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ABSTRACT: The adaptation of the uterine environment into a favorable immunological and inflammatory milieu is a physiological
process needed in normal pregnancy. A uterine hyperinflammatory state, whether idiopathic or secondary to hormonal or organic uterine
disorders (polycystic ovary syndromes, endometriosis/adenomyosis and fibroids), negatively influences the interactions between decidua and
trophoblast, early in gestation, and between chorion and decidua later in pregnancy. Abnormal activation of uterine inflammatory pathways not
only contributes to the pathogenesis of the obstetric syndromes, i.e. recurrent pregnancy loss (RPL), pre-term delivery (PTD) and pre-eclampsia
(PE), but also to correlates with severity. In this review, we summarize recent advances in the knowledge of uterine molecular mechanisms
of inflammatory modulation in normal pregnancy and obstetric syndromes (RPL, PTD and PE). In particular, we focus on two regulators of
uterine/placental inflammation: the NLRP3 inflammasome and the chemokines decoy receptor D6. We performed comprehensive review
of the literature in PubMed and Google Scholar databases from 1994 to 2018. The available evidence suggests that: (i) the expression of
inflammasome NLRP3 is increased in the endometrium of women with unexplained RPL, in the chorioamniotic membranes of women with
PTL and in the placenta of women with PE; (ii) there is a role for abnormal expression and function of D6 decoy receptor at the feto–maternal
interface in cases of RPL and PTD and (iii) the function of placental D6 decoy receptor is impaired in PE. A wider comprehension of the
inflammatory molecular mechanisms involved in the pathogenesis of the obstetric syndromes might lead to the identification of new potential
therapeutic targets.
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Introduction
Human pregnancy is an inflammatory process; starting before concep-
tion and terminating with delivery. Menstrual cycle-dependent inflam-
matory modulation of the human endometrium plays a pivotal role
in creating an appropriate environment to receive the conceptus.
Similarly, implantation and invasion of the endometrium and spiral
arteries by the extra villous cytotrophoblast require cytokines and
chemokines from immune cells (natural killer cells, macrophages and
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dendritic cells) for tissue remodeling and placentation (Moffett-King,
2002; Sargent et al., 2006; Mor et al., 2011). Once pregnancy has
established, the developing placenta takes an extraordinary and com-
plex part in orchestrating maternal immune tolerization of the semi-
allogeneic fetus as well as inflammatory control of maternal tissues. The
interaction between the placenta and membranes of the fetus, with
the maternal endometrium and immune cells located therein must be
finely controlled to achieve a successful pregnancy outcome. Thus, in
the context of pregnancy, inflammation is a physiological requirement
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in normality, but when aberrant can drive significant pregnancy compli-
cations ranging from miscarriage to placental insufficiency.

Recently, the expression and function of the inflammasome NLRP3
and the chemokine scavenger decoy receptor D6 in endometrial and
placental tissues, involved in controlling the inflammatory response,
have been investigated. That has allowed better definitions of their
roles in normal pregnancy and in obstetric syndromes like unexplained
recurrent pregnancy loss (RPL), pre-term delivery (PTD) and pre-
eclampsia (PE).

The aim of this review is to summarize recent advances in under-
standing molecular mechanisms of uterine inflammatory modulation in
normal and pathological pregnancy. Defining pathogenic mechanisms,
indeed, represents the first step to develop new therapeutic targets
and, thus, successful modern personalized medicine.

Methods
Using PubMed and Google Scholar databases, we performed com-
prehensive literature searches in the English language for studies on
the role of inflammasome NLRP3 and D6 decoy receptor in both
normal pregnancy and obstetric syndromes (RPL, PTD and PE). We
used the search terms ‘RPL,’ ‘PTD,’ ‘PE,’ ‘inflammation,’ ‘chemokines,’
‘scavenger D6,’ ‘inflammasome NLRP3’ and combinations of these.
Articles from 1994 to 2018 were screened for relevance, validity and
quality.

Inflammasome NLRP3
Inflammasomes are high molecular weight, intracellular multiprotein
complexes that form a scaffold enabling caspase-mediated process-
ing of the proinflammatory cytokines of the interleukin (IL)-1 family
(Martinon et al., 2002). They represent the first line of defense against
microbial invasion and cellular stress constituting a crucial compo-
nent of innate immunity. The specific sequence of protein interac-
tions initiated in assembling the inflammasomes follows receipt and
decoding of a diverse array of triggers, coming from micro-organisms
(PAMPs—pathogen associated molecular patterns) or damaged tis-
sues (DAMPs—damage associated molecular patterns) and binding
to target pattern recognition receptors, the toll-like receptors (TLRs)
(extensively reviewed in Khan et al., 2015). Inflammasomes typically
form from the induced assembly of caspase-1, a NOD-like receptor or
NLR (NOD meaning nucleotide-binding oligomerization domain) and
an adaptor protein, ASC (apoptosis-associated speck-like protein with
caspase activation and recruitment domain - CARD) (Martinon et al.,
2002; Mariathasan et al., 2006). Following inflammasome assembly,
the resultant oligomeric construction yields a transient platform that
enables a sequence of enzymatic reactions exemplified by autocatalysis
of the inflammatory caspases (caspase-1) and its proteolysis of pro-
forms of the IL-1β, and -18 to generate their respective mature,
secretory forms (Fig. 1).

Currently, four main types of inflammasomes have been character-
ized, of which the NLRP3 family is the most investigated and it is known
to be abundantly expressed in the human endometrium and placenta
(www.proteinatlas.org/ENSG00000162711-NLRP3/tissue). The role
of NLRP3 inflammasome activation has been shown in the pathogen-
esis of a wide range of pathologies such as arthritis, cardiovascular
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disease and metabolic syndromes. Only in the last decade, involvement
of inflammasome NLRP3 activation at human maternal–fetal interface
in the pathogenesis obstetric syndromes, particularly in RPL, PTD and
PE, has been proposed (see more below).

Chemokine decoy receptor D6
The uterine inflammatory response is mediated by several mediators
such as chemokines (Luster, 1998; Charo and Ransohoff, 2006), which
promote leukocyte recruitment to sites of infection and inflammation
by activating conventional G protein-coupled receptors (Murphy, 1994;
Murphy et al., 2000). Chemokines are also recognized by a set of
atypical chemokine receptors (ACRs) required for the generation of
chemokine gradients in tissues (Locati et al., 2005; Mantovani et al.,
2006). D6 decoy receptor is one of the ACRs. It binds most inflamma-
tory CC chemokines, internalizes constitutively and targets the ligand
for degradation in lysosomal compartments (Bonecchi et al., 2004;
Galliera et al., 2004), while the receptor is free to recycle back to the
cell surface (Fra et al., 2003; Weber et al., 2004; Bonecchi et al., 2008)
with mechanisms that are strictly dependent on cytoskeleton dynamics
(Borroni et al., 2013) (Fig. 2A). In resting conditions, D6 is predomi-
nantly located in intracellular/perinuclear compartments and only 5%
is detectable on the cell surface (Blackburn et al., 2004; Weber et al.,
2004). D6 expression has been reported mainly in non-hematopoietic
cells and includes endothelial cells lining afferent lymphatic in skin, gut
and lung (Nibbs et al., 2001). D6 expression has also been detected
in trophoblast-derived cells in human placenta, decidua and gestational
membranes throughout pregnancy, with specific intracellular distribu-
tion patterns (Nibbs et al., 1997; Madigan et al., 2010).

A role for D6 in the maintenance of a controlled inflammatory
environment at the maternal–fetal interface has been proposed by
Martinez de la Torre and co-authors, who showed that extravillous
trophoblasts and syncytiotrophoblast cells express D6 and use this
molecule to scavenge pro-inflammatory CC chemokines (Martinez de
la Torre et al., 2007). Intriguingly, they also provided evidence that
D6 is required to prevent excessive placenta leukocyte infiltration
and inflammation, as well as autoantibody-induced fetal loss in animal
models (Martinez de la Torre et al., 2007). Consistently, Madigan
et al. have demonstrated that, in normal pregnancy, despite robust
expression of pro-inflammatory chemokines by gestational tissues, D6-
binding chemokines are less abundant in maternal plasma compared
to non-pregnant women. Indeed, maternal blood continuously flows
toward D6-expressing chorionic villi, suggesting a crucial role for D6
decoy receptor in blood chemokines scavenging and regulation of local
and systemic inflammation (Madigan et al., 2010).

Inflammation and recurrent
pregnancy loss
RPL occurs in 3–5% of all women and is defined by three consecutive
pregnancy losses prior to 23 weeks of gestational age (Ford, 2009).
Unfortunately, only in 60% of couples one or more causes can be
identified to justify their losses. Indeed, in about 40% of all RPL
cases, after a complete screening for the known causes or predispos-
ing factors, none of the above anomalies can be found, identifying
cases of idiopathic RPL (Ford, 2009). Several studies suggest that

D
ow

nloaded from
 https://academ

ic.oup.com
/m

olehr/article-abstract/26/2/111/5717855 by U
niversita C

attolica del Sacro C
uore user on 28 April 2020

www.proteinatlas.org/ENSG00000162711-NLRP3/tissue


Uterine inflammation and obstetric syndromes 119

Figure 1 Schematic illustration of the NLRP3 inflammasome activation in maternal–fetal tissues. Several triggers PAMPs or DAMPs
can induce inflammasome activation through TLR binding. Once the inflammasome has assembled secretions of the pro-inflammatory IL-1β and -
18 ensues. Tissue inflammatory response ensues, at level of endometrium, early in pregnancy, or later, at level of chorion-amniotic membranes
and/or in placental tissues, contributing to the occurrence of RPL, PTD or PE, respectively. ASC, apoptosis-associated speck-like protein with CARD
domain.
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Figure 2 D6 decoy receptor chemokines scavenging function in trophoblast cells from normal pregnancy and PE. (A) In normal
pregnancy, D6 decoy receptor binds chemokines and internalizes D6-ligand complex in early endosome to separately sorting, on one hand, chemokines
to lysosomal degradation and, on the other hand, D6 receptor to recycling, through endosomes. (B) Proposed mechanism of D6 function impairment
in PE: because of higher tissue concentrations of chemokines, D6 receptor is mostly mobilized on apical side of trophoblast membranes (1) but
progressive cytoskeleton disarrangement, induced by the oxidative stress of trophoblast cells, dramatically limits chemokines degradation as well as
receptor recycling (2). Other unknown mechanisms of placental D6 impairment might concomitantly occur in PE.

women with RPL have a greater bias toward a Th1-type or pro-
inflammatory cytokine profile (Raghupathy et al., 2000; Jenkins et al.,
2000) as compared to normal pregnancy, which has been characterized
as a Th2-dominant state (Wilczynski, 2005). In particular, an abnormal
endometrial inflammation, in absence of detectable infectious causes,
might be one of the pathogenic mechanisms involved in determining
unreceptive endometrium, potentially leading to early fetal loss.

Lipopolysaccharide-triggered
activation of endometrial
NLRP3 in recurrent
pregnancy loss
Consistent with the hypothesis of a causal role of uterine ‘inflamed’
environment at the basis of early reproductive failure, endometrial up-
regulation of pro-inflammatory cytokines (IL-1β, TNF-α, IFNγ and
TGF-β1) secretion has been shown in women with idiopathic RPL
(Banerjee et al., 2013). In support, we demonstrated an abnormal
activation of the endometrial inflammasome NLRP3 and higher tissue
levels of caspase-1, IL-1β and IL-18 in women with idiopathic RPL
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(D’Ippolito et al., 2016). More recently, we have observed a higher
prevalence of abnormal intestinal permeability in patients with idio-
pathic RPL (Tersigni et al., 2018). In the same population, we detected
higher plasma levels of lipopolysaccharide (LPS), an immunogenic
parietal fragment from Gram-negative bacteria and powerful activa-
tor of inflammasome. For the first time, we could link endometrial
NLRP3 inflammasome over-activation with leaky gut (Tersigni et al.,
2018), defined by increased intestinal permeability due to epithelial bar-
rier breakdown, secondary to different pathological conditions (celiac
disease, food allergies, intestinal bowel diseases, etc.) (Camilleri, 2019).
Based on these evidences, we can speculate that in women with
RPL bacterial components might enter systemic circulation through a
damaged intestinal barrier and induce widespread secretion of pro-
inflammatory cytokines, particularly into delicate endometrial tissues,
via inflammasome NLRP3 activation. Hence, increased intestinal per-
meability and/or higher circulating levels of LPS could confer a higher
risk of endometrial inflammation and reproductive disorders. Cross-
talk between the gut and the reproductive system may be an intriguing
hypothesis to be further investigated in a larger cohort of population of
RPL. That could open new perspectives of personalized diagnostic and
therapeutic approaches to patients with idiopathic RPL. Furthermore,
since RPL is a syndrome with a multifactorial pathogenesis, further
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investigation is needed to clarify whether different triggers, other than
LPS associated to leaky gut, might be responsible for endometrial
inflammasome activation in RPL.

Role of chemokine decoy
receptor D6 in recurrent
pregnancy loss
The role of D6 in the pathogenesis of pregnancy loss, to our knowl-
edge, has not been specifically investigated in humans yet. However,
a study conducted on pigs by Wessels and co-workers described the
expression of the decoy receptors D6, Duffy antigen receptor for
chemokines (DARC) and Chemocentryx decoy receptor (CCX CKR)
at the porcine feto–maternal interface (Wessels et al., 2007, 2011).
The authors demonstrated dysregulation of DARC and CCX CKR
but not D6 transcripts in endometrium and trophoblasts obtained
from cases of fetal loss. However, no differences were found in terms
of decoy receptors proteins or ligands (CCL2, CCL3, CCL4, CCL5,
CCL11, CCL19, CCL21, CXCL2 and CXCL8) expression at feto–
maternal interface between healthy and arresting conceptuses (Wes-
sels et al., 2007, 2011). In addition, an interesting study conducted on
DBA/1j mice has shown that D6 deficiency increases levels of plasma
CCL2, the incidence of stillbirth and neonatal death and decreases
placental size and fetal weight (Teoh et al., 2014).

Studies on human tissues are needed to establish whether abnormal
synthesis or functionality of decoy receptors might have a role in the
pathogenesis of RPL.

Inflammation and preterm
delivery
PTD, defined as delivery prior to the 37th week of gestation, is the
leading cause of perinatal morbidity and mortality worldwide (Liu et al.,
2015). In Western countries, about 10% of all births are classified as
preterm, and in developing countries, this percentage is even higher
(Martin et al. 2016). Preterm neonates are at increased risk of short-
and long-term morbidities and, thus, prematurity places a substantial
burden on the healthcare system and society (Behrman and Butler,
2007; Lubow et al., 2009; Mwaniki et al., 2012; Manuck et al., 2014).
Two-thirds of PTDs occur after spontaneous preterm labor (Golden-
berg et al., 2008), while one-third are iatrogenic. Spontaneous preterm
labor is a syndrome associated with multiple pathological processes
(Romero et al., 2014), such as intra-amniotic inflammation (IAI), which
has been causally linked to PTD (Gravett et al., 1994; Baggia et al.,
1996; Sadowsky et al. 2006; Presicce et al., 2015). IAI can be due
to microorganisms (bacteria, viruses or fungi) or endogenous danger
signals derived from necrosis or cellular stress (already mentioned
DAMPs) (Matzinger et al., 1998; Jacobsson, 2005; Oppenheim and
Yang, 2005; Lotze et al., 2007; Romero et al., 2007). The infection-
induced IAI reported in cases of PTD has been associated with histo-
logic chorioamnionitis (Gargano et al., 2008) and higher placental and
circulating levels of Th1 type ILs (El-Shazly et al., 2004; Gargano et al.,
2008). On the other hand, the pro-inflammatory reaction occurring
when microorganisms cannot be detected by common cultivation and
molecular microbiology techniques (Romero et al., 2014a,b, 2015a,b,
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2016) are likely to be induced by DAMPs (Chen and Nunez, 2010).
Clinicians and scientists commonly consider the latter cases, accounting
for the 50% of cases of spontaneous PTD, as due to ‘sterile inflamma-
tion.’ Interestingly, sterile IAI seems to be more common than microbial
associated IAI in patients with preterm labor and intact chorioamniotic
membranes (Romero et al., 2014b). However, it is likely that the theory
of sterile inflammation in PTD might be soon revised through the
development of the extremely sensitive next generation sequencing
(NGS) techniques. Indeed, NGS has allowed to detect and describe
the huge and unknown world of the microbiota, potentially acting as
PAMPs, in organs like the uterus, previously erroneously considered
sterile (extensively reviewed in Baker et al., 2018).

Role of inflammasome NLRP3 in preterm
delivery
There are several indirect lines of evidence suggesting a role for exag-
gerated inflammasome activity in the pathogenesis of PTD in humans.
In chorioamniotic membrane extracts from women who underwent
spontaneous PTD, higher concentrations of high mobility group box-1
(HMGB1) have been shown compared to women with spontaneous
labor at term (Plazyo et al., 2016). HMBG1 is a chromatin-binding
protein belonging to alarmin family, whose release occurs downstream
of inflammasome assembly and caspase 1 activation (Lamkanfi et al.,
2010). During infection or injury, activated immune cells and damaged
cells release HMGB1 into the extracellular space, where HMGB1
functions as a proinflammatory mediator and contributes importantly
to the pathogenesis of inflammatory diseases. Interestingly, it has been
shown that incubation of the chorioamniotic membranes with HMGB1
upregulates the mRNA and protein expression of the inflammasome
components NLRP3 and induces the release of mature caspase-1
and IL-1β (Plazyo et al., 2016), suggesting a positive feed-back of
HMGB1 on NLRP3 activation. Consistent with this idea, higher lev-
els of HMGB1 have been found in amniotic fluid of women with
preterm premature rupture of membranes compared to those with
PTD with intact membranes (Romero et al., 2011). Levels of caspase-
1, the final product of inflammasome activation, were augmented in
amniotic fluid from women with PTD with confirmed intrauterine
infection compared with women delivering at term or preterm without
infection (Gotsch et al., 2008), suggesting a stronger inflammasome
involvement in cases of infection-induced PTD. Consistently, elevated
mid-trimester concentrations of IL-18 have been identified in amniotic
fluid of women subsequently developing intra-amniotic infection and
spontaneous PTD (Deskalakis et al., 2009).

Recently, Gomez-Lopez and co-workers observed that the
chorioamniotic membranes from women with spontaneous PTD
and histologic evidence of acute chorioamnionitis express higher
concentrations of inflammasome components (caspase-1 and -4,
ASC/CASP-1 complex IL-1β and -18) compared to those from women
with PTD without this placental lesion (Gomez-Lopez et al., 2017).

More recently, Faro and coauthors, using an animal model of LPS-
induced IAI, demonstrated that there was priming of the NLRP3
inflammasome at transcriptional level, indicated by enhanced mRNA
expression of inflammasome-related genes (NLRP3, CASP1 and IL1β)
and NLRP3 protein level in both the fetal membranes and decidua
basalis prior to PTD (Faro et al., 2019). Finally, using the specific NLRP3
inhibitor, MCC950, the same authors showed that in vivo inhibition

D
ow

nloaded from
 https://academ

ic.oup.com
/m

olehr/article-abstract/26/2/111/5717855 by U
niversita C

attolica del Sacro C
uore user on 28 April 2020



122 Tersigni et al.

of the NLRP3 inflammasome reduced IAI-induced PTD and neonatal
mortality (Faro et al., 2019; Gomez-Lopez et al., 2019).

Collectively, these results suggest that NLRP3 inflammasome acti-
vation is involved in the innate inflammatory response occurring in
the chorioamniotic membranes in cases of infection-induced PTD,
contributing to the occurrence of chorioamnionitis lesions and IAI.
Bacterial infections may obviously be the first trigger for inflammasome
assembly (LPS is its most powerful activator) and, as aforesaid, are
responsible of the 50% of cases of PTD. However, it is likely that the
inflammasome NLRP3, which can be activated by DAMPs too, may be
also involved in the occurrence of sterile inflammation and contribute
to the pathogenesis of cases PTD not associated to infections. Further
research is required to define the role of inflammasome NLRP3 in the
cascade leading to the tissue inflammatory response in both infection-
induced and sterile PTD. Encouraging therapeutic perspectives might
open, since it has been shown that by targeting the NLRP3 inflamma-
some, adverse pregnancy and neonatal outcomes can be significantly
reduced (Faro et al., 2019; Gomez-Lopez et al., 2019).

Role of chemokines in preterm delivery
A clear role of D6 decoy receptor or other atypical decoy receptors in
the pathogenesis of PTD has not been demonstrated yet. However, the
search for maternal markers of PTB has identified increased expression
of D6-specific chemokines like CXCL8 in cervical mucus, and CCL2
(also known as macrophage migration inhibitor factor or MIF) in mater-
nal serum or amniotic fluid (Sakai et al., 2004; Esplin et al., 2005; Pearce
et al., 2008). Consistently, higher levels of the D6-specific chemokines
CCL5, CCL7 CCL8, CCL20 and CXCL5 in amniotic fluid has been
associated with microbial invasion and amniotic cavity inflammation
during preterm labor (Jacobsson et al., 2005; Hua et al., 2012; Lappas,
2012; Hamilton et al., 2013). Based on these observations, we can
speculate that increased levels of chemokines in amniotic fluid might
be the consequence of the inflammatory response to bacterial colo-
nization of amniotic cavity. However, in cases of PTD not associated
to intra-amniotic infections, an abnormal scavenging function of D6
decoy receptor, constitutive or acquired, might play a role in causing
tissue inflammation of feto–maternal unit, thus contributing to the
pathogenesis of PTD. Further investigation is mandatory to clarify the
role of chemokines decoy receptors in this syndrome.

Inflammation and pre-eclampsia
PE is a pregnancy-specific hypertensive disorder defined as new onset
hypertension and proteinuria at or after 20 weeks’ gestation (Khan
et al., 2006). Complicating 2–8% of all pregnancies, PE is a major
cause of maternal morbidity and mortality and of adverse perinatal
outcomes (Duley et al., 2006). The mechanisms underlying PE remain
incompletely investigated and delivery remains the only known cure.
PE can occur at early gestation (<34 weeks) or with a late onset
(>34 weeks). The placenta plays a role in the initiation of both early and
late onset PE but by different mechanisms. Early onset PE is recognized
to be a placenta-driven disorder resulting from deficient placentation
occurring in the first half of pregnancy. At this stage, PE does not
clinically manifest (first stage). Late onset, PE is also placenta in origin
but is thought to occur as a result of villus overcrowding (Redman
et al., 2014). PE becomes overt when utero-placental malperfusion
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and syncytiotrophoblast oxidative stress occur due to the ever more
perfusion requirement of the growing feto–placental unit. Then, the
‘stressed’ syncytiotrophoblast releases into the maternal circulation
anti-angiogenic factors and high concentrations of syncytiotrophoblast-
derived extracellular vesicles (STEVs), causing endothelial dysfunction,
exaggerated maternal inflammatory response and hypercoagulability
(Redman et al., 1999; Redman and Sargent, 2005). Thus, PE exhibits
many of the classical features of inflammation (Redman et al., 1999;
Redman and Sargent, 2003) that is responsible for mediating, or at least
worsening, the clinical severity of the syndrome.

Role of inflammasome NLRP3 in
pre-eclampsia
As mentioned previously, one of the main features of PE is the
imbalance between pro- and anti-inflammatory cytokines and a switch
of the immunologic balance toward a Th1-type immunity (Saito and
Sakai, 2003; Szarka Aet al., 2010). Such a pro-inflammatory status is
associated with high plasma levels of uric acid and IL-1β. A potential
involvement of the inflammasome in the pathogenesis of PE has been
suggested since metabolites able to activate this protein complex are
characteristically augmented in the circulation of women affected
from this syndrome. In particular, raised plasma levels of uric acid
are often apparent before clinical signs of the disease (Koopmans
et al., 2009; Gowri and Al-Zakwani, 2010). Since the placenta seems
to play a pivotal role in the pathogenesis of PE, the expression of
genes and proteins related to the inflammasome have been recently
investigated at feto–maternal interface. In human first trimester
villous trophoblast and two trophoblast cell lines (Sw.71 and HTR-
8/SVneo), monosodium urate promoted IL-1β secretion via NLRP3-
inflammasome activation indicative of its proinflammatory effects
(Mulla et al., 2011). In two intriguing studies of Vikki Abrahams’ group,
performed on human first trimester trophoblast cells, the NLRP3
inflammasome was proposed to be implicated in the antiphospholipid
antibodies (aPL)-induced recurrent miscarriage (Mulla et al., 2011,
2013). In particular, they have demonstrated that aPL antibodies, via
TLR-4 activation, induce a uric acid response in human trophoblast,
which in turn activates the NLRP3 inflammasome leading to IL-1β

processing and secretion. This novel mechanism may account for the
inflammation at the maternal–fetal interface, which causes placental
dysfunction and increases the risk of adverse pregnancy outcome
in patients with aPL antibodies syndrome. More recently, a pilot
study performed on placental tissues from women with normotensive
pregnancy or women with PE showed a significant increase of NLRP3,
caspase-1 and IL-1β expression in PE women (Weel et al., 2017).
Furthermore, since there is an increased shedding of STEVs from the
placenta into the maternal circulation in PE (Sargent et al., 2003), it is
conceivable that DAMPs carried by STEVs might induce inflammasome
activity in several cell types (endothelium, blood cells, etc.) and enhance
maternal inflammatory response. Consistently, in an elegant murine
study performed by Kohli and coworkers, mouse endothelial-derived
EVs were shown to cause accumulation of activated platelets within the
placental vascular bed. That phenomenon was associated to platelet-
dependent placental inflammasome NLRP3 activation, triggering
PE-like phenotype. Intriguingly, both genetic and pharmacological
inhibition of placental inflammasome activation abolished the PE-
like phenotype pointing to EVs-induced inflammasome activation as
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Table I Evidence for the involvement of NLRP3 inflammasome and D6 decoy receptor, and related cytokines, in the
pathogenesis of RPL, PTD and PE.

NLRP3 inflammasome D6 decoy receptor Cytokines involved
.....................................................................................................................................................................................
Recurrent pregnancy loss ↑ Expression and activation of

NLRP3 in human endometrium
Higher prevalence of fetal loss in
D6-deficient mice

Caspase-1, IL-1β and IL-18; CCL2
(murine model)

Pre-term delivery ↑ Caspase-1 and IL-18 in human
amniotic fluid;
↑ Caspase-1, IL-1β and IL-18 in
human chorio-amniotic membranes

↑ D6-specific chemokines in human
cervical fluid, serum and amniotic
fluid

Caspase-1, IL-1β and IL-18; CCL2,
CXCL8, CCL5, CCL7 CCL8, CCL20
and CXCL5

Pre-eclampsia ↑ Expression of NLRP3, caspase-1
and IL-1β in human placenta

↑ D6-specific chemokines in human
serum; ↓ Chemokines scavenging
function in human placenta

Caspase-1, IL-1β, IL-6, C reactive
protein; CCL-2, CCL-7 and CCL-11

a central mechanism in the pathogenesis of the obstetric syndrome
and uncovering a novel thrombo-inflammatory mechanism at the feto–
maternal interface (Kohli et al., 2016).

Role of chemokine decoy receptor D6 in
pre-eclampsia
The systemic inflammatory response occurring in overt PE involves
leukocytes, endothelial cells, the coagulation cascade and the comple-
ment system (extensively reviewed in Redman and Sargent, 2003). A
large variety of soluble pro-inflammatory proteins, such as chemokines,
mediates the communication between the various components of this
inflammatory network (Luster, 1998; Charo and Ransohoff, 2006). In
particular, women affected by PE show higher plasma levels of the D6
specific-ligand CCL-2 (or MIF) compared to normal pregnant women
(Todros et al., 2005). Recently, we have investigated the expression
and function of chemokines D6 decoy receptor in the placentae of
women who developed PE. Higher circulating levels of both D6-
specific chemokines, like CCL-7 and CCL-11, and pro-inflammatory
cytokines, like IL-6 and C reactive protein, were found in serum of
pre-eclamptic compared to healthy pregnant women (Tersigni et al.,
2016). It is of note that in cytotrophoblast cells isolated from normal
placentae, D6 receptor was found to be mainly localized in intracellular
compartments, consistent with previous reports (Madigan et al., 2010),
while in PE, D6 showed a characteristic distribution on cytotrophoblast
cell membranes. In addition, in trophoblast cells from PE, the phospho-
rylation of LIMK1 and cofilin was over-activated compared to controls.
This is the intracellular signaling occurring downstream D6 receptor-
ligand interaction on cell membrane. It is required for actin depoly-
merization and cytoskeleton rearrangement, which is essential for
chemokines degradation by D6 receptor and its recycling from intracel-
lular pool to cell membrane. The observation of an increased phospho-
rylation of LIMK1 and cofilin in trophoblast cells from PE is coherent
with the increased relative abundance of D6-specific chemokines (like
CCL-2, CCL-7 and CCL-11), which are expected to be in trophoblast
extracellular environment in PE (Tersigni et al., 2016). Indeed, in PE cir-
culating levels, chemokines are increased, thus trophoblast D6 receptor
is expected to be saturated, which is consistent with the downstream
intracellular signaling over-activation. In contrast, functional assays of
D6 receptor have shown a significant decrease of CCL2 scavenging
activity in cytotrophoblast cells obtained from PE women compared
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to cells from normal placentae. This may be secondary to signifi-
cant cytoskeletal disarrangement, which was noted in PE trophoblast
compared to controls (Tersigni et al., 2016). Decreased expression
of placental D6 decoy receptor at both transcriptional and protein
levels has also been reported in PE (Cho et al., 2015), although we
could not confirm this observation in our studies (Tersigni et al., 2016).
Our hypothesis is that in PE, higher circulating and placental levels
of pro-inflammatory chemokines might bind to syncytiotrophoblast
membrane D6 decoy receptor, inducing an increased concentration of
the scavenger on the syncytiotrophoblast cell membranes, due to its
mobilization from the intracellular pool (Fig. 2B). Concomitantly, the
occurrence of trophoblast cells cytoskeleton damage, likely due to syn-
cytiotrophoblast oxidative stress (Bonecchi et al., 2008; Ganguly et al.,
2011), affects D6 function, overstressed by the increased chemokines
levels. This hypothesis is consistent with the observation in vitro of
higher expression of D6 but lower scavenging of exogenously added
CCL-2 in cytotrophoblast membranes isolated from PE placentae. In
conclusion, syncytiotrophoblast stress and cytoskeleton impairment
might take place, at different times, in both early and late PE, impair-
ing cell cytoskeleton, D6-mediated chemokines degradation and D6
receptor recycling, thus causing deficient regulation of inflammatory
environment at maternal–fetal interface.

Further studies are needed to clarify the D6 scavenging function in
the pathogenesis of PE and to investigate new potential therapeutic
perspectives targeting D6 molecular system. Indeed, it is reasonable to
speculate that improving D6 function might attenuate, the exaggerated
inflammatory response occurring in PE.

Conclusions
Excessive inflammatory response and abnormal expression and/or
function of the inflammasome NLRP3 and the decoy receptor D6
are involved in the pathogenesis of the most severe pregnancy
complications (Table I). In view of the sheer diversity of DAMPs
or pathogens bacteria in the genital tract potentially stimulating the
immune system in pregnancy, investigating how inflammasomes and
chemokines decoy receptors are enlisted to drive or limit uterine
inflammation in pregnancy will help in elucidating mechanisms underly-
ing the great obstetric syndromes. Furthermore, the understanding
of uterine molecular modulation of inflammation could provide
new therapeutic targets for pregnancy disorders. We are currently
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evaluating the effect of anti-inflammatory drugs on D6 function in
trophoblast cells with encouraging results, in particular, in preventing
cytoskeleton disarrangement (unpublished data). Furthermore, among
many inhibitors of NLRP3 inflammasome complex proposed in
the last years (Ahn et al., 2018), the sequencing and therapeutic
application of silencing micro RNAs, affecting proteins expression
and activation, currently represents the most promising therapeutic
perspective (Pacifico et al., 2017). Nonetheless, we are still far from
full comprehension of the pathogenesis of the obstetric syndrome
and from clinical application of mechanism-specific therapies in
obstetrics. Further efforts in terms of biomedical research are
needed.
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