total Treg
numbers (CD4+CD25++FOXP3+, CD4+CD25+CD45RA+/
CD45RO−) were unchanged.We also revealed that Treg num-
bers in different inflamed tissues of SLE patients were un-
changed compared to several control diseases. At the same
time, specific Treg subsets based on a range of different
markers appeared misbalanced in SLE patients: within
CD4+CD25++ Tregs of patients with active SLE, markers re-
lated to Treg function (CD27) and homing (CCR6) were al-
tered, which may contribute to disease pathogenesis. These
findings highlight the importance of studying Tregs on the
subpopulation level, and additional studies in larger and inde-
pendent patient cohorts will be important to decipher the role
of Tregs in this disease and to ultimately improve targeted
SLE therapy in the future.
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