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Summary

Physiological changes during normal pregnancy are characterized by an
inflammatory immune response and insulin resistance. Therefore, we
hypothesize that gestational diabetes mellitus (GDM) may be caused by an
inappropriate adaption of the maternal immune system to pregnancy. In this
study we examined the role of regulatory T cell (Treg) differentiation for the
development of GDM during pregnancy. We used six-colour flow cytometric
analysis to demonstrate that the total CD4+CD127low+/−CD25+ forkhead box
protein 3 (FoxP3+) Treg pool consists of four different Treg subsets: naive
CD45RA+ Tregs, HLA-DR−CD45RA− memory Tregs (DR− Tregs) and the highly
differentiated and activated HLA-DRlow+CD45RA− and HLA-DRhigh+

CD45RA− memory Tregs (DRlow+ and DRhigh+ Tregs). Compared to healthy preg-
nancies, the percentage of CD4+CD127low+/−CD25+FoxP3+ Tregs within the
total CD4+ T helper cell pool was not different in patients affected by GDM.
However, the suppressive activity of the total CD4+CD127low+/−CD25+ Treg

pool was significantly reduced in GDM patients. The composition of the
total Treg pool changed in the way that its percentage of naive CD45RA+ Tregs

was decreased significantly in both patients with dietary-adjusted GDM and
patients with insulin-dependent GDM. In contrast, the percentage of DR−-
memory Tregs was increased significantly in patients with dietary-adjusted
GDM, while the percentage of DRlow+ and DRhigh+ memory Tregs was increased
significantly in patients with insulin-dependent GDM. Hence, our findings
propose that alterations in homeostatic parameters related to the develop-
ment and function of naive and memory Tregs may cause the reduction of the
suppressive capacity of the total Treg pool in GDM patients. However, as this
is an exploratory analysis, the results are only suggestive and require further
validation.
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Introduction

Gestational diabetes mellitus (GDM) is defined as carbohy-
drate intolerance with onset or first recognition during
pregnancy. It represents a common metabolic complication
that affects about 2–9% of all pregnant women in western
countries [1]. The resulting maternal hyperglycaemia is
associated with numerous adverse neonatal outcomes, such
as neonatal hypoglycaemia and macrosomia, and therefore
with an increased risk of shoulder dystocia. Maternal com-
plications primarily include an increased risk of pre-

eclampsia [2]. Furthermore, women with GDM have an
increased risk of developing type 2 diabetes mellitus within
5–15 years of delivery [3], while children exposed prenatally
to a diabetic milieu also have an increased risk for the devel-
opment of type 2 diabetes during later life [4]. Currently,
GDM screening tests are used to identify women with GDM
[5], who are normally treated either with diet or insulin.
Despite the better detection of GDM and subsequent
therapy, the underlying pathophysiology of GDM is largely
unknown. Similar to patients with type 2 diabetes, GDM
patients are unable to increase insulin production to
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compensate for the increased insulin resistance during
pregnancy [6]. Therefore, it is assumed that women devel-
oping GDM already suffer from chronic reduced insulin
sensitivity before conception that is enhanced further by the
physiological insulin resistance occurring after 20 weeks of
gestation [7]. Recently, several susceptible genes involved in
impaired β cell function, insulin resistance and abnormal
glucose utilization were shown to increase the risk of type 2
diabetes mellitus [8]. Meanwhile, these novel gene variants
were also detected in GDM patients [9]. However, further
genes participating in cell functions involving cell activa-
tion, immune response, organ development and regulation
of cell death were also found to be expressed differentially
in GDM patients [10]. In addition to exaggerated glucose
intolerance and insulin resistance, GDM is characterized by
chronic systemic inflammation [11,12] and an increased
humoral immune response [13]. Moreover, recent studies
document an important role for adipose tissue
inflammasome activation in the development of insulin
resistance in GDM pregnancies [14].

In particular, as the immunosuppressive regulatory T
cells (Tregs) were shown to control excessive inflammation
and immoderate immune responses [15] and beyond are
known to be of vital importance for the successful course of
pregnancy [16], it could be possible that functional defi-
ciencies of such cells are involved in the pathogenesis of
GDM. Meanwhile, it is known that the total Treg pool, cur-
rently characterized as CD4+CD127low+/−CD25+forkhead box
protein 3 (FoxP3+) Treg cells, consists of less suppressive,
naive CD45RA+ Tregs and strongly suppressive, antigen-
experienced CD45RO+ memory Tregs [17]. Thereby, the
CD45RO+ Treg population comprises highly differentiated
human leucocyte antigen D-related (HLA-DR)-expressing
cells, which were shown to reveal higher FoxP3 expression
levels and to possess stronger suppressive activity than
HLA-DR− memory Tregs [18]. Recently, our group demon-
strated that the total CD4+CD127low+/−CD25+FoxP3+ Treg cell
pool can be divided into four distinct Treg subsets: naive
CD45RA+ Tregs, HLA-DR−CD45RA− memory Tregs (DR−

Tregs), HLA-DRlow+CD45RA− memory Tregs (DRlow+ Tregs) and
HLA-DRhigh+CD45RA− memory Tregs (DRhigh+ Tregs). The
composition of the total Treg pool with these distinct subsets
changed both during the normal course of pregnancy and
in the presence of characteristic gestation-associated dis-
eases [19,20]. Thereby, we demonstrated that the ratio of
naive CD45RA+ Tregs increased during the normal course
of pregnancy, but was reduced strongly in the presence of
complications such as pre-eclampsia and preterm labour. In
contrast, the ratio of memory Tregs, especially of the mature
HLA-DRlow+ and DRhigh+ Tregs, was found to be increased in
patients affected by pre-eclampsia, while the ratio of DR−

and DRlow+ Tregs was increased in patients affected by
preterm labour. Although both forms of diseases revealed
lower ratios of the less suppressive CD45RA+-naive Tregs and
higher ratios of the well suppressive CD45RA− memory

Tregs, the suppressive activity of the total Treg pool was
reduced significantly in these patients [19,20]. Therefore, it
is conceivable that defective Treg cell differentiation, produc-
ing less suppressive CD45RA− memory Tregs, may be causa-
tively involved in the development of gestation-associated
diseases.

Currently, little information exists about the influence of
the immune system on the pathogenesis of GDM. In this
study, we demonstrate that the occurrence of GDM is asso-
ciated with a moderate decrease of its suppressive activity
while the size of the CD4+CD127low+/−CD25+FoxP3+ Treg pool
among the CD4+ T cells is not reduced. Thereby, we also
observed characteristic changes in its composition with the
above-described Treg subsets: compared to healthy pregnan-
cies, patients with dietary-adjusted GDM had significantly
increased percentages of HLA-DR− memory Tregs, while
patients diagnosed with insulin-dependent GDM had
increased percentages of activated DRlow+ and DRhigh+

memory Tregs. Both patient groups exhibit decreased per-
centages of naive CD45RA+ Tregs. As this study is an explora-
tory analysis, the study is only suggestive and needs further
validation.

Methods

Patient collectives and healthy volunteers

Blood samples were obtained from 64 healthy pregnant
women between 24 and 41 weeks of gestation (group 1), 21
pregnant women with dietary-adjusted gestational diabetes
(group 2) and 40 pregnant women with insulin-dependent
gestational diabetes (group 3). Table 1 summarizes the clini-
cal characteristics of all participants (groups 1–3). Blood
samples from healthy pregnancies were collected from
women who had routine ultrasonography to exclude fetal
malformations and from women delivering by term elective
caesarean section, due to breech presentation, cephalopelvic
disproportion or status after caesarean section (group 1).
Blood samples from women with gestational diabetes were
obtained between 24 and 41 weeks of gestation (groups 2
and 3). The diagnosis of gestational diabetes was made
between 24 and 28 weeks of gestation by a positive 2-h 75g
oral glucose tolerance test (OGTT) with the following crite-
ria: a fasting plasma glucose ≥ 5·1 mmol/l (92 mg/dl), or a
1-h plasma glucose level of ≥ 10·0 mmol/l (180 mg/dl), or a
2-h plasma glucose of ≥ 8·5 mmol/l (153 mg/dl) [21]. The
blood glucose levels of all affected women were checked
regularly to determine the individually needed insulin dose.
The insulin regimen included an individual combination of
short-acting Actrapid® before meals and Protaphane® as
long-acting insulin at night. The study was approved by the
Regional Ethics Committee. All women were fully informed
of the aim of the study and informed consent was obtained
from all participants.

Treg subsets in gestational diabetes mellitus
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For all participants, both the percentage of CD4+

CD127low+/−CD25+FoxP3+ Tregs of total CD4+ T cells and the
percentage of naive CD45RA+ Tregs, DR−, DRlow+ and DRhigh+

memory Tregs among the total CD4+CD127low+/−CD25+

FoxP3+ Treg cell pool were determined by six-colour flow
cytometric analysis. For a total number of 33 healthy preg-
nancies between 24 and 41 weeks of gestation (group 1) and
23 pregnancies with gestational diabetes mellitus (groups 2
and 3), suppression assays were performed in order to
evaluate the suppressive capacity of the magnetically
selected total CD4+CD127low+/−CD25 Treg cell pool.

Fluorescence-activated cell sorter (FACS) staining

Venous blood samples (10 ml) from all participants were
collected into ethylenediamine tetraacetic acid (EDTA)-
containing tubes. Whole peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll-Hypaque (Amersham
Bioscience, Glattbrugg, Switzerland) gradient centrifugation
and analysed by six-colour flow cytometric analysis. Briefly,
PBMCs (4 × 106 cells) were surface-stained with
allophycocyanin-cyanin 7 (APC-Cy7)-conjugated-anti-CD4
(BD Bioscience, San Jose, CA, USA), peridinin chlorophyll
(PerCP)-Cy5·5-conjugated anti-CD127 (BD Bioscience),
phycoerythrin (PE)-conjugated anti-CD25 (BD Bioscience),
PE-Cy7-conjugated anti-HLA-DR (BD Bioscience) and
APC-conjugated anti-CD45RA (BD Bioscience) mouse
monoclonal antibodies. Subsequently, intracellular staining
for the detection of FoxP3 was performed using a fluores-
cein isothiocyanate (FITC) labelled anti-human FoxP3
staining set (clone PCH101; eBioscience), according to the
manufacturer’s instructions. Both the percentage of
CD4+CD127low+/−CD25+FoxP3+ Treg cells and the percentages
of the four Treg subsets (naive CD45RA+ Tregs, HLA-DR−,
HLA-DRlow+ and HLA-DRhigh+ memory Tregs) within the total
Treg pool and the HLA-DR mean fluorescence intensity
(MFI) of the HLA-DR+ Treg subset were determined for all
participants. Thereby, the HLA-DR− and HLA-DR+ memory
Treg subsets were characterized as HLA-DR−CD45RA− or
HLA-DR+CD45RA− memory Tregs and abbreviated as DR−,
DRlow+ and DRhigh+ memory Tregs. Negative control samples
were incubated with isotype-matched antibodies. Dead cells

were excluded by forward- and side-scatter characteristics.
Cells were analysed by a FACSCanto cytometer (BD
Bioscience). Statistical analysis was based on at least 100 000
gated CD4+ T cells.

Positive selection and staining of
CD4+CD127low+/−CD25+ Treg cells

Whole peripheral blood mononuclear cells (PBMCs) were
isolated from peripheral blood (50 ml) drawn in EDTA
tubes by Ficoll-Hypaque (Amersham Bioscience) gradient
centrifugation. CD4+CD127low+/−CD25+ Tregs were purified
using the CD4+CD127low+/−CD25+ Regulatory T Cell Isola-
tion Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany),
according to the manufacturer’s instructions. First,
CD4+CD127low+/− T cells were isolated by magnetic depletion
of non-CD4+CD127high+ T cells. In a second step, the
CD4+CD127low+/−CD25+ Treg cells were isolated by positive
selection over two consecutive columns. The
CD4+CD127low+/−CD25− T cells were obtained in the flow-
through fraction and used as responder T cells (Tresp). The
CD4+CD127low+/−CD25+ Treg cells were subsequently
retrieved from the columns. The purified CD4+CD127low+/

−CD25+ Treg cell fraction was analysed using four-colour
flow cytometry. Briefly, 1 × 105 cells were stained with 10 μl
PerCP-conjugated-anti-CD4, PE-conjugated anti-CD25,
FITC-conjugated FoxP3 and biotin-conjugated anti-CD127
mouse monoclonal antibodies. Positive staining for CD127
was detected using APC-conjugated streptavidin molecules.
On average, 85% of the isolated CD4+CD127low+/−CD25+ Treg

cells were shown to be within the CD4+CD127low+/

−CD25+FoxP3+ Treg cell population.

Co-culture suppression assay

Whole peripheral mononuclear cells (PBMCs) were isolated
from peripheral blood drawn in EDTA tubes by Ficoll-
Hypaque (Amersham Bioscience) gradient centrifugation.
CD4+CD127low+/−CD25 Treg cells were purified using the
CD4+CD127low+/−CD25+ Regulatory T cell Isolation Kit II
(Miltenyi Biotec) described above. In all assays, 2 × 104

responder T cells (Tresp) were co-cultured with the purified

Table 1. Clinical characteristics of healthy pregnancies and women with gestational diabetes mellitus (GDM).

Group 1: healthy pregnancies

median (range)

Group 2: Dietary-adjusted

GDM median (range)

Group 3: insulin-dependent

GDM median (range)

n 64 21 40

Weeks gestation 37 (24–41) 39 (24–41) 36 (24–42)

Age 31 (21–44) 32 (25–43) 34 (22–43)

Weight before pregnancy (kg) 66 (50–117) 67 (45–126) 89 (54–153)

Weight at delivery (kg) 81 (59–128) 83 (58–136) 100 (54–160)

Time since diagnosis (weeks) – 11 (1–15) 7 (1–15)

Period of treatment (weeks) – 11 (1–15) 5 (1–12)

L. Schober et al.
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CD4+CD127low+/−CD25+ Treg cells at ratios 1:1–1:64 in
96-well U-bottomed plates. Suppression assays were per-
formed in a final volume of 100 μl/well of X-VIVO15
medium (BioWhittaker, Radnor, PA, USA). For T cell
stimulation, the medium was supplemented with 1 μg/ml
anti-CD3 and 2 μg/ml anti-CD28 antibodies (eBioscience,
San Diego, CA, USA). As controls, CD4+CD127low+/−CD25+

Treg cells and Tresp cells alone were cultured both with and
without any stimulus. Cells were incubated at 37°C and 5%
of CO2. After 4 days, 1 μCi [3H]-thymidine was added to the
cultures and cells were incubated further for 16 h. Cells
were then harvested and [3H]-incorporation was measured
by scintillation counting. All assays exhibited < 10% stand-
ard error of the mean (s.e.m.) and were performed a
minimum of six times. In order to compare the suppressive
capacity of the isolated CD4+CD127low+/−CD25+ Tregs between
the different patient groups, we calculated the maximum
suppressive activity (ratio of Treg cells to Tresp cells 1:1). In
addition, we determined the suppressive activity of the iso-
lated Treg cells with gradient ratios of Treg cells to Tresp cells
(ratio of Treg cells to Tresp cells 1:1–1:64) and identified the
ratio with which a minimum suppression of at least 15%
could be achieved (ratio Treg/Tresp) [20].

Statistical analysis

As all data were not distributed normally, the statistical
comparison of the percentages of CD4+ T cells within total
leucocytes, CD4+CD127low+/−CD25+FoxP3+ Treg cells within
total CD4+ T cells, the different Treg subsets (DRlow+ Tregs,
DRhigh+ Tregs, DR− Tregs and naive CD45RA+ Tregs) within the
total CD4+CD127low+/−CD25+FoxP3+ Treg cell pool and of its
HLA-DR mean fluorescence intensities (MFIs) between
the different patient populations (healthy control group,
dietary-treated group, insulin-treated group) was per-
formed using the non-parametric Kruskal–Wallis H test.
This test is used for simultaneous comparison of more than
two sample populations. In addition, dietary- and insulin-
treated GDM groups were pooled and compared with the
healthy control group using the Wilcoxon–Mann–Whitney
U-test. Comparison of the suppressive activity of purified
CD4+CD127low+/−CD25+ Treg cells was also performed using
the Kruskal–Wallis H test. Each H test was followed by a
Dunn test. P < 0·05 was considered significant. As this was
an exploratory analysis, no adjustments for multiple testing
were performed.

Results

Gestational diabetes is not associated with deviations in
the percentage of CD4+CD127low+/−CD25+FoxP3+ Treg

cells within the total CD4+ T cell pool

In this study, peripheral blood mononuclear cells (PBMCs)
were obtained from 64 healthy pregnancies (group 1), 21

patients with dietary-adjusted GDM (group 2) and 40
patients with insulin-dependent GDM (group 3) (Table 1).
Their PBMCs were stained with CD4-, CD127-, CD25-,
FoxP3-, HLA-DR- and CD45RA-specific monoclonal anti-
bodies and analysed by six-colour flow cytometric analysis.
Figure 1 shows the gating strategy for these measurements.
First, CD4+ T cells (Fig. 1a, P1) were analysed for their
simultaneous expression of CD25, CD127 and FoxP3
(Fig. 1b, P2 and Fig. 1c, P3). The percentage of CD4+

CD127low+/−CD25+FoxP3+ Treg cells (Fig. 1c, P3) within the
total CD4+ T cell pool, their composition with four distinct
Treg subsets [DRhigh+ (P4), DRlow+ (P5), DR− memory Tregs

(P6), naive CD45RA+ Tregs (P7)] and the HLA-DR MFI of
the DR+ memory Treg subset (P8) were estimated for all par-
ticipants (Fig. 1d). Figure 1e,f shows the dot-plots of
HLA-DR versus CD45RA analysis of one representative
experiment performed with PBMCs from a patient with
dietary-adjusted GDM (group 2, Fig. 1e) and a patient with
insulin-dependent GDM (group 3, Fig. 1f).

We found no significant differences in either the percent-
age of CD4+ T cells of total leucocytes or the percentage of
CD4+CD127low+/−CD25+FoxP3+ Treg cells within the total
CD4+ T cell pool between healthy pregnancies and pregnan-
cies affected by dietary-adjusted or insulin-dependent
GDM (Fig. 2a,b).

In comparison to healthy pregnancies, the suppressive
activity of the total CD4+CD127low+/−CD25+ Treg cell
pool is moderately decreased in pregnancies affected
by GDM

In order to compare the suppressive capacity of the total
CD4+CD127low+/−CD25+ Treg pool between healthy pregnan-
cies (group 1) and patients with GDM (groups 2 and 3), we
performed co-culture suppression assays, as described
recently [20]. For that, CD4+CD127low+/−CD25+ Treg cells
were isolated from 33 healthy pregnant women between 24
and 41 weeks of gestation (group 1) and 23 pregnant
women affected by GDM (groups 2 and 3) by magnetic
affinity cell sorting (MACS) technology. To evaluate the
suppressive capacity of the isolated CD4+CD127low+/−CD25+

Tregs, we determined the maximum suppressive activity
(Fig. 3a: ratio of Treg cells to Tresp cells 1:1) and calculated the
ratio of Treg cells to Tresp cells with which a minimum sup-
pressive activity of at least 15% could be achieved (Fig. 3b:
ratio Treg/Tresp). Table 2 and Fig. 3 show the results for these
measurements. There were no differences concerning the
maximum suppressive activity of the total CD4+CD127low+/

−CD25+ Treg pool (Fig. 3a) between healthy pregnancies
(group 1) and pregnancies affected by GDM (groups 2 and
3). However, the ratio of Treg/Tresp (Fig. 3b) was decreased
significantly (P < 0·01) in patients with GDM (median 1:4)
(groups 2 and 3) compared to healthy pregnancies (median
1:16).

Treg subsets in gestational diabetes mellitus
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Fig. 1. Gating strategy for six-colour flow

cytometric detection of the total

CD4+CD127low+/−CD25+ forkhead box protein 3

(FoxP3+) regulatory T cell (Treg) pool and its

percentage of DRlow+, DRhigh+, DR− memory Tregs

and naive CD45RA+ Tregs. (a) First, CD4+ T cells

(P1) were gated by fluorescence intensity of

CD4 versus side light scatter (SSC). (b)

CD4+CD127low+/−CD25+ Treg cells were gated by

fluorescence intensity of CD25 versus CD127

(P2). (c) CD4+CD127low+/−CD25+FoxP3+ Treg

cells were gated by excluding cells without

FoxP3 expression (P3). (d) The percentage of

the DRhigh+ (P4), the DRlow+ (P5), the DR− (P6),

and the naive CD45RA+ Treg subset (P7) was

estimated by analysing

CD4+CD127low+/−CD25+FoxP3+ Treg cells (P3) for

their expression of human leucocyte antigen

D-related (HLA-DR) and CD45RA.

Additionally, the HLA-DR mean fluorescence

intensity (MFI) of the DR+ Treg subset (P8) was

determined for all participants. (a–d)

Representative experiment for healthy

pregnancies; (e,f) representative experiments for

patients with dietary-adjusted gestational

diabetes mellitus (GDM) (e) and with

insulin-dependent GDM (f).

Table 2. Percentage of the CD4+CD127low+/−CD25+ forkhead box protein 3(FoxP3+) regulatory T cell (Treg) cell pool within CD4+ T cells, its suppres-

sive activity and its composition with distinct Treg subsets in healthy pregnancies and women with gestational diabetes mellitus (GDM).

Group 1: healthy pregnancies

median (range)

Group 2: dietary-adjusted

GDM median (range)

Group 3: insulin-dependent

GDM median (range)

CD4+ T cells 32·0 (18·8–49·5) 32·9 (12·7–46·3) 31·2 (13·3–51·2)

Treg cells (%) 5·1 (3·3–8·5) 5·1 (3·9–6·3) 4·8 (2·3–7·9)

Suppressive activity

Max. suppr. activity (%) (Treg/Tresp 1/1) 73·2 (35·8–93·8) 74·0 (0–96·4)

Ratio of Treg (> 15% suppr. activity) 1:16 (1:2–1:32) 1:4 ↓ (0–1:32)

Subsets of the Treg pool (%):

DR+ Tregs 22·8 (12·5–34·5) 25·6 (16·5–41·4) 28·8 ↑ (17·2–56·7)

DRlow+ Tregs 20·3 (11·1–30·7) 22·0 (15·1–35·1) 24·3 ↑ (16·1–46·4)

DRhigh+ Tregs 2·5 (0·8–5·2) 2·9 (1·3–6·7) 3·7 ↑ (1·4–15·1)

DR− Tregs 29·9 (13·7–44·8) 34·3 ↑ (24·1–44·9) 31·1 (21·8–44·7)

CD45RA+ Tregs 44·4 (25·6–68·9) 35·8 ↓ (20·9–49·0) 36·8 ↓ (8·7–54·5)

MFI

DR+ Tregs 5047·5 (3033–9053) 4786 (3576–7228) 6424·5 ↑ (3786–11207)

MFI = mean fluorescence intensity; ↑, ↓ = significant differences (P < 0·05) were obtained compared to healthy pregnancies. Tresp = responder

T cells.

L. Schober et al.
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The composition of the total CD4+CD127low+/−CD25+

FoxP3+ Treg cell pool of patients with GDM is different
compared to healthy pregnancies

To examine whether the diminished suppressive activity in
patients with GDM is associated with changes in the com-
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position of the total CD4+CD127low+/−CD25+FoxP3+ Treg pool
with different Treg subsets, we estimated its percentage
of DRhigh+ (P4), DRlow+ (P5), DR− memory Tregs (P6) and
naive CD45RA+ Tregs (P7) (Fig. 1d) for healthy pregnancies
(group 1), for patients with dietary-adjusted GDM (group
2) and patients with insulin-dependent GDM (groups 3).
Additionally, we determined the HLA-DR mean fluores-
cence intensity (MFI) of the DR+ memory Treg subset (P8)
for each participant. Table 2 and Fig. 4a–d depict the results
for these measurements. In comparison to healthy pregnan-
cies (group 1), we found a significantly decreased percent-
age of naive CD45RA+ Tregs (Fig. 4d) for both patients with
dietary-adjusted GDM (group 2) and patients with insulin-
dependent GDM (group 3). Surprisingly, in patients with
dietary-adjusted GDM (group 2), the percentage of DR−

memory Tregs (Fig. 4c) was increased significantly, while in
patients with insulin-dependent GDM (group 3) the per-
centages of activated DRlow+ (Fig. 4a) and DRhigh+ memory
Tregs (Fig. 4b) were increased strongly compared to healthy
pregnancies (group 1). As the HLA-DR MFI of total DR+

memory Tregs was increased significantly in patients with
insulin-dependent GDM (group 3), but not dietary-
adjusted GDM patients, it seems that there is a stronger
increase in the percentage of DRhigh+ memory Tregs compared
to DRlow+ memory Tregs. The direct statistical comparison
between dietary- and insulin-treated pregnancies revealed a
significantly decreased percentage of DR− memory Tregs and
a significantly increased percentage of DRhigh+ memory Tregs

in insulin-dependent GDM patients. In summary, these
results demonstrate clearly that both dietary-adjusted and
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Fig. 4. Detection of the percentages of the

DRlow+, DRhigh+, DR− and CD45RA+ regulatory T

cell (Treg) subsets within total CD4+CD127low+/−

CD25+ forkhead box protein 3 (FoxP3+) Tregs

and the human leucocyte antigen D-related

(HLA-DR) mean fluorescence intensity (MFI)

of the DR+ Treg subset in healthy pregnancies

and patients with gestational diabetes mellitus

(GDM). (a–d) Quantitative changes of the

DRlow+ (a), DRhigh+ (b), DR− (c) and CD45RA+

(d) Treg subsets in pregnancies affected by

dietary-adjusted GDM (group 2, ) and

insulin-dependent GDM (group 3, )

compared to healthy pregnancies (group 1, ♦).

(e) The HLA-DR MFI of the DR+ Treg subset for
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insulin-dependent GDM show a reduced percentage of
naive CD45RA+ Treg cells and an increased percentage of
CD45RA− memory Treg cells. Obviously, there is an aug-
mented conversion into DR− memory Tregs in patients with
less pronounced disease, while patients with severe disease
produce predominantly DRlow+ and DRhigh+ memory Treg

cells. Similar results were obtained when dietary-treated
and insulin-treated groups were pooled (groups 2 and 3,
n = 61) and compared with the healthy control group
(group 1, n = 64). The percentage of naive CD45RA+ Tregs

(median 35·8%, range 8·7–54·5%) was reduced significantly
(P < 0·001), while the percentages of DR− memory Tregs

(median 32·7%, range 21·8–44·9%, P < 0·05), DRlow+

memory Tregs (median 24·0%, range 15·1–46·4%, P < 0·001)
and DRhigh+ memory Tregs (median 3·3%, range 1·3–15·1%,
P < 0·001) were increased significantly in pooled GDM
patients compared to healthy pregnancies.

Discussion

In this exploratory study, we ascertained Treg frequencies,
their suppressive activity and their composition with dis-
tinct Treg subsets (DRhigh+, DRlow+, DR− memory Tregs and
naive CD45RA+ Tregs) in pregnancies affected by GDM com-
pared to healthy pregnancies. Similar to other gestation-
associated diseases (pre-eclampsia, preterm labour) [19,20],
GDM was associated with decreased percentages of naive
CD45RA+ Tregs, but increased percentages of DR−, DRlow+ and
DRhigh+ memory Tregs. Also notable is the fact that dietary-
adjustable GDM was characterized by an increased percent-
age of DR− memory Tregs, while the more severe form of
insulin-dependent GDM was associated with an increased
percentage of the much more activated DRlow+ and DRhigh+

memory Tregs. Such findings may suggest that according to
the severity of the disease, an increased conversion of naive
CD45RA+ Tregs into less activated DR− memory Tregs occurs
in the presence of dietary GDM, while an increased conver-
sion into much more activated DRlow+ and DRhigh+ memory
Tregs occurs in the presence of insulin-dependent GDM.

Interestingly, similar findings are documented for non-
regulatory peripheral T lymphocytes, such as CD4+ T helper
and CD8+ cytotoxic T cell subsets. Compared to healthy
pregnancies, a significantly reduced percentage of naive
CD4+CD45RA+ T helper cells was found in patients with
dietary-adjustable GDM and in patients with insulin-
dependent GDM. In contrast, the percentages of CD4+

CD45RO+ memory T helper cells, the activated CD4+CD25+

and CD4+HLA-DR+ T helper cells were in fact increased sig-
nificantly. In addition, significantly increased percentages of
activated CD8+CD25+ and HLA-DR+ cytotoxic T cells were
also detected in these patient cohorts [22], indicating that
both Tresp cells as well as Treg cells are activated strongly in
the presence of GDM.

Especially for Treg cells, it was shown that the highly acti-
vated DRlow+ and DRhigh+ memory Tregs have the highest sup-

pressive activity within the total Treg pool in normal healthy
control subjects [23]. In particular, the DRhigh+ memory Tregs

were found to be of potential importance for the suppres-
sive activity of the total Treg pool, as these cells were shown
to be reduced significantly in kidney transplant patients
with acute rejection, compared to non-rejecting patients
[23,24]. Surprisingly, we found this relation to be reversed
in pregnancy. In contrast to non-pregnant women, whose
naive CD45RA+ Tregs showed little suppressive activity, the
CD45RA+ Tregs showed the highest suppressive activity in
pregnant women, while the DR+ memory Tregs were less sup-
pressive [25]. Therefore, changes in the composition of the
total Treg pool in the manner that the naive CD45RA+ Tregs

decrease, while the DRlow+ DRhigh+ memory Tregs increase,
may cause a significant loss of the suppressive activity of the
total Treg pool in pregnant women. Meanwhile, such changes
are demonstrated for many gestation-associated diseases,
such as pre-eclampsia and preterm labour, and may explain
the loss of the suppressive activity of the Treg pool in these
patients. At present, it is not known which immunological
mechanisms cause such differences in the suppressive activ-
ity of the individual Treg subsets between pregnant and non-
pregnant women.

Our findings may suggest that the normal maternal
immune suppression is less effective in GDM patients, due
presumably to the fact that the existing Treg pool in GDM
patients is strongly activated, but not capable of fulfilling
its suppressive activity. However, the exact mechanisms
through which such immune activation and inflammation
lead to glucose intolerance in pregnancy are still unclear.
There are some data which demonstrate that inflammasome
activation in adipose tissue interferes with the insulin sig-
nalling pathway, leading to insulin resistance [14]. Mean-
while, it is also known that there is a strong relationship
between inflammatory signals and rising serum pentraxin 3
(PTX3) levels [26]. PTX 3 is known as a marker of vascular
inflammation and atherosclerotic plaque formation, and
therefore it is considered as a strong prognostic factor of
mortality after myocardial infarction [27]. A significantly
increased rise of PTX3 was also found in GDM patients
during oral glucose tolerance test (OGTT). In addition,
there was a negative correlation of PTX3 and insulin sensi-
tivity in these patients [28]. These data suggest a link
between this inflammatory cardiovascular risk marker and
markers for glucose intolerance and insulin resistance in
pregnant women. Also, recent data showed that PTX3 is
elevated significantly in patients affected by pre-eclampsia
[29,30]. Such findings propose that inflammatory events,
due presumably to aberrant immune responses, may
be involved in the pathogenesis of both GDM and
pre-eclampsia [31].

However, our current data do not yet allow the conclu-
sion that the observed changes in the composition of the
total Treg pool and the resulting decrease of its suppressive
activity is responsible for the amplification of inflammatory
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processes observed in GDM patients. Such mechanisms
may not be the cause of the disease, but may simply reflect
the consequences of the disease rather than a pathway
leading to GDM. In addition, it should be noted that our
study is based on exploratory analyses and thus the results
have to be interpreted with care. As a validation cohort is
missing, because it is ethically not acceptable to treat
healthy pregnant women with insulin, the data are some-
what suggestive and require further validation. Notably, in a
murine obesity model for GDM, it has been demonstrated
that GDM leads to chronic hypoxia stress and an excessive
inflammatory response in the murine placenta, thus sug-
gesting a severe dysregulation of the immune tolerance
network under these conditions [32]. Hence, additional
investigations concerning the role of immune activation
and inflammation in the pathogenesis of GDM are neces-
sary to ultimately clarify whether an aberrant Treg cell com-
partment is involved in the pathogenesis of GDM, and also
presumably in the development of related complications,
such as type 2 diabetes, metabolic syndrome and cardiovas-
cular diseases.
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