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a b s t r a c t

Several studies have reported that the fine-tuning of regulatory T cells (Tregs) is required
for a successful pregnancy and for the control of autoimmune diseases. Here, we review
the mechanisms that control the expansion of Tregs, based on insights obtained from the
study of women suffering unsuccessful pregnancies and on recent data from patients with
eywords:
egulatory T cell
uman reproduction

autoimmune diseases or with chronic viral infections such as HCV. In particular, we review
the role of endocrine factors and IL-2/STAT5 signalling in the impaired expansion of Tregs.

© 2011 Elsevier Ireland Ltd. All rights reserved.
TAT-5
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. Introduction

Several types of T regulatory cells (Tregs) have been
escribed in both mice and humans (Fig. 1), including
atural or professional Tregs (CD4+ CD25+ T cells) and
he adaptive Th3 and Tr1 Treg subsets, which develop as
consequence of the activation of mature T cells under
onditions of sub-optimal antigen exposure and/or co-
timulation.

Abbreviations: Treg, regulatory T cell; nTreg, natural regulatory T
ell; iTreg, inducible regulatory T cell; rTreg, resting regulatory T cell;
Treg, activated regulatory T cell; FOXP3, forkhead box P3; RSA, recur-
ent spontaneous abortion; E2, 17-�-estradiol; STAT-5, signal transducer
nd activator of transcription 5.
∗ Corresponding author at: Laboratorio de Inmunogenética, Hospital
e Clínicas “Jose de San Martín”, Facultad de Medicina, Universidad de
uenos Aires, Av Cordoba 2351 (1120), Buenos Aires, Argentina.
el.: +54 11 5950 8756; fax: +54 11 5950 8758.

E-mail addresses: lfainboim@hospitaldeclinicas.uba.ar,
fainboim@yahoo.com (L. Fainboim).

165-0378/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.jri.2010.12.007
Natural Tregs (nTregs) are produced in the thymus as a
functionally mature subpopulation of T cells and comprise
a population of cells enriched in CD4+ CD25+ T cells that
express the transcription factor forkhead box P3 (FOXP3).
FOXP3 expression is necessary and sufficient for Treg devel-
opment and function and has become a reliable marker
for the Treg lineage. These thymus-derived natural Treg
cells retain a stable phenotype following emigration to
the periphery. Outside the thymus, natural Treg cells can
become activated by specific antigens and acquire some of
the phenotypic properties of effector or memory T cells,
such as the capacity to migrate to inflamed peripheral tis-
sues, while maintaining FOXP3 expression and suppressive
function.

In 1980, we were the first to show the generation of
human regulatory or suppressor T cells expressing HLA-
DR, which were induced by long-term T-cell activation

(Fainboim et al., 1980). We can now explain those results,
hypothesising that activated Tregs and those originating
from CD4+ CD25− T-cells that become suppressor Tregs
can survive preferentially over conventional T cells. More
recently, it was shown that inducible Tregs (iTregs) can dif-
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Fig. 1. Different types of Tregs: (1) natural or thymic-derived FOXP3+ Tregs
are FOXP3-, Tr1 and Th3, and a third is FOXP3+. In addition, according to the
characterised (Miyara et al., 2009): CD45RA+ FOXP3low resting Treg cells
T cells.

ferentiate from CD4+ CD25− cells in response to IL-2 and
TGF-� (Bluestone and Abbas, 2003). These Tregs share a
similar phenotype with nTregs, and IL-2 and TGF-� seem
to play a non-redundant role in the maintenance and sur-
vival of both types of Tregs (Marie et al., 2005; Davidson
et al., 2007; Zheng et al., 2007).

The possibility of dissecting FOXP3+ Treg cells into sub-
sets enables us to analyse Treg cell differentiation dynamics
and interactions in normal and disease states and to control
immune responses through the manipulation of particular
Treg subpopulations.

2. Tregs and successful pregnancy

Human reproduction entails a fundamental paradox:
although it is critical to the survival of the species, the
process is relatively inefficient. Maximal fecundity (the
probability of conception during one menstrual cycle)
is approximately 30%. Only 50–60% of all conceptions
advance beyond 20 weeks of gestation. Of the pregnan-
cies that are lost, 75% represent a failure of implantation
and are therefore not clinically recognized as pregnancies
(Wilcox et al., 1988; Zinaman et al., 1996; Rai and Regan,
2006).

Successful implantation is the end result of complex
molecular interactions between the hormonally primed
uterus and a mature blastocyst. Pregnancy constitutes a

major challenge to the maternal immune system, as it
has to tolerate the persistence of paternal alloantigen.
Although localised mechanisms contribute to foetal eva-
sion of immune attack, maternal alloreactive lymphocytes
persist.
) three types of Tregs generated during an adaptive immune response: two
sion of CD45RA and FOXP3, three different FOXP3+ Treg subsets have been
A− FOXP3high activated Tregs and CD45RA− FOXP3low non-suppressive

Regulatory T cells appear to play an essential role in
controlling maternal immunity against paternally inher-
ited foetal alloantigens. In their pioneering work, Aluvihare
et al. (2004) first reported the systemic expansion of mater-
nal CD4+ CD25+ T cells that have dominant regulatory T
cell activity during mouse pregnancy. They also demon-
strated that depletion of peripheral blood CD4+ CD25+ cells
leads to gestation failure in allogeneic, but not in syngeneic,
pregnancy. Subsequent studies confirmed the expansion
of CD4+ CD25+ cells during mouse pregnancy (Zenclussen
et al., 2005; Zhao et al., 2007).

Almost simultaneously with these murine reports,
human studies also demonstrated an increase in circulating
Treg cells during pregnancy. An initial report demon-
strated an increase in CD4+ CD25+ T cells during early
pregnancy, which peaked during the second trimester and
then declined postpartum (Somerset et al., 2004). Also in
2004, two studies demonstrated that early human preg-
nancy decidua contained an abundance of CD4+ CD25high

T cells expressing a high level of CTLA-4, which was signif-
icantly reduced in specimens from spontaneous abortion
compared with those specimens from induced abortions
(Heikkinen et al., 2004; Sasaki et al., 2004). One of these
studies also showed that the increased number of Tregs
isolated from the human deciduae (Heikkinen et al., 2004)
was associated with an increase in this population in the
peripheral blood during the first and second trimesters

of gestation. The increase in Tregs at the foetal–maternal
interface was later confirmed in several human studies
(Mjosberg et al., 2010; Tilburgs et al., 2008; Jin et al., 2009).
The unusually high frequency of CD4+ CD25+ cells in the
uterus has recently been related to a preferential recruit-
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ent of foetus-specific regulatory T cells from maternal
eripheral blood to the foetal–maternal interface. This pool
f Tregs that expands during pregnancy is enriched in CD4+

D25+ FOXP3+ cells, has suppressive function in vitro, and
as a higher frequency of FOXP3-positive cells when com-
ared with peripheral blood CD4+ CD25+ cells (Tilburgs
t al., 2008).Thus, an increase in the number of Tregs at
he human maternal-foetal interface seems clear. How-
ver, most of the original human studies that showed a
ystemic increase in the number of Tregs were based on
he expression of the CD25 marker. Expression of CD25 is
ot exclusive to Tregs, and the expression of this marker
n activated effector cells might explain the contradictory
esults obtained in different studies. In fact, studies using
dditional markers to characterize Tregs fail to demon-
trate a systemic increase in phenotypically well-defined
regs (Mjosberg et al., 2009). An additional source of con-
roversy is the recent data indicating that the so-called
OXP3+ Treg cells are not a homogeneous population of
ells (see Fig. 1). According to Sakaguchi group’s findings,
uman FOXP3+ CD4+ T cells are composed of three phe-
otypically and functionally distinct subpopulations: two
ith suppressive activity in vitro, the CD45RA+ FOXP3low

esting Treg cells (rTreg) and CD45RA− FOXP3high activated
reg cells (aTreg), and a third with the phenotype CD45RA−

OXP3low, which secretes cytokines and lacks suppressive
ctivity (Miyara et al., 2009). The proportion of the three
ubpopulations differs between cord blood samples, sam-
les from aged individuals, and samples from patients with

mmunological diseases. According to this study, aTregs
riginate from the differentiation of rTregs. In vivo, after
heir stimulation, rTreg cells upregulate FoxP3 expression,
ifferentiate to aTreg cells, and proliferate. Considering
hat aTreg cells rapidly die in vitro and that the immune
ystem is constantly challenged by exogenous and endoge-
ous antigens, it is likely that the maintenance of the pool
f aTreg cells is the consequence of a tight balance between
he constant development of aTreg cells from activated and
roliferating rTreg cells and their death after exerting sup-
ression (Miyara et al., 2009). Because aTreg cells appear
o be terminally differentiated and rapidly die, attempts
o expand Treg cells ex vivo for cell therapy should be
ocused on the high capacity of rTreg cells to proliferate
Hoffmann et al., 2006). It needs to be determined whether
Treg cells are constantly produced by the thymus, whether
hey have a high renewal capacity in the periphery, or
oth.Mjosberg et al. showed that the frequency of human
econd-trimester circulating FOXP3+ Tregs was reduced,
ut that these cells still displayed the same suppressive
apacity (Mjosberg et al., 2009). Another study found that
he total Treg cell numbers did not increase during early
regnancy. However, when Treg subsets were dissected
ccording to their level of expression of FOXP3, into CD4+

D25+ FOXP3high+ Treg cells or CD4+ CD25high+ FOXP3+

regs, a strong increase in the percentage of the CD4+ CD25+

OXP3high+ Treg cell population was observed during the

rst and second trimester, whereas in the third trimester,
his Treg cell population decreased considerably until term,
nd the proportion of CD4+ CD25+ FOXP3high+ cells cor-
elated with their suppressive capacity (Steinborn et al.,
008).
tive Immunology 88 (2011) 93–98 95

3. How are Tregs expanded during pregnancy?

Maternal Tregs are critical in responses to the pater-
nal alloantigens expressed by the foetus. In their report,
Aluvihare et al. (2004) showed that Treg expansion occurs
in both syngeneic and allogeneic mating and suggested
that this increase was alloantigen-independent, implying
that maternal Tregs do not need to be primed by pater-
nal alloantigens to protect the foetus. More recent studies,
which characterise Tregs as FOXP3+, provide a different
point of view (Schumacher et al., 2007; Thuere et al., 2007;
Zhao et al., 2007; Robertson et al., 2009). For instance, Tai
et al. (2008) showed a greater expansion of Tregs in allo-
geneically compared with syngeneically pregnant mice,
suggesting reduced generation of alloreactivity against
paternal antigens. Similarly, virgin inbred mice undergoing
a first syngeneic pregnancy, in which only the male foetuses
were antigenic, showed a restricted maternal proliferative
response to the male foetal antigen (H-Y), where a portion
of the maternal immune response to foetal antigens was
Treg in nature (Kahn and Baltimore, 2010). The influence
of foetal alloantigen in stimulating human Tregs was also
reported (Tilburgs et al., 2009) to be associated with HLA-C,
the only polymorphic classical histocompatibility antigen
expressed by the foetal trophoblast at the foetal–maternal
interface. Notably, these authors found that pregnancies
containing an HLA-C mismatched child induced increased
expansion of functional CD4+ CD25high regulatory Tregs in
decidual tissue; whereas HLA-C-matched pregnancies did
not.

A new factor with the capability to induce Treg expan-
sion during pregnancy was recently described. This protein
is a glycoprotein of the lipocalin superfamily known as
PP14 or glycodelin, which is involved in the transport of
small hydrophobic ligands. Amniotic PP14 is synthesised
in secretory endometrial glands and by the gestational
deciduae and is regulated by progesterone. Maternal serum
levels of PP14 rise in early pregnancy, with the highest con-
centrations in the deciduae between the sixth and twelfth
weeks of gestation. This glycoprotein is known to promote
the generation of Treg cells and could be, at least partially,
responsible for an alloantigen-independent expansion of
Tregs (Ochanuna et al., 2010).

4. Influence of sex hormones in the expansion of
Tregs

The role of sex hormones in the regulation of Tregs dur-
ing pregnancy is also controversial. Because of the changes
in these hormones during pregnancy, it has been proposed
that they may be involved in Treg expansion. Oestrogen
seems to augment Treg numbers, and it was reported that
treatment of naive mice with oestrogen (E2) increased both
CD25+ cell number and FOXP3 expression level (Polanczyk
et al., 2004). However, the mechanism by which hormones
participate in the expansion of Tregs during pregnancy has

been not completely elucidated. Tai et al. (2008) found that
physiological, in vivo doses of E2 expanded CD4+ CD25+

cells. These authors claim that E2 stimulates the conver-
sion of CD4+ CD25− cells to CD4+ CD25+ cells, which exhibit
enhanced FOXP3 and IL-10 expression in vitro and have
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Fig. 2. Upon binding of IL-2 to its receptor (IL-2R), the associated Janus
kinases become activated and phosphorylate the cytoplasmic domains
96 L. Fainboim, L. Arruvito / Journal of R

regulatory functions similar to natural Tregs. Similarly, it
was postulated that both E2 and pregnancy enhance PD-1
expression by DCs and macrophages, which enhances the
in vitro expansion and function of Tregs (Polanczyk et al.,
2006; Franceschini et al., 2009). In contrast, other reports
have excluded hormonal changes during pregnancy as the
exclusive driving force in Treg expansion (Schumacher
et al., 2007; Thuere et al., 2007). In a previous study,
we were able to demonstrate a pre-implantation expan-
sion of Tregs during the normal human menstrual cycle,
which tightly correlated with an increase in serum levels
of oestrogen. However, this expansion was not detected in
patients with recurrent spontaneous abortions, in spite of
the presence of normal levels of serum E2 in these patients
(Arruvito et al., 2007). As we will discuss in the next sec-
tion, these findings suggest that additional mechanisms
participate in the regulated expansion of Tregs. Similarly,
every time a female mouse approaches oestrus, Tregs start
to accumulate in the uterus in preparation for a possible
implantation event (Kallikourdis and Betz, 2007).

5. Role of the IL-2/STAT-5 signalling pathway in the
expansion of Tregs

5.1. Role of IL-2/STAT-5 in pregnancy loss

Human recurrent spontaneous abortions (RSA) have
been defined as three or more consecutive clinical preg-
nancies lost before the 20th week of pregnancy. According
to this definition, RSA occurs in ∼1 in 100 pregnan-
cies around the world. However, this frequency increases
up to 5% when clinicians define RSA as two or more
losses of pregnancy. In addition, epidemiological investiga-
tions have demonstrated that the frequency of subsequent
pregnancy loss is ∼24% after two pregnancy losses, 30%
after three and 40% after four successive pregnancy
losses (Baek et al., 2007). In many cases, the aetiology
is unknown, but several hypotheses have been proposed,
including chromosomal and uterine anatomical abnor-
malities, endometrial infections, endocrine abnormalities,
anti-phospholipid syndrome, inherited thrombophilias,
alloimmune causes, genetic factors, exposure to environ-
mental factors and stress factors.

Women who have had recurrent spontaneous abortions
showed similarly low numbers of Tregs at both the follicu-
lar and luteal phases, comparable to the numbers observed
in postmenopausal women. In addition to their decreased
numbers, Tregs from women with RSA were also function-
ally deficient, as higher numbers were required to exert a
similar magnitude of suppression to that induced by Tregs
from fertile women (Arruvito et al., 2007). In men, testos-
terone was shown to play a critical role in maintaining the
level of Tregs, without the profound changes in Treg fre-
quencies observed in women under the cyclic influence of
female sex hormones (Page et al., 2006). As already dis-
cussed, expansion of Tregs in fertile women during the

follicular phase is correlated with the levels of serum E2.
However, the low expansion of Tregs in RSA patients was
observed in patients with similar or even increased levels
of E2 (Arruvito et al., 2007). Thus, additional factors must
cause the deficit of Tregs observed in RSA patients.
of the IL-2R, creating docking sites for intracellular proteins, such as
STAT-5. After binding to the receptor complex, STAT-5 is phosphory-
lated, dimerises and translocates to the nucleus. There, it regulates the
transcription of multiple genes including FOXP3.

As mentioned above, IL-2 plays a central role in Treg
development. In vitro, IL-2 and TGF-� induce FOXP3+ Treg
cells from naive CD4+ T cells (Bluestone and Abbas, 2003;
Yao et al., 2007), and in vivo, during immune reconstitution
of cancer or lymphopaenia patients receiving IL-2 therapy,
patients show a homeostatic peripheral expansion of Treg
cells (Zhang et al., 2005).

In mice, signal transducer and activator of transcription-
5 (STAT-5) are known to be required for the development of
FOXP3+ (Fig. 2) Tregs (Burchill et al., 2007). In humans, the
activation of the JAK-STAT signalling pathway is required
for peripheral expansion and suppressive activity of Tregs
(Murray, 2007; Malek, 2008), and individuals with a defi-
ciency of STAT-5b have a decreased frequency of Tregs,
which have decreased function (Cohen et al., 2006).

Accordingly, we investigated the participation of the
IL-2/STAT-5 signalling in fertile women and showed a phys-
iological expansion of Tregs in comparison with women
with reproductive failure (Arruvito et al., 2010). In fertile
women, PBMC activation with lectins plus IL-2 expanded
the number of FOXP3 cells. In contrast, in RSA patients, the
same in vitro activation performed in the absence of E2
resulted in a very poor expansion of Tregs. The impaired
response in RSA patients was associated with a low level of
secretion of IL-2 and TGF-�. In addition to low-level secre-
tion of IL-2, RSA patients showed a limited expression of
CD4+ P-STAT-5 cells in response to the IL-2 stimulus. The
decreased expression of P-STAT-5 in RSA patients seemed
to be intrinsic because the levels of P-STAT-5 in controls and
patients showed an association with the dose of IL-2 used as

stimulus. Functional studies also confirmed a more limited
suppressive capacity of inducible Tregs from RSA patients.
These results are in line with our previous reports, show-
ing not only quantitative but also functional suppressive
deficiency in RSA patients.
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Fig. 3. During the classical pathway of IL-6 signalling, IL-6 first binds to
the membrane IL-6 receptor (IL-6R) and the complex of IL-6/IL-6R asso-
ciates with the signal-transducing membrane protein gp130, promoting
its dimerisation and the subsequent initiation of intracellular signals.
Alternatively, in the so-called trans-signalling process, soluble forms of
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.2. Role of IL-2/STAT-5 in autoimmunity

A deficit in the IL-2/STAT signalling axis may also have
n impact on the development of tolerance to autoantigens.
L-2 strongly regulates FOXP3 expression in a STAT5-
ependent manner (Zorn et al., 2006), and the few reported
uman cases of deficiency in IL-2R� resulted in autoimmu-
ity, lymphadenopathy and persistent viral infection (Aoki
t al., 2006; Strieder et al., 2006). The aetiology of autoim-
une diseases is known to be multi-factorial. It has been

stimated that at best 79% of the probability of developing
utoimmune thyroid disease can be attributed to genet-
cs (Brix et al., 2000). A study of females with at least one
rst- or second-degree relative with thyroid autoimmu-
ity (Strieder et al., 2006) revealed reduced serum levels of
IL-2R and reduced percentages of circulating CD4+ CD25+

ymphocytes. These early results suggested that reduced
xpansion of putative CD4+ CD25+ Tregs was associated
ith an increased risk of developing thyroid autoimmunity.
ore recently, a strong relationship was reported between

efects in IL-2R signalling and diminished maintenance of
OXP3 expression in CD4+ CD25+ Tregs from type 1 dia-
etic subjects (Long et al., 2010). In this study, the authors
ound that after exposure to IL-2, the majority of CD4+

D25+ T cells isolated from control subjects responded to
L-2 stimulation as measured by P-STAT5. In comparison,
ignificantly fewer T-cells from type 1 diabetic subjects
esponded to IL-2, indicating that decreased IL-2 responses
re linked to defects in IL-2R signalling.

.3. Role of Tregs in chronic viral infection (HCV)

In addition to suppressing autoimmune responses,
D4+ CD25+ FOXP3+ cells limit T cell responses during
hronic infection, thereby minimising T-cell-dependent
mmunopathology. In livers of patients chronically infected

ith HCV, a lower number of intra-hepatic Tregs coin-
ided with the upregulation of programmed death-1
PD-1). Consistent with the possibility that PD-1 con-
rols Tregs, blockade of the interaction between PD-1
nd PD-1 ligand (PD-L1) enhances the in vitro expansion
nd function of Tregs isolated from the livers of patients
hronically infected with HCV. Notably, PD-L1 inhibition
pregulated STAT-5 phosphorylation of those Tregs, sug-
esting that PD-L1 negatively regulates Tregs at sites of
hronic inflammation by controlling STAT-5 phosphoryla-
ion (Franceschini et al., 2009).

. Role of IL-6 signalling in Tregs development

In addition to its intrinsic defect in IL-2/STAT-5 sig-
alling, IL-6 has been implicated in the pathogenesis of
any autoimmune and chronic inflammatory diseases

Kishimoto, 1992; Pasare and Medzhitov, 2003; Wan et al.,
007).

However, in spite of the role assigned to IL-6 in Tregs, lit-

le is known about the mechanism by which IL-6 modulates
his cell type. One study of IL-6−/− mice demonstrated that
L-6 can limit the activity of virus-specific Tregs, thereby
acilitating the activity of virus-specific memory CD4+ cells
Longhi et al., 2008).
the IL-6R (sIL-6R) are capable of forming a complex with IL-6 and of stimu-
lating cells, which only express gp130. Soluble forms of sIL-6R and soluble
gp 130 (sgp 130) are naturally present in serum and in several fluids. The
process of trans-signalling can be inhibited by a molar excess of sgp130.

In mice, IL-6 trans-signalling via the soluble IL-6R abro-
gates both the induction of FOXP3 expression and its
suppressive function in naïve mouse CD4+ CD25− T cells
(Fig. 3) (Dominitzki et al., 2007). In line with these data,
we found an increase in IL-6 and in the soluble IL-6R in
RSA patients, which was associated with a decrease in sol-
uble gp130, a component known to inhibit trans-signalling
(Arruvito et al., 2009). Notably, the activation of naïve CD4+

T cells or isolated nTregs with IL-2 and TGF-� downregu-
lated IL-6 receptor expression and its signalling pathway
and caused them to become resistant to Th17 conversion
(Zheng et al., 2008).

Concluding remarks

In this review, we explore mechanisms that may control
the expansion of Tregs. We describe the role of Tregs during
normal pregnancy. However, new insights into the regula-
tion of Tregs have come from diseases such as recurrent
pregnancy loss, autoimmunity and chronic viral infections.
From these cases, we have learned that deficiencies in
the IL-2/STAT5 signalling pathway play a central role in
controlling the expansion of Tregs. However, we caution
against analysing the expansion of Tregs solely based on
their expression of FOXP3. We have learned that cells
expressing this transcription factor represents a hetero-
geneous population, which contains not only regulatory T
cells, but also an important subset of cells without sup-
pressor capacity that are able to secrete inflammatory
cytokines. Therefore, further studies examining different
subsets of FOXP3+ cells will be required to clarify the
role of FOXP3+ Treg cells in many physiological and non-
physiological situations.
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