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Systemic lupus erythematosus (SLE) is the most common autoimmune disease affecting women
of reproductive age and is associated with poor maternal and fetal outcomes. CD4+*CD25* Treg
cells are a subset of T lymphocytes with potent immunosuppressive activity that play crucial
roles in controlling immunological self tolerance. Evidence suggests that they are augmented
in pregnancy, especially in the first trimester, suggesting an important role in early placental
development. The literature describing Treg cells in SLE is conflicting, but SLE is associated with
reduced numbers and functionally defective Treg cells, which may predispose pregnant women
with the disease to pregnancy complications. This article discusses the role of Treg cells in SLE
and pregnancy, and how these cells may contribute to poor pregnancy outcome in

SLE-affected women.
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Systemic lupus erythematosus (SLE) is a multi-
system autoimmune connective tissue disorder
with a wide range of clinical manifestations
including musculoskeletal, renal, cardiovascular,
neuropsychiatric and pulmonary involvement,
resulting in chronic debilitating ill health [1].
The reported overall prevalence of SLE in the
population is approximately 52 in 100,000; but
this varies significantly with ethnicity, age and
gender [2]. The prevalence is increasing, probably
due to a combination of better recognition of
milder forms and improving survival rates. In the
UK, inward migration of higher risk populations
will also contribute to an increased prevalence.

Systemic lupus erythematosus is predomi-
nantly a disease of women of reproductive age. It
is therefore of clinical importance in pregnancy
and it is thought to affect approximately one to
two out of every 1000 pregnancies [3]. During
pregnancy, SLE is associated with significant
maternal and fetal morbidity. Over the years,
through a better understanding of the condi-
tion and a more multidisciplinary approach,
more women with SLE are having successful
pregnancies and delivering healthy babies [4].
Nonetheless, a recent systematic review and
meta-analysis of pregnancy outcomes in patients
with SLE still showed a 40% increased compos-
ite risk to the mother in the form of lupus flares,

hypertension, nephritis and preeclampsia [s].
Fetal complications include loss from sponta-
neous early miscarriages at 16%, while still-
bircth and neonatal death rates compared with
the normal pregnant population are increased
by 3.1 and 2.3%, respectively [5,6]. Overall,
reported incidences for preterm delivery in
SLE-affected pregnancies have ranged between
19 and 40% [5.7] compared with 5 and 10% in
the general population [201].

Systemic lupus erythematosus and pregnancy
are both associated with significant immuno-
logical changes. The underlying pathogenesis
in SLE involves the formation of antibodies
against certain self antigens, resulting in an
ensuing inflammatory response that elicits a
spiraling cycle of immune cell activation and
tissue damage (7). Conversely, pregnancy is
an immunological balancing act in which the
maternal immune system has to remain toler-
ant of paternal MHC antigens and yet main-
tain normal maternal immune competence for
defense against microorganisms [8]. Within
the adaptive and innate immune system, Treg
cells have been shown to be critical for the
development and maintenance of immune
tolerance to self antigens. A disruption in the
development/function of Treg cells notably
causes severe autoimmunity and inflammatory
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disease in humans and animals [9]. These cells may therefore play
an equal role in the pathogenesis of SLE and maternal tolerance
and may thus provide a pathogenic link between SLE and com-
plications in pregnancy. Of the numerous autoimmune diseases,
some are typically ameliorated by pregnancy, such as rheumatoid
disease and multiple sclerosis [10,11] but others, like SLE, are more
prone to deteriorate [5]. In many ways pregnancy has been con-
sidered an immunosuppressive state, therefore, a positive effect
on autoimmune diseases would be expected. The observation
that SLE does not improve with gravidity, and is associated with
an increased risk of pregnancy complications only highlights the
limits of our current understanding.

Immunology of pregnancy

Since Medawar’s hypothesis in 1953 it has long been recognized
that in terms of the maternal immune system the conceptus is a
semiallogenic tissue and, as such, should be automatically rejected
(12]. In this context, Medawar proposed that anatomical sepa-
ration of the embryo, fetal antigenic immaturity and maternal
immunological inertness, were all reasons for fetal acceptance.
These hypotheses have since been challenged as over simplistic;
first, as maternal and fetal cells unquestionably do come into
contact, with bidirectional transfer of cells in human placenta-
tion [13], and second, the maternal immune system is far from
inert and undergoes significant changes throughout gestation [14].

Implantation & placental development

The successful development of the placenta is vital for a healthy
ongoing pregnancy. Failures during this complex process under-
pin the pathogenesis of a substantial proportion of pregnancy
complications, including fetal loss, preeclampsia, fetal growth
restriction and preterm delivery [15]. Following fertilization, and as
a prelude to placentation, the blastocyst attaches and implants into
the maternal decidua, the transformed endometrium (Ficure 1).
In order to facilitate implantation, decidualization begins dur-
ing the late secretory phase of the menstrual cycle. This process,
regulated by various hormones, including progesterone, involves
the expansion of secretory glandules, the emergence of pinopo-
des (large apical protrusions) and microvilli on the luminal epi-
thelium, alongside simultaneous modulations in the expression
of various cytokines, chemokines, growth factors and adhesion
molecules [16]. Within this milieu, maternal immune cells play
an important regulatory role, representing the earliest interac-
tion between the semi-allogenic fetus and the maternal immune
response. Within the decidua, there is an accumulation of leuko-
cytes within the stroma, predominantly natural killer (NK) cells.
If conception occurs, the progesterone levels are maintained to
facilitate placental development [17].

Within the gravid uterus, decidual NK (dNK) cells constitute
70% of maternal immune cells and play a recognized role in
regulating the cellular interactions of decidualization [18]. Other
immune cells include macrophages and dendritic cells, which
make up 10-20% and 2-4%, respectively, of resident leuko-
cytes [19]. dNK cells are considered fundamentally different from
circulating peripheral NK cells, in that they produce regulatory

factors that facilitate implantation, rather than exhibiting a cyto-
toxic phenotype [20]. These cytokines, chemokines and angiogenic
factors, including IL-8, IL-10, TGF-B and VEGEF, help control
the complex processes of attachment, differentiation and invasion
of placental trophoblast [21]. Other cytokines, such as the leuke-
mia inhibitory factor (a member of the IL-6 family of proteins),
produced by the endometrium, play essential roles in endome-
trial remodeling and low levels are associated with implantation
failure [21].

Macrophages are the main antigen-presenting cells (APCs)
in the human decidua, and in early pregnancy a proportion
potentially differentiate into functional dendritic cells [22]. The
defined role of decidual macrophages is incompletely understood,
although they are generally believed to be immunosuppressive
compared with circulating monocytes, as they inhibit T-cell
responses in co-culture [23], produce large quantities of IL-10 [24]
and express indoleamine 2,3 dioxygenase (IDO) [25], a known
suppressor of T-cell proliferation [26].

Similar to dNK cells, uterine macrophages are implicated in
placental transformation of maternal uterine vessels — that is, the
conversion of decidual spiral arteries from narrow tightly coiled
arterioles into large flaccid conduits for optimal fetal growth and
development. Immunohistochemical studies demonstrate the
presence of both uterine macrophages and dNK cells in the very
earliest stages of spiral artery remodeling [27], which typically
encompass the decidua and proximal third of the myometrium.
Failures in this process, in which these physiological changes are
shallow or incomplete, are observed in placentas from pregnancies
complicated by miscarriage, preeclampsia and fetal growth restric-
tion [15]. Decidual macrophages also release VEGF and soluble
Fms-like tyrosine kinase-1 (sFle-1), which again may assist in ves-
sel modulation and angiogenesis [22]. Of the remaining leukocytes
in human decidua, very few are B cells and approximately 10%
are T cells [28]. These include a proportion of immunosuppressive
Treg cells.

Treg cells & pregnancy

CD4+*CD25* Treg cells are immunosuppressive via their ability to
inhibit IL-2 production, inhibit proliferation of CD4* and CD8*
T cells and suppress the function of APCs [29]. In general, these
cells are described in the thymus (centrally occurring [Tregs]),
in the periphery (naturally occurring [nTregs]) or can be induced
from nonregulatory Treg cells (iTregs) (Fiure 2) [30.31]. Likewise,
their mechanisms of inhibition also differ, with centrally induced
(thymic) Treg cells utilizing cell-cell contacts, and peripher-
ally derived Treg cells utilizing cytokine-based mechanisms,
particularly IL-10 [32].

In the past the identification of Treg cells has proved chal-
lenging. In 2003, forkhead/winged helix transcription factor
(FOXP3) was described as a critical regulator of Treg cell devel-
opment and function [33-35]. A few years later, Roncador ez al. pro-
posed FOXP3 as a specific intracellular marker for Treg cells [36].
FOXP3 is an inhibitor of DNA transcription and is highly
expressed in CD4*CD25*T cells at both the mRNA and protein
level. The importance of FOXP3 as a master controller of Treg
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Figure 1. Blastocyst implantation. The blastocyst attaches and implants into the maternal decidua. This process is regulated by
hormones, such as progesterone, the emergence of pinopodes on the luminal epithelium, and simultaneous modulations in the
expression of cytokines, growth factors and angiogenic factors. A large body of evidence describes Treg cells in the decidua and it is
suggested that several chemokines and hCG act as attractants for Treg cell ingress to the uterus.

dNK: Decidual natural killer cell; hCG: Human chorionic gonadotrophin.

cell function is strikingly illustrated in individuals with FOXP3
deficiency, for instance, the X-linked immunodeficiency syn-
drome immune dysregulation, polyendocrinopathy, enteropathy,
X-linked syndrome (IPEX) (37]. This syndrome, in which FOXP3
is mutated, causes autoimmune disease in multiple organs and is
marked not only by a lack of CD4*CD25* Treg cells, but also
their significant dysfunction. Other potential surface cell markers
for the identification of Treg cells are low levels of CD127 (3839,
and high levels of cytotoxic T-lymphocyte-associated molecule-4
(CTLA4) and glucocorticoid-induced TNF receptor (GITR) [40].
Recent studies have shown that FOXP3*CD4* T cells can be
subdivided into subpopulations based on their cell surface mark-
ers, such as the CD45 isoforms CD45RA and CD45RO [41-43].
There is now additional evidence that FOXP3 cells in human
peripheral blood have a heterogeneous function and include sup-
pressive and nonsuppressive T cells [44]. Thus, the expression of

CD45RA or CD45RO, which are mutually exclusive in FOXP3*
cells, are suggested as better markers of Treg cells when com-
bined with CD25/FOXP3 positivity [45]. CD45RA is a proposed
marker for naive Treg cells that emigrate from the thymus and
become converted to CD45RO* effector Treg cells upon FOXP3
activation [43,46,47).

Initial studies suggested that approximately 14% of the CD4*
T cell population in human term decidua were CD4*CD25*
cells [25]. Since most of these expressed CTLA-4 and GITR, the
authors concluded that these were likely Treg cells. This study pre-
dated the description of FOXP3 and a more recent study, using
first trimester decidua obtained from elective termination of preg-
nancy [48], confirmed the presence of Treg cells, using FOXP3,
CD1274m CTLA-4 markers, in addition to CD4*CD25*. In the
peripheral circulation these cells were found to be 0.5-0.7% of
the total lymphocytes, and 4 and 10.5% in the decidua basalis
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Figure 2. The origin of Treg cells. Naive T cells originate in the thymus and differentiate into T-cell subsets. They are characterized by
cell surface markers and are regulated by cytokines. Treg cells can be induced in the periphery by TGF-B via expression of FOXP3. Treg
cells and Th17 cells both require TGF-B for differentiation. There is a reciprocal relationship between Th17 cells and Treg cells. TGF-$
induces Treg-specific FOXP3, while the addition of IL-6 inhibits this process in favor of Th17 induction. A fine balance between Th17 and

Treg cells is crucial for immune homeostasis.
TC: Cytotoxic T; Th: T helper.

and parietalis, respectively [49]. With regards to the fetal immune
system, some studies report that maternal alloantigens promote
the proliferation of fetal Treg cells 772 utero [s0]. The frequency of
fetal Treg cells in cord blood decreases with gestation from 15
to 20% of total CD4* T cells at 12-20 weeks of pregnancy to
3—7% at birth [51].

Although there is a paucity of data pertaining to human preg-
nancy, there is considerable evidence describing a role for Treg
cells in murine pregnancy. Mouse pregnancy is marked by an
increase in CD4*CD25*FOXP3* cells both in the uterus and
peripheral circulation [s2]. The trigger for this expansion is partly
hormonal, as Treg cells increase during the follicular phase of the
murine estrous cycle [s3], but also driven by paternal antigens, as
an increase in paternal antigen-specific Treg cells is observed in
murine lymph nodes draining the uterus 3 days after mating [s4].
In addition, several uterine chemokines have been described as
potential chemoattractants for Treg cells [55]. A recent study of

human cells suggested that human chorionic gonadotrophin
(hCG), secreted by trophoblast at the implantation site, may also
represent a further stimulus for uterine Treg cell migration [s6].

Systemic maternal response

Following conception, significant maternal physiological changes
occur in order to accommodate the growing fetus. Concomitant
changes in the maternal immune system are regulated by T cells,
and these are associated with adjustments to the cytokine milieu
(see Ficure 3 for overview). Originally it was conceived that Th2
cytokines predominate (IL-4, IL-5, IL-10, IL-13 and granulo-
cyte—macrophage colony-stimulating factor [GM-CSF]) and
that Thl cytokines (IL-1, IL-2, IL-6, IL-12, IL-15, IL-18, IFN-y
and TNF-a)) were suppressed [57:58]. Consequently, the balance
between the Thl and Th2 response was considered a survival
mechanism for the fetus and that in pregnancy complications,
such as miscarriage, preterm labor and preeclampsia, this balance
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Figure 3. Fetal tolerance. The semi-allogenic fetus evades immune rejection by the maternal immune system by several mechanisms.
One of the most important evasive strategies is the absence of classical MHC class | antigens HLA-A and HLA-B on trophoblast of
placental origin. Endovascular trophoblast cell subsets express a unique subset of MHC class | products, HLA-C and HLA-G. Debris from
apoptotic trophoblast cells is released into maternal peripheral blood and activates the maternal immune system. Subsequently, activated
FOXP3+CD4+CD25* Treg cells induce tolerance to specific fetal antigens by suppressing immune activation.

TC: Cytotoxic T; Th: T helper.

was tipped in favor of Thl activity [59]. More recently this Th1/
Th2 hypothesis has been questioned, as normal pregnancies
were observed in mice that lack Th2 cytokines and Th2 cyto-
kine dominance was reported in some cases of recurrent miscar-
riage [60]. Furthermore, peripheral blood monocytes from women
with recurrent miscarriage were found to produce lower levels
of Th2 cytokines than those from healthy women (61]. These
more detailed observations suggest that the Th1/Th2 hypothesis
is oversimplistic and that additional factors must be involved.
In addition to uterine Treg cells, early reports of murine
models propose an additional role for circulating Treg cells in
pregnancy, with an increase in gestation and absence in preg-
nancy failure [52]. Human studies have confirmed this depen-
dence, with levels increased in early pregnancy, peaking dur-
ing the second trimester and declining postpartum [62]. Others
have described this increase [63-6¢5], while in contrast some have
reported no change [49] or even a fall in the second trimester [66].
This discrepancy is probably due to differing patient popula-
tions and small study numbers, but may predominantly reflect

alternative methods of identification, using different antibodies
and flow cytometric approaches. Despite these inconsistencies,
the overwhelming likelihood, taking both human and murine
data together, suggests that pregnancy is associated with a rise
in these immunosuppressive cells in the both the decidua and
peripheral circulation [67).

Th17 cells and pregnancy

Th17 cells are a further population of T cells, defined by their
ability to produce IL-17, which, like Treg cells, are implicated
in pregnancy. Th-17 cells are proinflammatory and generally
have opposing actions to Treg cells. As such, they have suggested
importance in autoimmune disease [68]. With the new recognition
of these cells, the typical Th1/Th2 paradigm of pregnancy has
now been expanded [69], with Th1, Th2 and Th17 cells suppressed
by Treg cells [70]. Interestingly, Treg and Th17 cells both require
TGEF-B for differentiation, and a reciprocal relationship has been
described [69]. Although TGF-f is required for the generation
of peripheral Treg cells, via expression of FOXP3 [71], the added
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presence of IL-6 appears to favor the generation of Th17 cells [72].
It is also apparent that Treg cells can differentiate directly into
Th17 cells and that this process is dependent upon the immuno-
modulatory enzyme IDO. In the presence of IDO, the immuno-
suppressive Treg phenotype is maintained, but blockade of IDO
converts Treg cells to a Th17 phenotype [73].

There is little work investigating the presence of Th17 cells
directly in the human decidua, although the inverse relationship
between Treg and Th17 cells seems to be maintained [48]. For cir-
culating Th17 cells, one study suggests no change in healthy preg-
nancy with gestation [74], while another proposes a reduction in
the third trimester compared with nonpregnant individuals, with a
resulting increase in the Treg:Th17 cell ratio [75]. Clearly more work
is needed to investigate the role of Th17 cells in healthy pregnancy,
especially the complex interplay between these T-cell subtypes [69].

The role of Treg cells in SLE

Systemic lupus erythematosus is a classic autoimmune disease
characterized by autoantibody production, immune complex
deposition and end-organ damage. The pathogenesis of SLE
includes both insufficient immune regulation of T cells and
altered B-cell function [76]. The breakdown in T-cell-mediated
tolerance and the generation of antinuclear antibodies (ANAs),
including antibodies to dsDNA and Smith antigen have been
consistently reported [77].

Experiments in mice have demonstrated that normal rodents
depleted of CD4*CD25* T cells develop severe autoimmune
pathology, and that reconstitution of their Treg population inhib-
its this autoimmunity (78,79]. In accordance with this, Sakaguchi
et al. noted that, by day 3, thymectomized mice developed organ-
specific autoimmune disease [80]. Depletion of Treg cells in some
varieties of mice will accelerate the onset of glomerulonephritis [s1],
whereas studies in lupus-prone mice showed that these cells were
decreased before glomerulonephritis appeared [82.83]. One group
estimated that the pool of Treg cells in lupus-prone mice (BWF1)
is 40-50% that of their phenotypically normal counterparts (s3]
and another reported that T cells from an alterative SLE model
(MLR/Ipr) were resistant to T-cell suppression [84]. The ablation of
Treg cells in FOXP3-deficient mice also generates an autoimmune
disorder (Scurfin) [ss], while a delay in disease onset in BWF1
mice after transfer of expanded CD4*CD25* cells reinforces the
importance of Treg cells and demonstrates their potential for alter-
ing the course of disease [85]. The therapeutic effect of exogenous
Treg cells, delivered via various routes (nasal, subcutaneous, intra-
venous), has been shown in mouse models to increase Treg cell
numbers, delay disease onset (86] and prolong survival [87].

Human literature shows conflicting data on the frequency, phe-
notype and functional properties of Treg cells in SLE [8s]. The
majority of studies have shown decreased numbers [89.90], with
some groups reporting an inverse correlation with disease activ-
ity [91]. A few studies have specifically demonstrated reduced Treg
cell numbers in SLE patients of clinically active disease compared
with healthy controls, but not in inactive SLE patients [90,92,93].
It has also been reported that, while nTreg cells are decreased in
SLE patients, iTreg cells are higher than healthy controls [89]. In

contradiction, a minority of studies have shown an increased fre-
quency of Treg cells with SLE [94,95] and some have shown no
change [96-98]. To some extent, these discrepancies may be due
to the heterogeneity of patient populations and criteria cho-
sen for Treg cell definition, with studies before 2007 using the
CD4+CD25* phenotype and those after including FOXP3 positiv-
ity. As suggested, some groups argue that additional markers are
also necessary [99.100].

A potential confounder in any human studies in SLE is medi-
cation and the acquired effects from immunosuppressive drugs.
Although some studies have shown a subsequent increase in num-
ber and frequency of CD4*CD25*FOXP3 Treg cells in new-onset
patients prescribed corticosteroids or choloroquine [95], this obser-
vation could arise through a reduction in disease activity, rather
than direct Treg cell effects per se. In one study, on administration
of rituximab in active lupus nephritis; mRNA levels of CD25,
CTLA-4, GITR and FOXP3 increased significantly. The FOXP3
mRNA persisted in clinical remission, but gradually decreased in
active patients [101].

A number of mechanisms have been proposed for Treg cell-
mediated suppression iz vitro and in vivo. In vitro, most studies
have demonstrated that Treg cells mainly mediate suppression
by inhibiting the induction of IL-2 mRNA in the responder
FOXP3 T cells [102-104]. Another suggested suppressive mecha-
nism is cytolysis of target cells, where activated FOXP3* T cells
function as cytotoxic cells [105]. The blocking of the binding pro-
tein galectin-1 has also been proposed to reduce the inhibitory
effect of human and mouse Treg cells [106]. [z vivo, Treg cells can
suppress immune responses at multiple levels [107]. Animals with
selective deletion of CTLA-4 develop systemic autoimmunity. It
has been proposed that CTLA-4 downregulates the costimula-
tory molecules CD80 and CD86, preventing dendritic cells from
stimulating naive T cells [108]. One mechanism by which Treg cells
exert their function iz vivo was defined by DiPaolo ez al., who
used TGF-B-induced Treg cells to prevent gastritis in mice [109].
The authors proposed a mechanism where Treg cells inhibited
the stimulatory effects of dendritic cells to prime autoreactive
T cells, hence blocking the autoimmune reaction before it started.
Although there are multiple mechanisms of Treg cell suppression
in vitro and in vivo, the argument is whether they are different
in both environments and ultimately whether they can they be
manipulated successfully in the latter.

There is growing interest in Th17 cells in SLE and there are sev-
eral studies reporting an increase in Th17 numbers and IL-17 in
affected patients [59.89-92]. Flares and more severe forms of the dis-
ease, such as lupus nephritis and vasculitis, appear to be associated
with a more marked increase in Th17 cells [110] and the balance
between Treg cells and Th17 may be further distorted, with the
Treg:Th17 cell ratio lowered in patients suffering a flare compared
with those with inactive disease [110,111]. As discussed, TGF-3
plays a significant role in the differentiation of both Treg cells
and Th17 cells. In a large cohort study of SLE patients, reduced
levels of TGF-B1 were consistently associated with increased
disease activity and susceptibility [112]. It therefore seems logical
that SLE is associated with a reduction in immunosuppressive
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Treg cells and TGF-f, and a concomitant increase in the pro-
inflammatory Th17, and that the balance between these factors
correlates appropriately with disease activity.

Pregnancy complications & SLE

Pregnancy in women with SLE is associated with considerable
maternal and neonatal morbidity and mortality [113], with the
risk of maternal death 20-fold higher [114], through complica-
tions of preeclampsia, thrombosis, infections and hematologi-
cal abnormalities. This increased risk persists when adjusted for
maternal age. As discussed, optimal development of the placenta
is a prerequisite for a successful pregnancy, and failures can
underpin common pregnancy complications. However, there is
surprisingly scant literature pertaining to placental abnormali-
ties in SLE. Notwithstanding, placentas from patients with SLE
have been described as smaller than in healthy pregnancy, and
to contain intraplacental hematomas, deposition of immuno-
globulin (including ANA), complement protein and thickening
of the trophoblast basement membrane [115,116]. Reduced placen-
tal size is particularly correlated with poor pregnancy outcome.
Histological studies of decidual vessels in SLE often show acute
atherosis, an appearance likened to transplant rejection, and this
has been reported in association with miscarriage [117].

Placental pathology in cases of SLE is common in women with
antiphospholipid antibodies [115]. A few studies have investigated
in vitro the effects of sera from women with SLE on embryo and
placental tissue cultures. In this context, culture of rat embryos in
the presence of human sera from women with SLE and recurrent
pregnancy loss resulted in increased embryonic death and abnor-
mality [118]. This same study investigated the effects on human
placental tissue (trimester unspecified) and demonstrated reduced
proliferation and increased apoptosis — an observation later con-
firmed on first trimester trophoblast [119]. This group also reported
a reduction in trophoblast production of hCG in the presence of
SLE sera, and that this reduction was most marked in women
with additional antiphospholipid antibodies [120]. It is therefore
apparent that placental pathology is a feature of pregnancy in
women with SLE and that given the importance of immune cells
in the development of the placenta, immune dysfunction in these
women may understandably make a significant contribution.

Although there is conflicting evidence regarding the risk of flare in
pregnancy, overall it seems that flare or active disease at conception
or even preconception (6—12 months before) is associated with wors-
ening outcome, with an exaggeration of SLE symptoms and risk of
fetal loss, preterm birth and cesarean section [121,122]. In the Hopkins
Lupus pregnancy cohort, increased lupus activity was associated
with a still birth rate of 16%, and extreme (<28 weeks gestation) and
late preterm delivery (between 28 and 37 weeks) of 17 and 49%,
respectively [123]. Disease flare correlates with marked immune aber-
rations, with the greatest changes in Treg and Th17 cells [111]. Given
this, it could be conceived that these changes may have the greatest
impact in the early stages of pregnancy, when abnormal placenta-
tion lays the foundations for later pregnancy complications. This
clinical observation further emphasizes the potential role of immune
dysfunction in SLE, as associated with pregnancy.

The number of Treg cells, both in the peripheral circulation and
decidua, are reduced in women with spontaneous and recurrent
miscarriage (i.e., three or more consecutive losses), with and with-
out antiphospholipid antibodies [63,124-127]. This coincides with a
corresponding increase in Th17 cells, even in the decidua of preg-
nancies of inevitable miscarriage (i.e., those with an already failed
pregnancy presenting with symptoms) [128]. A study of women
with unexplained recurrent miscarriage found that their Treg cells
were less able to inhibit IL-17 production compared with healthy
controls [124]. Pregnancy loss has also been investigated in mouse
models of Treg cell deficiency — these mice miscarried allogeneic
pregnancies but not syngeneic ones [s2]. Similarly, administration
of anti-CD25 antibody to pregnant mice reduced the levels of Treg
cells by up to 60% and again induced allogeneic miscarriage [129].
Notably, the adoptive transfer of CD4*CD25* cells from normal
pregnant mice to deficient mice prevents miscarriage, but only if
performed before 4 days postconception [130]. These murine stud-
ies emphasize the importance of intact immunological function at
the earliest stages of implantation and placental development, and
highlight normal Treg cell numbers and function as a prerequisite
for healthy ongoing pregnancy.

Systemic lupus erythematosus is associated with a particular
risk of preeclampsia, raised from <5% in a normal population to
between 22 and 30% [131,132]. Preeclampsia is largely a placental
disease, defined as new-onset hypertension and proteinuria after
20 weeks gestation [133]. Women with lupus nephritis are at particu-
lar risk. Preeclampsia is associated with maternal immune dysfunc-
tion and a predominance of Th1 cytokines 134]. Although two small
studies failed to show changes in Treg cells in preeclampsia [135.136],
others report a reduction in circulating numbers at the time of diag-
nosis, utilizing additional FOXP3 expression [137] and a concomitant
reduction in the utero—placental bed [138]. A further study, using
similarly robust methods, confirmed lower levels, but also reported
similar functional results between normal and preeclamptic preg-
nancies [75]. IL-17-producing cells in this latter case were reduced
in the uncomplicated pregnancies, but retained in those with pre-
eclampsia, suggesting a Treg cell: Th17 imbalance. Others have also
reported increased numbers of Th17 cells in preeclampsia [139]. It
is now well established that preeclampsia is associated with poor
placental angiogenesis, possibly due to increased levels of sFlt-1 and
soluble endoglin [140]. Soluble endoglin inhibits signaling of TGF-f3,
which, as described, is a key control mechanism in determining Treg
and Th17 cell differentiation. Thus, the increased levels of endoglin
in preeclampsia, together with increased IL-6 (also observed [141)),
may lead to reduced TGF-f signaling, resulting in the promotion
of Th17 differentiation and dominance.

There are few studies investigating preeclampsia in pregnant
women with SLE. It is believed that the placenta in pregnancies
destined to be affected by preeclampsia produce increased amounts
of sFle-1 (sVEGFR-1) [142]. sFlt-1 binds to VEGF and placental
growth factor (PIGF), thus inhibiting their signaling and poten-
tially leading to the syndrome. A retrospective study of 52 stored
serum samples from pregnant women with SLE was able to dem-
onstrate increased levels of sFlt-1 in 18 women who later developed
preeclampsia [143]. There is also evidence that sFle-1 is able to inhibit
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TGEF- signaling [144], suggesting that increased sFlt-1 may also be
associated with a deranged Treg/Th17 cell balance. The Predictors
of Pregnancy Outcome in Systemic Lupus Erythematosus and
Antiphospholipid Syndrome (PROMISSE) study, which is investi-
gating potential biomarkers for poor pregnancy outcome in women
with SLE and/or antiphospholipid antibodies, recently reported
an association between loss of function polymorphisms in factors
controlling complement activation and preeclampsia [145]. The odds
ratio was 8.1, although the 95% confidence range was wide (1-69).
The same group demonstrated that complement activation in mice
leads to placental and endothelial damage, and that C5 activation
leads to the release of sFle-1 [146]. While first reports of genetic
associations must be interpreted with caution, these studies add
further support to the complex interactions of regulatory elements
of the immune system and circulating factors that underpin the
pathogenesis of preeclampsia in women with SLE.

Treg cells have been investigated in other autoimmune diseases
during pregnancy. Rheumatoid arthritis (RA), unlike SLE, is typi-
cally associated with an improvement in disease activity with gesta-
tion. Forger et al. showed significantly higher frequencies of Treg
cells in patients with RA during pregnancy than compared with
8 weeks postpartum [147]. They observed that the amelioration of
disease activity in the third trimester corresponded to increased
numbers of Treg cells, inducing a pronounced anti-inflammatory
response. The same group reported similar Treg frequencies in preg-
nant patients with ankylosing spondylitis (AS), but with a signifi-
cant reduction in IL-10 secretion [148]. These studies highlight how
pregnancy-related changes in Treg cells and their anti-inflammatory
cytokines may have notable benefits in autoimmune activity.

To date, Treg cells have not been directly investigated in preg-
nant women with SLE. Our own preliminary data have shown
that circulating CD4*CD25*FOXP3 Treg cells are markedly
reduced in quantity in nonpregnant women with SLE compared
with healthy counterparts and that these levels remained depleted
in SLE patients when pregnant, with those in healthy individuals
raised, most strikingly at 10—12 weeks gestation [64]. Notably, the
women in our study had mild disease, as defined by the British
Isles Lupus Assessment Group and SLE Disease Activity Index
scales, and that Treg cell depression was evident, regardless of
disease activity and medication. This study reinforces the idea of
required Treg cell elevations in early pregnancy and highlights a
potential trigger for pregnancy complications.

Expert commentary

The emergence of Treg cells as a key player in autoimmune disease
and pregnancy has generated interest in its potential role in disease
management and associated pregnancy complications. The under-
standing of Treg cell generation, expansion and migration pathways
is in its infancy. However, the importance of these cells for disease
activity and normal pregnancy has been routinely demonstrated
both in mouse models and humans. Specifically, reduced Treg num-
bers are associated with the emergence of autoimmunity and these
reductions seem to persist in pregnancy, despite gestational expan-
sion. The knowledge that Treg cells can be induced in the periph-
ery via TGF-P raises obvious therapeutic possibilities. However,

given that TGF-B can also induce Th17 cells, this approach may
be somewhat naive, and a far greater understanding of these cells,
their cytokines and control mechanisms is undoubtedly required.

Five-year view

Although initial work has suggested the importance of Treg cells
in SLE and pregnancy, further studies are warranted. Ideally these
studies should start preconceptually and be followed throughout
gestation and postnatally. Also, the roles of cytokines and other
regulatory factors driving the activation and expansion of Treg
cells in early pregnancy should be refined, as well as factors that
regulate recruitment and retention of these cells to the uterus. As
Treg cell markers vary in existing studies, there is a continued
need for consistency in cell identifiers.

The pivotal role of Treg cells in pregnancy and SLE, and their
association with pathological states, makes this pathway an attrac-
tive prospect in terms of new therapeutic options. Established
therapies for SLE such as corticosteroids have been shown
to increase quantities of Treg cells. However, our own group
report that despite such treatment, women with SLE still have
persistently lower Treg cell numbers [64].

The knowledge that Treg cells can be induced peripherally has
been employed in several strategies for increasing Treg cell activity
in tissue transplantation therapies and treatments for autoimmune
disease [149]. The potential of Treg cell therapies has been explored
in various ways, including increasing their numbers/function by
prior isolation and iz vitro differentiation and expansion. Most
of these experiments were performed in animal models. In some
of these, a number of pharmacological agents, such as rapamy-
cin [150], glatiramer acetate [151] and trichostatin A [152], have been
shown to induce and/or expand Treg cell numbers. In humans,
however, much less is known.

Interest in the application of Treg-based treatments for repro-
ductive problems, such as infertility and recurrent miscarriages
is also increasing. As such, the augmentation of Treg cells around
the time of implantation has shown promise in murine mod-
els (153]. In this study, Zenclussen e a/. demonstrated that Treg
cells from pregnant and nonpregnant mice could inhibit prolifera-
tion and IFN-y secretion of lymphocytes from miscarriage-prone
mice in vitro [153]. Moreover, the in vivo prevention of fetal rejec-
tion could be achieved, but only after adoptive transfer of Treg
cells from pregnant mice. Interestingly, the 7z vivo prevention
of fetal rejection could be achieved only after adoptive trans-
fer of Treg cells from pregnant mice, not nonpregnant donors.
This implies that only Treg cells exposed to paternal alloantigens
possess protective regulatory activity.

Vaginal application of TGF-f has also proven to augment
Treg numbers in the periphery and reduce fetal loss in CBA/J] X
DBA/2] mice models otherwise prone to miscarriage [154]. In this
context, the effect of TGF-f on fetal loss appears dose dependant
with higher doses up to 200 ng being most effective.

Another reported approach for driving endogenous Treg cell
production has been the administration of granulocyte colony-
stimulating factor (G-CSF), which improved pregnancy rates in a
small group of women with recurrent miscarriages [155]. G-CSF is a
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cytokine, expressed and produced by the decidual cells, that stim-
ulates neutrophillic granulocyte proliferation and differentiation.
In this study, it was subcutaneously administered daily from day 6
ovulation until 9 weeks gestation. There were no adverse maternal
or fetal effects, but experimental models in animal studies with
much higher doses have reported placental embolism [156].

Most of the aforementioned treatments are experimental
and should not be used in the absence of rigorous clinical tri-
als, as substances that show encouraging results in animals do
not necessarily produce the same effects in humans. In this
respect, Suntharalingam et al. reported an adverse systemic
inflammatory response in young healthy volunteers adminis-
tered monoclonal antibody to CD28, TGN1412, which should
have expanded the Treg population. The responses ranged
from headaches and diarrhea to renal failure and disseminated
intravascular coagulation [157].

Conclusion
An increasing number of women with SLE are attempting preg-
nancies in recent years and, with a multidisciplinary approach,
successful pregnancy outcomes have increased. Nevertheless,
these women still face high complication rates with increased
maternal and fetal morbidity and mortality.

Collectively, the emerging evidence provides a compelling case
that Treg cells play an important role in successful pregnancy,
especially as they peak in the first trimester. This implies that

Key issues

Treg cells may be essential for the initial placental invasion of
maternal decidua during early pregnancy. The hypothesis that
women with SLE have a dysregulation of Treg cells and TGF-,
resulting in an inability to increase Treg cell numbers to levels
required to support a healthy viable pregnancy, is therefore worthy
of further investigation.

Future efforts should be targeted at understanding the func-
tions and dynamics of Treg cells in pregnancy. Likewise, the role
of cytokines and regulatory factors that drive the activation and
expansion of Treg cells in early pregnancy, as well as factors regu-
lating recruitment and retention of these cells to the uterus, need
further definition.

Although still in its early stages, the study of Treg cells will sig-
nificantly enhance our knowledge of fetal tolerance. Furthermore,
these cells themselves may eventually become a powerful tool for
the obstetric management of SLE patients.

Financial & competing interests disclosure
All authors are supported by the Manchester Academic Health Sciences
Centre and Manchester NIHR Biomedical Research Centre. Clare Tower
and lan N Bruce are also funded by the Manchester Wellcome Trust Clinical
Research Facility. The authors have no other relevant affiliations or financial
involvement with any organization or entity with a financial interest in or
Jfinancial conflict with the subject matter or materials discussed in the
manuscript apart from those disclosed.

No writing assistance was utilized in the production of this manuscript.

e Systemic lupus erythematosus (SLE) is a chronic, multisystem, inflammatory connective tissue disorder that occurs predominantly in

young women.

e T-regulatory (Treg) cells play a pivotal role in maintaining immunological homeostasis to self antigens and in suppressing excessive

immune responses deleterious to the host.

e In pregnancy, adaptation of the maternal immune response to accommodate the semi-allogeneic fetus is a necessity.

e Treg cells expand in normal pregnancy in the first trimester, peak in the second trimester and decline postpartum.

e Treg cells are elevated in the endometrial decidua compared with the peripheral blood suggesting a role in placentation.

e Pregnancy in women with SLE is associated with considerable maternal and neonatal morbidity such as miscarriage, preeclampsia and

fetal growth restriction.

e Treg cells are reduced in autoimmune diseases and in pregnancies complicated by preeclampsia and preterm labor.
e Th17 cells show a reciprocal relationship with Treg cells in maintaining immune homeostasis and their differentiation is dependent

on TGF-B.

e Treg cells may have the potential to be exploited as a therapeutic tool to combat pregnancy complications.
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