IO IeA @ ORIGINAL ARTICLE

Oestradiol potentiates the suppressive function of human
CD4* CD25" regulatory T cells by promoting their proliferation

G. Aleph Prieto' and Yvonne

.12
Rosenstein

Unstituto de Biotecnologia, and *Posgrado en
Ciencias Bioquimicas, Universidad Nacional
Auténoma de México, Mexico

doi:10.1111/j.1365-2567.2006.02339.x
Received 1 October 2005; revised 20
December 2005; accepted 4 January 2006.
Correspondence: Y. Rosenstein, PhD,
Instituto de Biotecnologia/UNAM, Apdo
Postal 510-3, Cuernavaca, Mor. 62250,
Mexico. Email: yvonne@ibt.unam.mx
Senior author: Y. Rosenstein, PhD

Introduction

Summary

CD4* CD25" regulatory T (Treg) cells play an important role in the
control of the immune system by suppressing the proliferation of effec-
tor cells, thereby preventing autoreactive, unnecessary or inconvenient
responses. Recently, it has been shown that the number of Treg cells
increases during pregnancy, a period with high serum levels of female
sex hormones. Oestrogen replacement therapy has been reported to
alleviate the symptoms of autoimmune diseases, yet the cellular and
molecular mechanisms involved are not fully understood. Here, we show
that physiological doses of oestradiol (E2) found during pregnancy, com-
bined with activation through CD3/CD28 engagement, promoted the
proliferation of Treg cells without altering their suppressive phenotype.
Enhanced suppression was detected when Treg cells were pretreated with
the hormone as well as when both cell subpopulations (Treg and T
effector) were exposed to E2 throughout the experiment. Together, these
data suggest that when combined with an activating stimulus, E2 can
modulate the function of human Treg cells by regulating their numbers,
and highlight a potential use of E2, or its analogs, to manipulate Treg
function.
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toxic T-lymphocyte antigen 4 (CTLA-4),>* the glucocorti-
coid-induced tumour necrosis factor receptor (GITR)* and

Immune tolerance is mediated by mechanisms that control
self- versus non-self-discrimination, leading to the deletion
of autoreactive cells in the thymus during ontogeny and
to the control of the immune response in the periphery.
CD4" CD25" regulatory T (Treg) cells play an important
role in peripheral tolerance.' There are at least two popula-
tions of Treg cells (i.e. naturally occurring regulatory cells
and induced regulatory cells) and these have different ori-
gins and effector mechanisms. Naturally occurring Treg
cells constitutively express the intrleukin (IL)-2 receptor o
chain (CD25), are generated in the thymus and act through
cell contact-dependent mechanisms;' they express the cyto-

the transcription factor FoxP3.” Induced Treg cells can be
generated in response to specific microenvironments, and
one of the mechanisms through which they achieve sup-
pression is dependent on the secretion of cytokines, such as
IL-10 (Trl) and transforming growth factor-f (TGF-B)
(Th3).! Based on their failure to proliferate in response to
T-cell receptor (TCR) ligation, Treg cells have been consid-
ered to be anergic.>*® However, recent studies challenge
this view, demonstrating that Treg cells have a robust pro-
liferative capacity.>”®

Gender and sex hormones influence humoral and cel-
lular immune responses.” The need for fetal tolerance

Abbreviations: BCS, bovine calf serum; CFSE, carboxiflourescein diacetate succimidylester; CTLA-4, cytotoxic T-lymphocyte
antigen 4; E2, 17B-oestradiol; EAE, experimental autoimmune encephalomyelitis; ERa, oestrogen receptor o; FACS, fluorescence-
acivated cell sorter; FCS, fetal calf serum; FITC, fluorescein isothiocyanate; GITR, glucocorticoid-induced tumour necrosis factor
receptor; IL, interleukin; mAb, monoclonal antibody; MHC, major histocompatibility complex; MTT, 3-(4,5-dimethylthiazol-2-
y1)-2,5 diphenyl tetrazolium bromide; PE, phycoerythrin; PMBC, peripheral blood mononuclear cells; SDS-PAGE, sodium
dodecyl sulphate—polyacrylamide gel electrophoresis; TCR, T-cell receptor; transforming growth factor-B, TGF-p; Teff, CD4* CD25~

effector T cells; Treg, CD4" CD25" regulatory T cells.
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during pregnancy, and the protective or positive role
of 17B-oestradiol (E2) in autoimmunity models, such as
experimental autoimmune encephalomyelitis (EAE)'®™'
and collagen-induced arthritis,">'* suggest that E2
influences peripheral tolerance mechanisms. In support
of this hypothesis, TCR vaccination, in combination
with supplemental doses of oestrogens, has been shown
to induce T cells to produce IL-10 and TGF-B.'* Inter-
estingly, in mice'®> as well as in humans,'®"® the num-
ber of Treg cells has been reported to increase during
pregnancy, while low levels of CD4* CD25""#" T cells
have been associated with spontaneous abortion."”
Moreover, the percentage of CD3" CD4" CD25" T cells
was reported to decrease significantly in term deciduas
basalis and parietalis of spontaneous vaginal deliveries
compared with elective Caesarean sections without
labour."

Given that the levels of E2 increase during pregnancy,
we hypothesized that this sex hormone could regulate
the number and/or the suppressive function of human
Treg cells. We investigated whether the fluctuations of
E2 levels that occur during the menstrual cycle of
healthy women (low during the follicular phase and high
during the luteal phase) modified the numbers of Treg
cells. We found that the percentage of CD4" CD25"¢"
Treg cells was comparable between women and men,
and that there was no difference regarding the phases of
the menstrual cycle. However, data from in vitro experi-
ments revealed that physiological levels of E2 found dur-
ing pregnancy promoted the proliferation of Treg cells
in response to TCR/CD28 engagement, ultimately boost-
ing Treg-mediated suppression. Together, these data sug-
gest that E2-induced signals modulate the suppressive
function of human Treg cells by driving their expansion
after activation.

Materials and methods

Subjects and cell preparation

Healthy female volunteers completed a self-administered
questionnaire regarding their menstrual status, repro-
ductive history and use of oral contraceptives. Women
with regular cycles of 28 + 2 days were included in the
study and subjects taking hormone-containing medica-
tion were excluded. The mean age of the female par-
ticipants was 27-4 + 4.3 years (range 22-33; n = 8),
while that of the male participants was 28-7 * 4-6 years
(range 23-37; n = 7). After volunteers gave informed
consent, peripheral blood was withdrawn by venepunc-
ture in the morning, and peripheral blood mononuclear
cells (PBMCs) were isolated from the blood samples by
Ficoll density-gradient centrifugation, as described previ-
ously.”® The local Bioethics Committee approved this
study.
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Fluorescence-activated cell sorter (FACS) staining

Total T Ilymphocytes (> 98% CD3"), isolated mag-
netically from donors, were stained with the following
antibodies: Tricolor-labelled anti-CD4, phycoerythrin
(PE)-labelled anti-CD25 and fluorescein isothiocyanate
(FITC)-labelled anti-CD69 (Caltag, Burlingame, CA) or
biotin-labelled anti-GITR (R & D, Minneapolis, MN), fol-
lowed by FITC-labelled streptavidin (Molecular Probes,
Eugene, OR). Phospho-Akt was detected in cells permea-
bilized with 90% (v/v) ethanol, using anti-pAKT, an
antibody that recognizes the phosphorylated Ser473 of
AKT (Cell Signalling Technology, Beverly, MA) followed
by incubation with PE-labelled anti-rabbit immunoglob-
ulin (Caltag). After activating for 24 hr with E2, Treg cells
were stained for CD25, CTLA-4 (Ancell, Bayport, MN) or
GITR, followed by an FITC-labelled second-step reagent.
IL-10 was detected by intracellular staining after the addi-
tion of 3 um monensin to the wells for the final 4 hr of
stimulation; cells were fixed, permeabilized with 3%
saponin and stained with anti-IL-10 mAb (R & D) or a
corresponding isotype control. All isotype controls were
from Caltag.

Treg suppression assay

Male T cells were isolated from healthy blood bank donors,
as described previously;”® CD4" CD25" cells were purified
by a round of negative magnetic selection with the anti-
CD8 monoclonal antibody (mAb) OKTS, followed by pos-
itive selection with CD25 microbeads (Miltenyi Biotec,
Auburn, CA) (> 95% purity of CD4" CD25"). Suppression
assays were performed in a final volume of 200 pl/well
of RPMI (Hyclone, Logan, UT) supplemented with 5%
(v/v) fetal calf serum (FCS) (Hyclone) + 5% bovine calf
serum (BCS) (Hyclone). The same batches of FCS and
BCS were used throughout the study; none contained a
significant concentration of E2, as determined by radio-
immune analysis. Different concentrations of E2 (Sigma-
Aldrich, Saint Louis, MO) or the same volume of
solvent (EtOH, 1% final concentration) were added at
the start of the experiment. Alternatively, CD4" CD25"
cells were preincubated with E2 or solvent for 2 hr at
37° and 5% CO,, washed twice, mixed with 10° auto-
logous CD4" CD25  cells per well at the indicated
CD4" CD25™ : CD4" CD25" ratios and plated on anti-
CD3- (0-1 pug; OKT3; ATCC, Manassas, VA)/anti-CD28-
(0-05 png; ANC28.1/5D10; Ancell) coated wells of 96-well
flat-bottom plates (Nunclon, Rochester NY). After
132 hr of incubation at 37° and 5% CO,, proliferation
was measured by using a modification of the MTT
assay.”! The number of cells in each well was calculated
with reference to a standard curve generated using
increasing cell numbers. For each well, the percentage
proliferation (% p) was calculated as follows:
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% p = [(mean final cell number in the coculture — mean initial cell number in the coculture)
+ (mean final activated CD4" CD25  cells — mean initial CD4" CD25~ cells)] x 100.

Alternatively, cells were labelled with 2 pm carboxifloures-
cein diacetate succimidylester (CFSE) (Molecular Probes)
for 10 min at 37° prior to assay set-up. After 132 hr,
cells were harvested and analysed using a FACScan and
the ceLLQUEST software (BD Biosciences, San Jose, CA).
For some assays, phenol red-free supplemented RPMI
(Invitrogen, Gaithersbourg, MD) was used in parallel
with standard RPMI; results were comparable to those
obtained with standard RPML.

Immunoblotting analysis

Purified CD4" CD25" or CD4" CD25" cells were lysed in
RIPA buffer (150 mm NaCl, 1% NP40, 0.5% Na*DOC,
0.1% SDS, 50 mm Tris pHS8). Total cell Iysates
(= 1:5 x 10° cell equivalents per lane) were submitted to
sodium dodecyl sulphate—polyacrylamide gel electrophor-
esis (SDS-PAGE). Resolved proteins were transferred
onto nitrocellulose membranes (Bio-Rad, Hercules, CA),
and oestrogen receptor o (ERa) was detected using anti-
ERa mAb (Santa Cruz Biotechnologies, Santa Cruz, CA)
and chemiluminescence (Amersham Biosciences, Piscata-
way, NJ).

Sex hormone levels

Hormone levels from the same blood sample used to
determine the proportion of T-cell subsets were measured
by radioimmune analysis, using commercially available
kits (DPC, Los Angeles, CA).

Statistical analysis

Comparisons were made by the two-tailed Student’s
t-test. P-values of <0-05 were considered statistically
significant.

Results

E2 signals contribute to the proliferation of Treg cells

Treg cell numbers have been found to be elevated during
pregnancy,'>™® a period where E2 levels are particularly
high.” Considering that the serum levels of E2 are higher
during the luteal phase of the menstrual cycle than during
the follicular phase,” we investigated whether the E2 con-
centration during the luteal phase was associated with
higher numbers of Treg cells. We measured the percent-
age of CD4" CD25"¢" T cells, considered as human Treg

cells,”” during the follicular (days 6-9) and the luteal
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(days 20-24) phases of the menstrual cycle of healthy
women. Independently of whether the analysis was per-
formed on the total T-cell population or on the CD4"
population (data not shown), no significant association
was found between the E2 levels and the percentage
of CD4" CD25"#" T cells, or between the frequencies
of activated cells (CD4" CD25" GITRY, CD4* CD25"
CD69"). Comparison with values obtained from male
donors showed no significant difference in the percentage
of CD4" CD25"" cells between women and men
(Table 1). As previously reported,” we found that women
have a higher proportion of CD4" T cells than men
(P < 0-01; Table 1).

These data suggested that the levels of E2 found in the
serum of healthy individuals do not modulate the number
of Treg cells. However, considering that a fetus is a semi-
allograft which is tolerated despite the presence of non-
self major histocompatibility complex (MHC) proteins
derived from the father, and that during pregnancy E2
levels are up to 100-fold higher than during the menstrual
cycle, we reasoned that those non-self proteins, in combi-
nation with high levels of E2, might provide activation
signals leading to the proliferation of the maternal Treg
cells. To test this possibility, we evaluated whether E2
could promote the proliferation of TCR/CD28-activated
Treg cells. In order to work with cells that had not been
pre-exposed to high E2 levels, we purified CD4* CD25" T
cells from the peripheral blood of healthy male donors.
The purity of these cells (>95% CD4" CD25%, <5%
CD69") and their ability to suppress the proliferation
of autologous CD4" CD25  effector T cells (Teff) in
response to TCR/CD28 engagement, is shown in Fig. 1.
To assess the direct effect of E2 on the Treg cell popula-
tion, CFSE-labelled CD4" CD25" T cells were preincu-
bated for 2 hr with concentrations of E2 similar to those
found during human pregnancy (10 or 100 nm) prior to
plating on anti-CD3/anti-CD28-coated wells, with or
without CD4" CD25~ autologous cells. Cell proliferation
was measured by cytometry after 5 days. Unstimulated
Treg cells, seeded on uncoated wells, proliferated slightly
in response to E2 (Fig. 2a); however, when activated by
CD3/CD28 engagement, cell proliferation increased in an
E2 dose-dependent manner (Fig. 2b). Moreover, when
cocultured with autologous effector cells on CD3/CD28-
coated plates, Treg cells proliferated vigorously as a
function of E2 concentration (Fig. 2c). Under our experi-
mental conditions, Treg cells exposed to E2 preserved
their phenotype: they retained the ability to produce IL-
10 following activation, and remained CD25%, CTLA-4"
and GITR" (Fig. 2e-h).
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Table 1. 17B-Oestradiol serum levels and per-

centages of T-cell subsets in total T lympho- Women (1 = 8)

cytes'

Low E2 High E2 Men (n = 7) P-value
E2 (nm) 0-21 + 0-1 0-53 + 0-2 0-11 £ 0-1 <0-05>°
% CD4" 555+ 76 57-4 = 6:0 42-8 +10-5 <0-01°
% CD4* CD25™¢" 12 £ 0-4 13 £ 05 1.0 £ 04 NS
% CD4" CD25" GITR" 52+ 1.1 74 £ 4.0 64 £ 32 NS
% CD4" CD25" CD69" 42+28 5.9 + 4.0 57423 NS
Total T cells were purified from men and from women in the follicular and luteal phases of
the menstrual cycle. Immediately after purification, three-colour cytometry analysis was car-
ried out and the percentage of the different subsets of cells in the total T-cell lymphocytes was
evaluated. For each serum sample, the concentration of 173-oestradiol (E2) was determined.
"Mean =+ standard deviation; CD4" CD25"8" cells were defined as cells with CD25 fluores-
cence intensity > 10%
*High E2 versus low E2.
*Women versus men.
GITR, glucocorticoid-induced tumour necrosis factor receptor; NS, not significant.
(a) (b) (©) E2-mediated signals contribute to the proliferation of
100 1% 100) Treg cells.
i
g 50, -_ ,A so| 50
S I | t E2 treatment boosts the suppressive function
Py of Treg cells
100 101 107 10° 0 100 q0T 02 10° 100 10! 40P 10° 10 . .
Cb4 cb25 CD69 Treg cells modulate immune responses by suppressing the
(d)wo - proliferation of CD4" CD25™ effector cells as a function
580 ) of the Teff: Treg ratio.! As our data pointed out that
é jg * E2-mediated signals augment the TCR/CD28-induced
e M S proliferation of Treg cells, we evaluated whether the
T suppressive function of these cells was modified by E2.

Teff:Treg ratio

Figure 1. Purified human CD4" CD25" cells show a CD4" CD25"
regulatory T cell (Treg) phenotype. CD4" CD25" T cells purified
from male donors were stained for CD4 (a), CD25 (b) and CD69 (c)
surface antigens. (d) To evaluate the suppressive capacity, different
numbers of isolated CD4" CD25" cells were tested for their ability to
suppress the proliferation of 10° autologous CD4* CD25~ effector T
cells (Teff) in response to plate-bound anti-CD3/anti-CD28 monoclo-
nal antibodies (mAbs). After incubation for 132 hr, cell proliferation
was measured and the percentage proliferation was calculated. Data
shown are representative of three independent experiments. Teff :
Treg ratio, ratio of T-effector cells to CD4" CD25" regulatory T cells.

The participation of the phosphatildyinositol 3-kinase
(PI3K)/Akt axis in cell survival and proliferation is well
documented,’* and a recent publication has reported that
the PI3K/Akt axis also participates in Treg cell prolifer-
ation.?®> In addition, it has been recently shown that the
E2-mediated signals activate this pathway.”®*” Under our
experimental conditions, incubating Treg cells with E2
resulted in enhanced phosphorylation of Akt at Ser473
(pAkt) within 3 min and for the following time-period,
up to 2 hr (Fig. 2d). Together, these results suggest that

© 2006 Blackwell Publishing Ltd, Immunology, 118, 58-65

To investigate this, CD4" CD25” cells were labelled with
CFSE in order to monitor their proliferation. Prolifer-
ation of the CFSE-labelled CD4" CD25™ effector T cells
seeded on anti-CD3/anti-CD28-coated wells was inhibited
by 55% in the presence of autologous Treg cells ata 1: 1
ratio. Remarkably, when Treg cells were preincubated
with E2 for 2 hr, their ability to suppress proliferation
was significantly enhanced, reaching 80% inhibition when
Treg cells were treated with 100 nm E2 (Fig. 3). Similar
results were obtained when total cell proliferation was
measured by MTT reduction (data not shown).

In wvivo, at a given time of the menstrual cycle,
CD4" CD25™ and CD4" CD25" T cells are continuously
exposed to the same serum levels of E2. Therefore, we
cocultured different numbers of male CD4" CD25" cells
with autologous CD4" CD25 cells on anti-CD3/anti-
CD28 mAb-coated wells, with or without physiological
concentrations of E2 (0-1-100 nMm) throughout the experi-
ment. Total cell proliferation, as measured by MTT
reduction, revealed that when added at the onset of the
assay, E2 also inhibited cell proliferation (Fig. 4a). For all
Teff : Treg ratios tested, the highest E2 concentration
(100 nM) reduced proliferation by ~50% compared to
cells incubated with ethanol; statistical analysis revealed
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Figure 2. 17B-Oestradiol (E2) contributes to the proliferation of
CD4" CD25" regulatory T cells (Treg). Purified male CD4" CD25"
T cells were labelled with CFSE, pretreated for 2 hr with E2 or sol-
vent and seeded onto a nonsensitized plate (a), a plate sensitized
with anti-CD3 and anti-CD28 monoclonal antibodies (mAbs) (b),
or mixed with autologous CD4" CD25" effector T (Teff) cells in a
CD3/CD28 sensitized plate (c). After 132 hr, Treg cell proliferation
was measured based on the dilution of the fluorescence of CFSE.
Numbers shown on the top of each square represent the percentage
of cells with decreased fluorescence as compared to non-proliferating
cells. (d) Purified CD4" CD25" T cells were exposed to E2 or eth-
anol for the indicated times and stained for pAkt. (e-h)
CD4" CD25" T cells preincubated with the indicated concentrations
of E2 for 2 hr and activated with plate-bound anti-CD3/CD28 mAbs
for 24 hr, were stained for CD25, cytotoxic T-lymphocyte antigen
(CTLA-4), the glucocorticoid-induced tumour necrosis factor recep-
tor (GITR) and interleukin-10 (IL-10). Data shown are representa-
tive of three independent experiments. PMA, phorbol 12-myristate
13-acetate; Teff : Treg ratio, ratio of CD4" CD25 T-effector cells to
CD4" CD25" regulatory T cells.

a significant difference between these two conditions
(P < 0-01). Interestingly, at a Teff : Treg ratio of 1: 2, a
significant reduction in proliferation was observed, even
at the lowest E2 concentration tested (0-1 nm). In the
absence of Treg cells, the proliferation of CD4" CD25~
cells to CD3/CD28-activating signals was not significantly
modified by E2 (Fig. 4b).

Two structurally and functionally distinct oestrogen
receptors (ERo. and ERP) have been characterized and
found to be encoded by two separate genes.”® Both recep-
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Figure 3. 17B-Oestradiol (E2)-treated CD4" CD25" regulatory T
cells (Treg) suppress more efficiently the proliferation of effector
cells. Purified male CD4" CD25" T cells were pretreated for 2 hr
with E2 or solvent. To ensure that no traces of E2 remained, cells
were washed twice with 5 ml of RPMI before combining with
autologous CFSE-labelled CD4" CD25™ cells at a 1 : 1 ratio of Teff
cells to Treg cells (Teff : Treg). After 132 hr, proliferation was evalu-
ated by assessing the fluorescence of the CD4" CD25™ T cells. Num-
bers shown on the top of each square represent the percentage of
cells with decreased fluorescence compared to non-proliferating cells.
Data shown are representative of three independent experiments.

tors have been identified on lymphoid cells;?® however, it
has been shown that the protective effect of E2 on EAE is
dependent on the expression of ERa, but not ERB.*® As
E2 was found to drive the expansion of the Treg com-
partment, and this effect was substantially lower in mice
lacking ERa,'? we evaluated whether Treg cells expressed
ERa. ERa was detected by immunoblot on resting human
Treg cell lysates (Fig. 4c). Overall, these data show that
E2-mediated signals, combined with TCR/CD28 activa-
tion, result in an improved suppressive function of the
Treg cell population.

Discussion

Modulation of the Treg function by high concentrations of
sex hormones, such as those found during pregnancy, has
been proposed, suggesting a relationship between preg-
nancy, the number of Treg cells and fetal protection,'>™*®
We evaluated the effects of E2 on the function and fre-
quency of human Treg cells. In healthy young women,
with normal E2 serum concentrations (0-21-0-53 nMm), we
did not find an association between the percentages of
CD4" CD25™¢" T cells and serum E2 levels during the two
phases of the menstrual cycle (Table 1). These results, and
the lack of association between the percentage of
CD4" CD25™¢" cells and the levels of progesterone in
women, as well as of testosterone, progesterone or E2 in
male healthy volunteers (data not shown), suggests that

© 2006 Blackwell Publishing Ltd, /mmunology, 118, 58-65
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Figure 4. 17B-Oestradiol (E2) potentiates the suppression mediated
by CD4" CD25" regulatory T cells (Treg). (a) Different numbers of
CD4" CD25" cells of male volunteers were tested for their ability to
suppress the proliferation of autologous CD4* CD25™ T effector (Teff)
cells (10°) in response to plate-bound anti-CD3/anti-CD28 mono-
clonal antibodies (mAbs) in the presence of different doses of E2 added
from the onset of the assay. After incubation for 132 hr, proliferation
was measured. (b) In parallel, CD4" CD25" effector cells (10°) of the
same individual were activated on anti-CD3/CD28-coated wells in the
presence of E2. After 132 hr of incubation, the cell number was meas-
ured by the MTT method. (c) Total cell lysates from 15 x 10° purified
cells were resolved by sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to a nitrocellulose membrane
and probed with an anti-oestrogen receptor o (ERa) mAb. MCE-7
cells were used as a positive control. Results shown are representative
of two (a and b) or three (c) independent experiments carried out in
triplicate. *P < 0-05, **P < 0-01 versus solvent. Teff : Treg ratio, ratio
of CD4" CD25 T-effector cells to CD4" CD25" regulatory T cells.

under basal immune conditions, physiological levels of sex
hormones do not substantially alter the number of Treg
cells. We also found that women and men have similar
percentages of CD4" CD25"8" cells, supporting the idea
that gender does not affect Treg activity.”"

CD4" CD25" Treg cells can be generated in the thymus
or induced in the periphery.' The expansion of the Treg
population during pregnancy could thus result from de
novo generation in the thymus and/or in the periphery,
or by proliferation of the existing CD4" CD25" Treg cells.
The addition of E2 to CD4" CD25  cells activated by
CD3/CD28 cross-linking has been shown to augment the
proportion of CD4" CD25" cells and the expression level
of FoxP3 mRNA,'* probably reflecting the proliferation
of the recently described CD4" CD25~ FoxP3" regulatory
T-cell population.”® Even though we cannot conclude
whether the natural or the induced population of Treg
cells is being activated, our data show that E2 enhances
the proliferation of CD4" CD25" Treg cells in response to
CD3/CD28 activation (Fig. 2), thus favouring the preg-
nancy-associated E2-induced Treg proliferation hypo-

© 2006 Blackwell Publishing Ltd, Immunology, 118, 58-65
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thesis. Interestingly, the expansion of the Treg cells was
dependent on the presence of CD4" CD25™ cells (Fig. 2c),
suggesting that activation-induced signals (such as IL-2)
provided by effector cells contribute to proliferation of
the Treg cell population. These results emphasize the
important role that the activation/hormonal status plays
in the modulation of the number of Treg cells during
pregnancy. Although it has been reported that the expan-
sion of the Treg cell pool during murine pregnancy is
alloantigen-independent,'® suggesting that Treg cell prolif-
eration does not require an activating stimulus, it should
be noted that this assumption was based on the propor-
tion of CD4" CD25" cells present in the CD4" popu-
lation. As the total number of CD4" cells could be
differentially affected after exposure to an allogeneic or a
syngeneic mate, the absolute count of Treg cells in each
condition is necessary to solve this discrepancy.

Consistent with other reports,3’7‘8’33 our data also
suggest that despite the break of anergy in response to
E2 treatment, the Treg function of the CD4" CD25"
cells prevailed because, when tested in a suppression
assay, they inhibited the proliferation of effector cells as
efficiently as that reported with Treg cells from preg-
nant women.'® In addition, under our experimental
conditions, Treg cells exposed to E2 preserved their
phenotype: they retained the ability to produce IL-10
following activation and remained CTLA-4", GITR" and
CD25" (Fig. 2). Moreover, these data highlight the
potential use of the E2-expanded human Treg cells in
clinical therapy, as it is severely limited by the small
numbers of Treg cells (1-2% of CD4" T cells) found
in the circulation.*?

Although Treg cells are hypoproliferative in response
to either TCR*™° or IL-2 stimulation,® combining these
signals,>>®** or a strong CD28 costimulation,™® restores
their proliferative capacity. Under our experimental con-
ditions, Treg cells were found to have augmented levels of
pAkt following treatment with E2, suggesting crosstalk
between the CD3/CD28 and the E2 signalling pathways,
ultimately leading to Treg cell proliferation. The fact that
we detected the ERo molecule on Treg cells (Fig. 4c) as
well as an enhanced phosphorylation of Akt within the
first 3 min of E2 treatment, is indicative of an E2 non-
genomic activating signal mediated through a membrane/
cytoplasmic ERa, as previously described on total T
cells.’* However, the contribution of ERB or of an as-yet-
unknown ER receptor cannot be ruled out, and further
experiments are required to identify the different signal-
ling pathways activated through these receptors, and to
understand their contribution to the suppressive function
of Treg cells.

Consistent with the fact that activation of total T
lymphocytes in the presence of E2 has been shown to
inhibit CD25 and IL-2 expression,35 we found that E2
boosted the suppressive function of the CD4" CD25"
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population, ultimately resulting in a diminished prolifer-
ation of CD4" CD25 cells. These data, and those of a
previous report with murine Treg cells,'’ underscore an
important role for this hormone in modulating cell-medi-
ated tolerance and are consistent with the fact that during
pregnancy autoimmune disease is ameliorated, but often
relapses after delivery, when hormonal levels decrease.'**®
Whether the combination of the cyclical fluctuations in
the E2 levels that occur during the menstrual cycle with
an activating stimulus, such as an infection, participates
in the modulation of tolerance, favouring the expansion
of autoreactive cells and contributing to enhanced
incidence of autoimmunity in women,>® remains to be
investigated.

In summary, data shown here provide evidence that E2
enhances the suppressive function of human Treg cells by
augmenting their number following activation. These
results also highlight a potential therapeutic use for E2 to
drive the expansion of Treg cells in vitro.
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