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Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune
disease of unknown cause, which mainly affects women of childbearing age,
especially between 15 and 55 years of age. During pregnancy, SLE is associated
with a high risk of perinatal morbidity and mortality. Among the most frequent
complications are spontaneous abortion, fetal death, prematurity, intrauterine
Fetal growth restriction (FGR), and preeclampsia (PE). The pathophysiology
underlying obstetric mortality and morbidity in SLE is still under investigation,
but several studies in recent years have suggested that placental dysfunction
may play a crucial role. Understanding this association will contribute to
developing therapeutic options and improving patient management thus
reducing the occurrence of adverse pregnancy outcomes in this group of
women. In this review, we will focus on the relationship between SLE and
placental insufficiency leading to adverse pregnancy outcomes.
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1 SLE generalities
1.1 Epidemiology

The reported female-to-male ratio of SLE prevalence is 9:1. SLE is manifesting
between the second and fourth decade of life, affecting women of childbearing age. In the
general female population, SLE has a prevalence of approximately 1:1000. However, some
differences between races have been reported, e.g., SLE is less frequent and less severe in
white than black or Asian women (1).
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1.2 Etiology

SLE is an autoimmune disease in which organs, tissues, and
cells are damaged by the adhesion of various autoantibodies and
immune complexes. The etiology of SLE is largely unknown, but
some factors are associated with the presence of the disease, such
as dysregulation of the immune system, genetic, hormonal, and
environmental factors.

1.2.1 Hormonal dysfunction

The hormonal role is deduced because up to 90% of the cases
correspond to reproductive age women. Furthermore, the risk of
the disease is increased in women receiving hormone
replacement therapy with conjugated estrogens and
progesterone. Still, it is not possible to date establish the role
of hormones in the onset of SLE (1-4).

1.2.2 Genetic factors

In SLE, genetic factors play a role in the susceptibility to
develop it but are insufficient to cause it. The coincidence rate
in monozygotic twins is approximately 25% and 2% in
dizygotic twins. Several genotypes have been identified in
families with multiple members with SLE (5). Different
studies observed the association of SLE with Human
Leukocyte Antigen (HLA) class 2 antigens (HLA-DR2 and
DR3) in both white and black ethnicities; as well as with
hereditary diseases due to complement deficiency: Clr, Cls,
Cl1, INH, C4, C2, C5, and C8, mainly with C2 lack. Partial C2
deficiency in heterozygotes is also more frequent, 6% in SLE vs.
1% on average (6).

1.2.2.1 HLA genes in SLE

The first genetic association described for SLE was with the
HLA region on chromosome 6p21.3 (7), which encodes more
than 200 genes, many of them with known immunologic
functions. The HLA region is subdivided into the class I and
class IT regions, which contain genes encoding glycoproteins that
process and present peptides for recognition by T cells, and the
class III region, which includes other important immune genes
(such as TNF, C2, C4A, C4B, and CFB). However, the available
evidence suggests that genetic variants of HLA class II genes
(such as HLA-DR2 and HLA-DR3) and class IIT genes (such as
MSH5 and SKIV2L), in particular, predispose an individual to
SLE (8).

1.2.2.2 Non-HLA genes in SLE

During the last few years, thanks to advances in genetics,
different genes associated with SLE development have been
studied. Genome wide association studies have identified
genetic and transcriptional abnormalities in key molecules
directly involved in the type I Interferon (IFN) signaling
pathway, namely TYK2, STAT1 and STAT4 and IRF5. Also,
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common polymorphisms in or near TLR7, which are related to
the synthesis of interferons, seems to be involved with the
development of the disease. In fact, recent evidence confirmed
human SLE caused by a TLR7 gain-of-function variant (9-11).

The transcription factor IRF5 has been genetically linked
to SLE and many other autoimmune diseases, suggesting a
central role of this protein in regulating the immune response;
on the other hand, it holds the expression of IFN-dependent
genes, inflammatory cytokines, and genes involved in
apoptosis (8).

1.2.3 Environmental factors

Several drugs may induce a variant of SLE, mainly quinidine,
procainamide, and hydralazine (12). In this form of SLE,
dermatological and articular manifestations are frequent,
unlike renal and neurological manifestations. Other potential
factors are ultraviolet radiation as a trigger for specific skin
lesions and diets rich in fats, which can modify the immune
response (12).

1.3 SLE and reproduction

1.3.1 Fertility

Fertility is not affected by SLE in the absence of lupus activity (13).
However, SLE is associated with the age at which women decide or
can become mothers. In general, SLE patients tend to be older when it
comes to becoming pregnant, as they are advised to plan conception
only after six months without flares (14-16). The effect of aging on
female fertility is detrimental to successful conception. In addition,
organ involvement and the treatment used to treat SLE activity can
lead to abnormal ovarian function or ovarian failure, making it
difficult for SLE patients to become pregnant. For example, alkylating
agents such as cyclophosphamide can develop menstrual
irregularities and premature ovarian failure; these side effects are
also related to the dose administered and the age of the patients
(16, 17). Therefore, patients should be adequately counseled
regarding the age of seeking pregnancy (tendency to postpone
childbearing) and healthy lifestyles (exercise, tobacco use, alcohol
consumption, avoiding overweight) (17).

1.3.2 Adverse preghancy outcomes

Despite improved treatment, pregnancies of women with
SLE continue to have higher perinatal morbidity compared to
the general population (1, 3). According to the literature, one the
most frequent fetal complications are spontaneous abortion
(16.0%), one-third of pregnancies in patients with SLE will
end by cesarean section, 39.4% will have a preterm delivery, 2-
8% will have PE and 12% will have FGR (18, 19). On average, the
elevated risk of prematurity in patients with SLE is related to
premature rupture of membranes (PROM). A part of preterm
deliveries are caused by iatrogenesis due to maternal or fetal
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condition deterioration (20). Further, the probability of preterm
delivery increases by up to two-thirds in women with moderate
to severe SLE activity during this period (21).

PE is more frequent in SLE women who have suffered from
lupus nephritis and renal insufficiency at the time of conception.
Other risk factors associated with the occurrence of PE in
SLE patients are a previous history of PE, first gestation, maternal
age > 40 years, active lupus at the time of conception, high levels of
anti-dsDNA antibodies, anti-ribonucleoprotein antibodies
positive, low levels of serum complement, obesity (BMI > 35 kg/
m2), pre-existing hypertension, and diabetes (22). In addition, is
relevant to mention that pregnant patients with SLE who developed
PE, showed raised levels of IFN-o activity before the onset of clinical
symptoms, which could not be explained by higher levels of disease
activity or autoantibodies. It has also been shown that type I
interferons suppress the production of angiogenic factors
(particularly fibroblast growth factor, interleukin-8, and VEGF)
and trigger anti-angiogenic gene expression, lessening endothelial
cell migration and suppressing endothelial progenitor cell
proliferation (23).

Pregnancy loss is a relatively frequent event observed in 16%
of pregnancies in healthy women. However, in those with SLE,
the rate of miscarriage increases to 21.7%, reaching as much as
50% in women with lupus nephritis at the expense of fetal death
during the second trimester (5). The incidence of fetal loss in SLE
will rise by the existence of renal or neurological involvement,
and the presence of certain antibodies such as anti-Ro/SSA anti-
La/SSB, anti-thyroglobulin and especially antiphospholipid
antibodies (aPLs) (24). Anti-Ro/SSA anti-La/SSB have been
found in 10% of SLE patients. They are strongly associated
with congenital heart block as they pass the placental barrier
after 16 weeks, regardless of maternal disease activity or
classification. The risk of developing congenital heart block is
1.5-2%, in case of a history of non-cardiac neonatal lupus, the
risk is up to 15%, and 20% in the case of a previous child with
congenital heart block (risk rising to 40-45% after two last
affected children). In addition, it can condition the appearance
of hydrops in 40-60% of cases, with a risk of perinatal mortality
estimated at 45-50% and the need for a postnatal pacemaker of >
80% (19, 25).

Other complications described during pregnancy such as
stroke, thrombotic disease (deep vein thrombosis, pulmonary
embolism), infections, bleeding, thrombocytopenia, need for
transfusion, and even maternal death are elevated in patients
with SLE (21, 22).

2 Placental insufficiency and SLE

The formation of the placenta begins as soon as 5-6 days
after fertilization when the trophoblast cells meet the
endometrium. Subsequently, trophoblast cells invade and
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proliferate within maternal tissues, accessing the uterine
vessels and causing their remodelation to provide sufficient
oxygen and nutrients for the developing fetus (19). Placental
failure is related to an inadequate invasion of the uterine arteries
by the trophoblast cells, resulting in the maintenance of high
vascular resistances with the consequent production of defective,
turbulent, and high-velocity flow within the intervillous space.
This puts pressure on the chorionic villi and impairs nutrient
absorption as well as oxygen exchange causing respectively fetal
malnutrition and chronic fetal hypoxia (26, 27). Chronic
hypoxia leads to inadequate formation of chorionic villi in the
early stages of placental development, which, in turn, worsens
oxygen hypoperfusion, setting in motion an aggravating cycle
throughout gestation (19, 28).

Patients with SLE have a higher risk of developing adverse
pregnancy outcomes mainly related to an impaired placentation.
Therefore, understanding how SLE affects the placenta is
fundamental to improve patient follow-up and treatments,
thus reducing pregnancy complications. Below we summarize
the histopathological findings and some of the proposed
mechanisms that may explain the association between SLE and
the development of pregnancy complications.

2.1 Placental histopathological findings

Only a handful of studies have attempted to identify the
placental lesions in patients with SLE. These changes include
mostly abnormalities of placental vascularity and coagulation,
e.g., extensive infarction that has been related to preterm
delivery and fetal death. Decidual vasculopathy is observed in
up to 17% of previously studied placentas and is related to
preterm delivery (29-31). Placental abruption and decidual
thrombi have been associated with fetal death (32, 33). Less
frequently, inflammatory lesions, chronic inflammation,
decidual vasculitis, and chronic villitis have been described in
28% of placentas, related to low placental weight (30, 31, 34). In
addition, decreased placental weight is a common feature of
SLE (35).

In another study of placentas three histologic patterns were
reported most frequently: coagulation-related lesions, placental
villous and vascular damage, and chronic inflammation in
women with autoantibodies and preterm delivery (36). Because
of heterogeneous patterns observation, the study conclude that
placental damage seems to be mediated by a pathophysiological
processes. Uteroplacental vascular pathology and villous lesions are
thought to be secondary to physiological changes in the
myometrial portion of the spiral arteries, which may reflect
abnormal immunological recognition of trophoblastic antigens
(36). Coagulation-related lesions could be cause as a secondary
to a thrombotic effect of aPLs on placental vessels. Indeed, the
presence of aPLs in a population of women with SLE, was

frontiersin.org


https://doi.org/10.3389/fimmu.2022.941586
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Castellanos Gutierrez et al.

associated with an increased rate of placental infarcts and ischemic
villous lesions, but not decidual vasculopathy decidual or fetal
thrombi, chronic villitis, or perivascular fibrin deposition. Chronic
inflammatory lesions may also reflect vasculitis, a common SLE
feature (36).

Reduced placenta weight is a surrogate marker of maternal
malperfusion and a predictor for stillbirth (37). The increased risk
of stillbirth related to low placental weight suggests that a decreased
placental surface area for gas and nutrient exchange may lead to
fetal compromise (38, 39). In a prospective study, SLE placentas
were found smaller and having lower weight than healthy pregnant
women placentas, and these findings correlated with SLE activity
during pregnancy, thrombocytopenia, and hypocomplementemia
(40, 41). Chronic villitis of unknown implied etiology (VUE) was
also associated with decreased placental weight in placentas from
SLE patients. The study observed that the percentage of placentas
presenting this histological finding was more than three times
higher than control population group (Figure 1). The appearance
of VUE seems to be related to SLE. Other studies have observed that
VUE manifests late in pregnancy (third trimester) and suggests that
it is an immunologic lesion mediated by maternal inflammatory
cells (31, 42).

3 Molecular mechanisms in SLE

Several mechanisms have been proposed to explain and
understand the histopathological changes in SLE placentas. These
include the deposition of complement and immunoglobulins in the
walls of the decidual blood vessels (30), decidual thrombosis due to
aPLs (1, 35), and alterations of the immune system including T-

10.3389/fimmu.2022.941586

lymphocyte-mediated inflammatory reaction (33). In the following
sections, these mechanisms will be addressed in detail.

3.1 Complement system

The complement system is composed by more than 30
proteins present in the blood, tissues and other proteins
anchored to the surface of cells. The main functions of the
complement system are protection against infections, removal of
certain substances (such as damaged cells, microbes, or immune
complexes), and assisting in the modulation of adaptive immune
responses. Bacterial infections and autoimmune diseases are the
most frequent clinical conditions associated with complement
deficiencies. The most crucial complement elements involved in
SLE development are C1, C3, and C4 (42, 43).

During embryo implantation complement activity is elevated,
which is essential to promote trophoblast invasion of the decidua.
After implantation, complement levels physiologically decrease
but they remain elevated in miscarriage cases (44). Adequate
complement system activation is critical to maintaining a normal
pregnancy; unregulated complement activation represents a risk
for damage to the integrity of the placental barrier and can have
devastating effects on both fetal and maternal well-being. In fact,
hypocomplementemia during gestation has been identified as one
of the multiple predictors of poor pregnancy outcome in SLE
pregnancies. However, complement activation products, such as
Ba, Bb and SC5b-9 might represent more sensitive indicators of
complement activation (44).

Complement activation is initiated by classical, alternative,
and lectin pathways. The convergence of the three pathways at

FIGURE 1

JU39/14

Histopathologic changes observed in placentas of patients with SLE. (A) Extensive infarction. (B) Abruptio placenta. (C) Decidual vasculopathy.

(D) Decidua thrombi.
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C3 results in the generation of standard processors:
anaphylatoxins, opsonins, and the membrane attack complex.
Complement regulatory proteins CD55 (DAF), CD59 (MAC-
IP), and CD46 (MCP) are responsible for protecting unregulated
complement activation; they interact at different steps of the
complement cascade by promoting the inactivation of C3b and
C4b and preventing the assembly of C5b-9 (45, 46).

The interpretation of complement levels during pregnancy is
uncertain, as circulating complement reflects both synthesis
(enhanced by estrogen) and consumption (47). C4 is one of the
main components of the classical complement cascade, and C4d,
one of its degradation products, binds covalently to cell surface and
basement membranes near the site of C4 activation. C4d anchored
to the tissue derives in an inflammatory response, which might be
related to fetal tissue injury. Therefore, and due to its highly stability
and deposition in tissues, acts as a promising marker of classical
complement activation and its relation to villous injury (48). Also,
the presence of C4d has been associated with FGR cases in patients
with PE, SLE, and APS, concurrent with histologic abnormalities in
the placenta of these patients (49). In addition, the presence of C4d
deposition is associated with a lower gestational age in patients with
PE (50) (Figure 2).

Increased C5b-9 levels in the first trimester of pregnancy are
associated with placental developmental problems and adverse
outcomes such as PE due to dysregulation of angiogenic factors
(30). This is topic is still under investigation.

Likewise, a retrospective study of 263 patients showed that
one-third of patients with adverse pregnancy outcomes had

l 1C5b-9
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clinical and serologic activity (positive for anti-dsDNA
antibodies or low complement) and this finding was associated
with fetal loss and prematurity (30).

Recent studies described also the important role of Clq in the
physiological vascular remodeling of the decidual spiral artery. C1q
is produced and synthesized by extravillous trophoblasts and plays
a crucial role in trophoblast invasion of the decidua. Furthermore,
in animal experiments, it has been observed that elevated levels of
Clq are associated with recurrent losses (51).

Several studies have proposed that women with SLE have
impaired placental perfusion either because of excessive
activation of the complement system that causes inflammation,
or by deficiencies of this system compromising the development
and adequate perfusion of uteroplacental unit (52). C3 is the
central component of complement system and has been the
subject of several genetic studies in pregnancy complications.
Functional variants of the C3 gene have been described in
patients with idiopathic recurrent miscarriages, it has also
been related to the inflammatory process of spiral arteries in
patients with PE, and mutations in complement regulators have
been described in literature in SLE patients with PE complicated
by placental dysfunction (53).

3.2 Antiphospholipid antibodies (aPLs)

Another mechanism linking the histological abnormalities
and SLE is the embryotoxicity caused by aPLs, which acts on

lcomplemem

hyperactivation

tC3b

accumulation in the
syncytiotrophoblast

Dysregulation of angiogenic
factors

'

PE

FGR
Prematurity
Fetal death

FIGURE 2

Complement alterations of patients with systemic lupus erythematosus (SLE).
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different cellular targets: innate immune cells (neutrophils,
monocytes and platelets); endothelial cells and trophoblast
cells (1, 29, 54). aPLs are proteins produced by the immune
system, directed against different types of phospholipids and
phospholipid-binding proteins and are present in up to 30-40%
of women with SLE. Lupus anticoagulant (LAC), anticardiolipin
antibodies (aCL) and anti-f32 glycoprotein I antibodies (aB2GPI)
are associated with thrombosis, thrombocytopenia and
obstetrical morbidity, and are included in the international
classification criteria for antiphospholipid syndrome (APS)
(55). The relationship of other antibodies, such as anti
phosphatidylserine/prothrombin,phosphatidylethanolamine,
phosphatidic acid, phosphatidylinositol, vimentin/cardiolipin
complex, annexin A5 and IgA antibody isotype anti-f 2
glycoprotein-I and anticardiolipin antibodies with the onset of
thrombosis and/or obstetric morbidity is still not well establish,
but there is growing evidence suggesting a role for non-criteria
aPL in those patients defined as “seronegative” (56). PLs
antibodies and its deposition has been observed in the
trophoblast and trophoblast basement membranes from SLE
patients (29, 54). Placental infarction, impaired spiral artery
remodeling, decidua inflammation and the deposition of
complement split products were the most common features in
placentas of APL-positive women.

Antibodies against 32 glycoprotein I (B2GPI) are localized in
trophoblasts and decidual endothelial cells, and they interfere with
pregnancy impairing evolution of an adequate placenta
development, inhibiting the production of VEGF by endometrial
cells and perturbing placental production of growth factor (PIGF).
AB2GPI autoantibodies also prevent extravillous trophoblast cells
function (56-58). B2GPI are deposited in the maternal side of
placenta, upholding a harmful imbalance of angiogenic factors and
endometrial angiogenesis. They also induce apoptosis in the
trophoblast cells, suppress the secretion of chorionic gonadotropin
and metalloproteinases, necessary in decidual invasion, and promote
the classical pathway of the complement cascade af2GPI
autoantibodies activate Toll-like receptor (TLR)-4/Myd88 and
TLR-8, leading to a proinflammatory state by the production of
interleukin (IL)-1P and IL-8 (59, 60).

A decidual vasculopathy/coagulopathy has also been
proposed as possible mechanism for SLE and placental
antiphospholipid injury. It manifests early in pregnancy and
when the damage is severe, it causes extensive placental
infarction triggering termination of pregnancy by death or
premature delivery; this mechanism is still under study (61).

aPLs bind to the placenta and may induce the decrease of
annexin-V (31, 32). Annexin V is a cellular protein known as
placental anticoagulant protein. In fact, high levels of annexin V
have been found in the placenta (62). Annexin V has a high affinity
for anionic phospholipids and therefore interferes with thrombin
formation by preventing the binding of activated factor X and
prothrombin (63). In a normal pregnancy, annexin V is expressed
on apical surfaces of the syncytiotrophoblast microvilli and forms
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abarrier to phospholipids, and in this way protects against normal
coagulation processes (64). The high concentration of annexin V
in the trophoblast maintains blood fluidity on the constantly
regenerating surfaces of the trophoblast for nutritional exchange
between mother, fetus and fetal viability (65). Decrease of annexin
Visrelated to recurrent spontaneous pregnancy loss and placental
insufficiency, especially in women with SLE and APS (31, 65). In
addition, aPLs suppress annexin V expression in villus
trophoblasts and placental villi in vitro cultures. This
suppression of annexin V has been associated with placental
infarction, fetal loss, and recurrent spontaneous pregnancy loss
(66). As annexin V and aPL compete for phospholipid binding,
this could be an additional mechanism that contributes to
placental insufficiency in patients with aPL. The amount of
annexin V expressed in the apical membranes of the
syncytiotrophoblast is reduced in placentas from patients with
APS compared to normal placentas (31, 67, 68).

Regarding aPLs profile associated to adverse pregnancy
outcomes, efforts are being made to predict new obstetric
complication risks, but such associations are still poorly
established today, since most of classifications assess mainly
thrombotic manifestations. The PROMISSE study (Predictors of
Pregnancy Outcome: bioMarkers In antiphospholipid antibody
Syndrome and Systemic lupus Erythematosus) showed that
LAC, but not aCL and aP2GPI was predictive of poor
pregnancy outcomes after 12 weeks of pregnancy (69).

Recently, emerging data have raised the question of whether
obstetric and vascular APS are the same disease or variants of a
syndrome, since a thrombophilic state is a common feature in
vascular APS, whereas clot occlusions of the decidual spiral
arteries are seldom observed in obstetric APS and infarctions are
found in only one-third of APS placentas. In fact, defective
placentation is the major cause of pregnancy morbidity in APS,
suggesting that non-thrombotic mechanisms might be more
important than placental infarction in the pathogenesis of
obstetric APS. Tissue distribution of the main target antigen
(B2GPI) differs in both variants, being B2GPI expression higher
in decidual and placental tissues than in the endothelium might
enable higher B2GPI-dependent aPL binding (70).

3.3 Neutrophil extracellular traps

Neutrophils are the most predominant type of granulocytes
and account for 40% to 70% of all white blood cells in humans.
They form an essential part of the innate immune system and are
the first line of host defense against invading microorganisms
(71). Neutrophil extracellular traps (NETs) is a fibers network
composed by chromatin and serine proteases which capture and
eliminate extracellular microbes (72). It has been suggested that
NETs provide a high local concentration of antimicrobial
components and bind, disassemble, and clear microbes
independently of phagocytic recruitment. As it was projected,
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NETs play a role in inflammatory diseases, and they could be
detected in PE (73).

NETs are more readily formed in SLE patients, and some are
unable to degrade them (74). Jiang et al. have suggested that SLE
patients who develop adverse pregnancy outcomes would be
associated with inflammatory histological features as well as
infiltration of NETs and decidual natural killer cells (dNKs) (2).
Other studies have discover that NETs may be involved in aPL-
mediated recurrent fetal loss, which is related to inflammatory
activation through the complement system (75).

Recently, NETs role has been found as an important fact in the
pathogenesis of autoimmune diseases. In SLE, this may result in
prolonged exposure to an immune-stimulating context, which
exacerbates the autoimmune response and forms a vicious cycle
(76, 77). Also, it has have been proposed that NET's play an essential
position in the induction and persistence of the vasculopathy
described in placentas with SLE and in the occurrence of fetal
growth restriction, PE, and fetal loss. It has been described that they
are associated with tissue damage and self-antigens production; on
the other hand, they have prothrombotic action and
proinflammatory action with cytokine production (INF-alpha) (78).

NETs and dNKs are increased in SLE placentas, especially in
those with adverse pregnancy outcomes. Neutrophils and NET's
presence at the maternal-fetal interface could promote placental
damage through the help of dNKs, which develop inflammatory
and vascular alterations at entire placenta, thus explaining some of
the adverse outcomes observed in SLE patients (79). Increased
trophoblast apoptosis has been observed in PE placentas, and the
impaired structure and function of spiral arteries have also been
described (2). In SLE, an increase in endothelial cell apoptosis has
been labelled, which is associated with inflammatory processes
characteristic of the disease (80). NETs may be a source of
proinflammatory, and antiangiogenic media transmitted to the
fetus, with consequences still unknown and understudy.

3.4 Cytokines

Most cytokines have proinflammatory characteristics, but
some have immunomodulatory or anti-inflammatory functions.
Since the pathogenesis of Lupus is not well understood, it is so far
unclear whether elevated levels of specific cytokines are driving
the disease or just an epiphenomenon of malfunctioning immune
regulation and responses, cell death, or elimination of nonviable
cellular debris. Nonetheless, some cytokines have been found to
correlate with SLE disease activity and have been proposed as
therapeutic candidates for active SLE (81, 82).

3.4.1 Interferons type |
IFN are pro-inflammatory cytokines produced in answer to
infections as part of host defense by the innate immune system.
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In the human body, three types of IFNs appear to play a role in
SLE: type L, 11, and III (83, 84).

Interferon- o has been a critical and the most studied
cytokine in the pathogenesis of SLE (85). As is known
about half of lupus patients have a predominant expression of
interferon-induced genes in their peripheral blood mononuclear
cells, which is an enhanced type I interferon gene signature (86).
A cohort conducted at Karolinska observed that high IFN-o
activity correlates positively with disease activity scores (SLEDAI
and SLAM) and with the active involvement of specific organs:
e.g., nephritis, arthritis, lymphadenopathy, fatigue, and weight
loss. Elevated IFN-o activity is related with SLE disease activity,
as it was observed in European and North American cohorts
(87, 88).

Nevertheless, its utility in predicting SLE flares and adverse
pregnancy has not yet been proven. Regarding the relationship
between INF-alpha and adverse perinatal outcomes, elevated
interferon-o. activity early in gestation has been associated with
the onset of PE in SLE patients. In fact, it was found that interferon-
o levels are elevated first. Then PE-related symptoms occur in these
patients. It is important to remark that women without
autoimmune diseases who developed PE did not have increased
INF-alpha activity. Andrade et al. described interferon-o induces
an antiangiogenic medium, thus increasing the sensitivity of
endothelial cells to soluble Flt-1, which suggests that INF-alpha
might interfere with the pathogenesis of PE in women with SLE and
probably also with other autoimmune diseases (43). Other studies
in primary APS suggested a relationship between an enhanced type
IIFN gene signature with earlier disease onset and the development
of PE (23).

3.4.2 Interferons type Il

In the IFN II group, IFN-y is an antiviral protein generated by
mitogen-activated T lymphocytes, and its association with SLE has
been described (89). Some studies have characterized IFN-y levels
increase in parallel to the development of autoantibodies and are
elevated before disease symptoms were developed. For example, in
one cohort of patients, elevated IFN-y levels were associated with
elevated SLEDAI scores, active arthritis, complement
consumption, and anti-Ro60/SSA positivity (84, 90).

3.4.3 Interferons type Il

The role of type ITI IFNs, including four subtypes of [FN-A1, -2,
-3, and -4, has recently been identified. IFN- is easier to study in
SLE patients, as they can be detected in the circulation by
conventional ELISA or immunohistochemistry. IFN-A3 levels
have been reported to correlate with SLE disease activity, active
NL and arthritis, and supplement consumption (91). Studies have
measured IFN-A levels before and after treatment IFN-AL levels
decreased only in patients who responded to therapy, while they
remained high in histological non-responders. They also observed
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that elevated IFN-A1 levels are a feature of patients with
cardiovascular events and secondary APS and are often
associated with warfarin therapy (92, 93).

Concerning to placentation and pregnancy progress, IFN of
all three types play an important role at different stages. The early
stages of pregnancy, such as blastocyst implantation and placental
invasion, are inflammatory processes that physically degrade and
remodel the maternal tissue at the implantation site; in this
process, the intervention of type I IFN is indispensable.
Subsequent, fetal growth occurs in a Th2 anti-inflammatory
environment that typifies most of the pregnancy. Finally,
delivery is an inflammatory process in which NF-kf} signaling
contributes to labor induction (94).

3.5 Chemokines

Chemokines are classified into four subfamilies according to
the first two cysteines and the amino acid residues, between
them at the N-terminal end of the polypeptide. Chemokines and
homeostatic chemokine receptors are essential not just for the
arrival of progenitor cells and mature immune cells into
primary/secondary immune tissues, also for immune system
development and peripheral non-immune tissues, as well as
tissue-specific functions and immune surveillance (95). In
autoimmune diseases such as SLE, increased expression of
chemokine receptors (CXCR2, CXCR3, CCR3 and CCR1) and
elevated levels of chemokines such as MCP-1/CCL2, MIP-1/
CCL-4, SDF-1/CXCL-12, RANTES/CCL5 and IP-10/CXCL-10
are observed (96). Motta et al. described in their work that CCL5
chemokine was elevated in women with autoimmune diseases;
this finding seems to be related to placental villitis and PE (97).
However, studies on this topic should be continued, as the
evidence and information are limited.

4 Conclusion

The placenta is one of the end-organ damaged in SLE in
pregnancy. Because its fundamental role in regulating maternal-
fetal interactions, its damage is a key pathological pathway
leading to adverse pregnancy outcomes in these patients. In
recent years, some studies have shredded light into the placental
pathophysiologic mechanisms that operate in women with SLE,
but, unfortunately, a comprehensive understanding is still
elusive. An in-depth knowledge of these mechanisms is
required to advance in the prediction, prevention and

References

1. Hayslett JP. The effect of systemic lupus erythematosus on pregnancy and
pregnancy outcome. Am J Reprod Immunol (1992) 28(3-4):199-204. doi: 10.1111/
j.1600-0897.1992.tb00791.x

Frontiers in Immunology

08

10.3389/fimmu.2022.941586

treatment of the placental damage that mediates association
between SLE and adverse perinatal outcomes.

Author contributions

AC: Manuscript writing, literature review, realization of
diagrams and images. NB: Manuscript writing, literature
review, manuscript editing. FF: Manuscript editing. DM-P:
Manuscript writing, manuscript editing. ES: Manuscript
editing. GE: Manuscript editing. All authors contributed to
manuscript revision, read, and approved the submitted version.

Funding

DM-P has been supported by the German Research
Foundation (DFG, grant-project nr. Mo02017/3-3- 255955419
and MO2017/4-1 - 468501728 ) and the Interdisciplinary Center
for Clinical Research (IZKF, DMMP FF05) at the Jena
University Hospital.

Acknowledgments

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

2. Marder W, Knight JS, Kaplan MJ, Somers EC, Zhang X, O’Dell AA, et al.
Placental histology and neutrophil extracellular traps in lupus and pre-eclampsia
pregnancies. Lupus Sci Med (2016) 3(1):e000134. doi: 10.1136/lupus-2015-000134

frontiersin.org


https://doi.org/10.1111/j.1600-0897.1992.tb00791.x
https://doi.org/10.1111/j.1600-0897.1992.tb00791.x
https://doi.org/10.1136/lupus-2015-000134
https://doi.org/10.3389/fimmu.2022.941586
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Castellanos Gutierrez et al.

3. Kiss E, Bhattoa HP, Bettembuk P, Balogh A, Szegedi G. Pregnancy in women
with systemic lupus erythematosus. Eur ] Obstet Gynecol Reprod Biol (2002) 101
(2):129-34. doi: 10.1016/S0301-2115(01)00525-5

4. Ostensen M, Clowse M. Pathogenesis of pregnancy complications in systemic
lupus erythematosus. Curr Opin Rheumatol (2013) 25(5):591-6. doi: 10.1097/
BOR.0b013e328363¢ebf7

5. Clowse MEB, Chakravarty E, Costenbader KH, Chambers C, Michaud K.
Effects of infertility, pregnancy loss, and patient concerns on family size of women
with rheumatoid arthritis and systemic lupus erythematosus. Arthritis Care Res
(2012) 64(5):668-74. doi: 10.1002/acr.21593

6. Sullivan KE. Genetics of systemic lupus erythematosus. Rheum Dis Clinics
North America (2000) 26(2):229-56. doi: 10.1016/S0889-857X(05)70137-X

7. Goldberg MA, Arnett FC, Bias WB, Shulman LE. Histocompatibility antigens
in systemic lupus erythematosus. Arthritis Rheum (1976) 19(2):129-32. doi:
10.1002/art.1780190201

8. Deng Y, Tsao BP. Genetic susceptibility to systemic lupus erythematosus in
the genomic era. Nat Rev Rheumatol (2010) 6(12):683-92. doi: 10.1038/
nrrheum.2010.176

9. Gallucci S, Meka S, Gamero AM. Abnormalities of the type I interferon
signaling pathway in lupus autoimmunity. Cytokine (2021) 146:155633. doi:
10.1016/j.cyt0.2021.155633

10. Pacheco GV, Nakazawa Ueji YE, Bello JR, Barbosa Cobos RE, Jiménez
Becerra ED, Gonzalez Herrera L], et al. Copy number variation and frequency of
rs179008 in tlr7 gene associated with systemic lupus erythematosus in two mexican
populations. ] Immunol Res (2022) 2022:1-6. doi: 10.1155/2022/2553901

11. Brown GJ, Caniete PF, Wang H, Medhavy A, Bones J, Roco JA, et al. TLR7
gain-of-function genetic variation causes human lupus. Nature (2022) 605
(7909):349-56. doi: 10.1038/s41586-022-04642-z

12. Rubin RL. Drug-induced lupus. Expert Opin Drug Safety (2015) 14(3):361-
78. doi: 10.1517/14740338.2015.995089

13. Hickman RA, Gordon C. Causes and management of infertility in systemic
lupus erythematosus. Rheumatology (2011) 50(9):1551-8. doi: 10.1093/
rheumatology/ker105

14. Barbhaiya M, Bermas BL. Evaluation and management of systemic lupus
erythematosus and rheumatoid arthritis during pregnancy. Clin Immunol (2013)
149(2):225-35. doi: 10.1016/j.clim.2013.05.006

15. Sammaritano LR. Management of systemic lupus erythematosus during
pregnancy. Annu Rev Med (2017) 68(1):271-85. doi: 10.1146/annurev-med-
042915-102658

16. Boumpas DT. Risk for sustained amenorrhea in patients with systemic lupus
erythematosus receiving intermittent pulse cyclophosphamide therapy. Ann
Internal Med (1993) 119(5):366. doi: 10.7326/0003-4819-119-5-199309010-00003

17. Andreoli L, Bertsias GK, Agmon-Levin N, Brown S, Cervera R, Costedoat-
Chalumeau N, et al. EULAR recommendations for women’s health and the
management of family planning, assisted reproduction, pregnancy and
menopause in patients with systemic lupus erythematosus and/or
antiphospholipid syndrome. Ann Rheum Diseases (2017) 76(3):476-85. doi:
10.1136/annrheumdis-2016-209770

18. Kim MY, Buyon JP, Guerra MM, Rana S, Zhang D, Laskin CA, et al.
Angiogenic factor imbalance early in pregnancy predicts adverse outcomes in
patients with lupus and antiphospholipid antibodies: results of the PROMISSE
study. Am ] Obstet Gynecol (2016) 214(1):108.e1-108.e14. doi: 10.1016/
j.2j0g.2015.09.066

19. Smyth A, Oliveira GHM, Lahr BD, Bailey KR, Norby SM. Garovic vd. a
systematic review and meta-analysis of pregnancy outcomes in patients with
systemic lupus erythematosus and lupus nephritis. Clin ] Am Soc Nephrol (2010)
5(11):2060-8. doi: 10.2215/CJN.00240110

20. Voltolini C, Torricelli M, Conti N, Vellucci FL, Severi FM, Petraglia F.
Understanding spontaneous preterm birth: from underlying mechanisms to
predictive and preventive interventions. Reprod Sci (2013) 20(11):1274-92. doi:
10.1177/1933719113477496

21. Clowse MEB, Magder LS, Witter F, Petri M. The impact of increased lupus
activity on obstetric outcomes. Arthritis Rheum (2005) 52(2):514-21. doi: 10.1002/
art.20864

22. Bartsch E, Medcalf KE, Park AL, Ray JG. Clinical risk factors for pre-
eclampsia determined in early pregnancy: systematic review and meta-analysis of
large cohort studies. BMJ (2016) 353:11753. doi: 10.1136/bmj.i1753

23. Ugolini-Lopes MR, Torrezan GT, Gandara APR, Olivieri EHR, Nascimento
IS, Okazaki E, et al. Enhanced type I interferon gene signature in primary
antiphospholipid syndrome: Association with earlier disease onset and
preeclampsia. Autoimmun Rev (2019) 18(4):393-8. doi: 10.1016/
j.autrev.2018.11.004

Frontiers in Immunology

09

10.3389/fimmu.2022.941586

24. Andrade R, Sanchez ML, Alarcon GS, Fessler B], Fernandez M, Bertoli AM,
et al. Adverse pregnancy outcomes in women with systemic lupus erythematosus
from a multiethnic US cohort: LUMINA (LVI) [corrected]. Clin Exp Rheumatol
(2008) 26(2):268-74.

25. Mavragani CP, Ioannidis JPA, Tzioufas AG, Hantoumi IE, Moutsopoulos
HM. Recurrent pregnancy loss and autoantibody profile in autoimmune diseases.
Rheumatology (1999) 38(12):1228-33. doi: 10.1093/rheumatology/38.12.1228

26. Chaddha V, Viero S, Huppertz B, Kingdom J. Developmental biology of the
placenta and the origins of placental insufficiency. Semin Fetal Neonatal Med
(2004) 9(5):357-69. doi: 10.1016/j.siny.2004.03.006

27. Arroyo JA, Winn VD. Vasculogenesis and angiogenesis in the TUGR
placenta. Semin Perinatol (2008) 32(3):172-7. doi: 10.1053/j.semperi.2008.02.006

28. Marconi AM, Paolini CL. Nutrient transport across the intrauterine growth-
restricted placenta. Semin Perinatol (2008) 32(3):178-81. doi: 10.1053/
j.semperi.2008.02.007

29. Regal JF, Gilbert JS, Burwick RM. The complement system and adverse
pregnancy outcomes. Mol Immunol (2015) 67(1):56-70. doi: 10.1016/
j.molimm.2015.02.030

30. Kim MY, Guerra MM, Kaplowitz E, Laskin CA, Petri M, Branch DW, et al.
Complement activation predicts adverse pregnancy outcome in patients with
systemic lupus erythematosus and/or antiphospholipid antibodies. Ann Rheum
Diseases (2018) 77(4):549-55. doi: 10.1136/annrheumdis-2017-212224

31. Matrai CE, Rand JH, Baergen RN. Absence of distinct
immunohistochemical distribution of annexin a5, c3b, c4d, and c5b-9 in
placentas from patients with antiphospholipid antibodies, preeclampsia, and
systemic lupus erythematosus. Pediatr Dev Pathol (2019) 22(5):431-9. doi:
10.1177/1093526619836025

32. Magid MS, Kaplan C, Sammaritano LR, Peterson M, Druzin ML, Lockshin
MD. Placental pathology in systemic lupus erythematosus: A prospective study.
Am ] Obstet Gynecol (1998) 179(1):226-34. doi: 10.1016/S0002-9378(98)70277-7

33. Erlendsson K, Steinsson K, Johannsson JH, Geirsson RT. Relation of
antiphospholipid antibody and placental bed inflammatory vascular changes to
the outcome of pregnancy in successive pregnancies of 2 women with systemic
lupus erythematosus. J Rheumatol (1993) 20(10):1779-85.

34. Salafia CM, Parke AL. Placental pathology in the phospholipid antibody
syndrome and systemic lupus erythematosus. Rheum Dis Clinics North America
(1997) 23(1):85-97. doi: 10.1016/S0889-857X(05)70316-1

35. de Wolf F, Carreras LO, Moerman P, Vermylen J, van Assche A, Renaer
M. Decidual vasculopathy and extensive placental infarction in a patient with
repeated thromboembolic accidents, recurrent fetal loss, and a lupus
anticoagulant. Am J Obstet Gynecol (1982) 142(7):829-34. doi: 10.1016/S0002-
9378(16)32527-3

36. Silver MM, Laxer RM, Laskin CA, Smallhorn JF, Gare D]J. Association of
fetal heart block and massive placental infarction due to maternal autoantibodies.
Pediatr Pathol (1992) 12(1):131-9. doi: 10.3109/15513819209023289

37. Locatelli A, Patane’ L, Ghidini A, Marinetti E, Zagarella A, Pezzullo JC, et al.
Pathology findings in preterm placentas of women with autoantibodies: a case—
control study. ] Maternal Fetal Neonatal Med (2002) 11(5):339-44. doi: 10.1080/
jmf.11.5.339.344

38. Khong TY, Mooney EE, Ariel I, Balmus NCM, Boyd TK, Brundler MA, et al.
Sampling and definitions of placental lesions: amsterdam placental workshop
group consensus statement. Arch Pathol Lab Med (2016) 140(7):698-713. doi:
10.5858/arpa.2015-0225-CC

39. Hutcheon JA, McNamara H, Platt RW, Benjamin A, Kramer MS. Placental
weight for gestational age and adverse perinatal outcomes. J Obstet Gynecol (2012)
119(6):1251-8. doi: 10.1097/A0G.0b013e318253d3df

40. Bonds DR, Gabbe SG, Kumar S, Taylor T. Fetal weight/placental weight
ratio and perinatal outcome. Am ] Obstet Gynecol (1984) 149(2):195-200. doi:
10.1016/0002-9378(84)90198-4

41. Hanly JG, Gladman DD, Rose TH, Laskin CA, Urowitz MB. Lupus

pregnancy. a prospective study of placental changes. Arthritis Rheum (1988) 31
(3):358-66. doi: 10.1002/art.1780310307

42. Grennan DM, McCormick JN, Wojtacha D, Carty M, Behan W.
Immunological studies of the placenta in systemic lupus erythematosus. Ann
Rheum Diseases (1978) 37(2):129-34. doi: 10.1136/ard.37.2.129

43. Andrade D, Kim M, Blanco LP, Karumanchi SA, Koo GC, Redecha P, et al.
Interferon-o. and angiogenic dysregulation in pregnant lupus patients who develop
preeclampsia. Arthritis Rheumatol (2015) 67(4):977-87. doi: 10.1002/art.39029

44. Chighizola CB, Lonati PA, Trespidi L, Meroni PL, Tedesco F. The
complement system in the pathophysiology of pregnancy and in systemic
autoimmune rheumatic diseases during pregnancy. Front Immunol (2020) 11.
doi: 10.3389/fimmu.2020.02084

frontiersin.org


https://doi.org/10.1016/S0301-2115(01)00525-5
https://doi.org/10.1097/BOR.0b013e328363ebf7
https://doi.org/10.1097/BOR.0b013e328363ebf7
https://doi.org/10.1002/acr.21593
https://doi.org/10.1016/S0889-857X(05)70137-X
https://doi.org/10.1002/art.1780190201
https://doi.org/10.1038/nrrheum.2010.176
https://doi.org/10.1038/nrrheum.2010.176
https://doi.org/10.1016/j.cyto.2021.155633
https://doi.org/10.1155/2022/2553901
https://doi.org/10.1038/s41586-022-04642-z
https://doi.org/10.1517/14740338.2015.995089
https://doi.org/10.1093/rheumatology/ker105
https://doi.org/10.1093/rheumatology/ker105
https://doi.org/10.1016/j.clim.2013.05.006
https://doi.org/10.1146/annurev-med-042915-102658
https://doi.org/10.1146/annurev-med-042915-102658
https://doi.org/10.7326/0003-4819-119-5-199309010-00003
https://doi.org/10.1136/annrheumdis-2016-209770
https://doi.org/10.1016/j.ajog.2015.09.066
https://doi.org/10.1016/j.ajog.2015.09.066
https://doi.org/10.2215/CJN.00240110
https://doi.org/10.1177/1933719113477496
https://doi.org/10.1002/art.20864
https://doi.org/10.1002/art.20864
https://doi.org/10.1136/bmj.i1753
https://doi.org/10.1016/j.autrev.2018.11.004
https://doi.org/10.1016/j.autrev.2018.11.004
https://doi.org/10.1093/rheumatology/38.12.1228
https://doi.org/10.1016/j.siny.2004.03.006
https://doi.org/10.1053/j.semperi.2008.02.006
https://doi.org/10.1053/j.semperi.2008.02.007
https://doi.org/10.1053/j.semperi.2008.02.007
https://doi.org/10.1016/j.molimm.2015.02.030
https://doi.org/10.1016/j.molimm.2015.02.030
https://doi.org/10.1136/annrheumdis-2017-212224
https://doi.org/10.1177/1093526619836025
https://doi.org/10.1016/S0002-9378(98)70277-7
https://doi.org/10.1016/S0889-857X(05)70316-1
https://doi.org/10.1016/S0002-9378(16)32527-3
https://doi.org/10.1016/S0002-9378(16)32527-3
https://doi.org/10.3109/15513819209023289
https://doi.org/10.1080/jmf.11.5.339.344
https://doi.org/10.1080/jmf.11.5.339.344
https://doi.org/10.5858/arpa.2015-0225-CC
https://doi.org/10.1097/AOG.0b013e318253d3df
https://doi.org/10.1016/0002-9378(84)90198-4
https://doi.org/10.1002/art.1780310307
https://doi.org/10.1136/ard.37.2.129
https://doi.org/10.1002/art.39029
https://doi.org/10.3389/fimmu.2020.02084
https://doi.org/10.3389/fimmu.2022.941586
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Castellanos Gutierrez et al.

45. Heidari Z, Mahmoudzadeh Sagheb H, Sheibak N. Immunohistochemical
expression of myeloperoxidase in placental samples of systematic lupus
erythematosus pregnancies. ] Family Reprod Health (2016) 10(2):64-70.

46. Agostinis C, Bulla R, Tripodo C, Gismondi A, Stabile H, Bossi F, et al. An
alternative role of c1q in cell migration and tissue remodeling: contribution to
trophoblast invasion and placental development. J Immunol (2010) 185(7):4420-9.
doi: 10.4049/jimmunol.0903215

47. Holmes CH, Simpson KL, Okada H, Okada N, Wainwright SD, Purcell DFJ,
et al. Complement regulatory proteins at the feto-maternal interface during human
placental development: distribution of CD59 by comparison with membrane
cofactor protein(CD46) and decay accelerating factor (CD55). Eur J Immunol
(1992) 22(6):1579-85. doi: 10.1002/¢ji.1830220635

48. Botto M, Kirschfink M, Macor P, Pickering MC, Wiirzner R, Tedesco F.
Complement in human diseases: Lessons from complement deficiencies. Mol
Immunol (2009) 46(14):2774-83. doi: 10.1016/j.molimm.2009.04.029

49. Minamiguchi S, Mikami Y, Nakajima N, Salah A, Kondoh E, Tatsumi K,
et al. Complement split product C4d deposition in placenta in systemic lupus
erythematosus and pregnancy-induced hypertension. Pathol Int (2013) 63(3):150—
7. doi: 10.1111/pin.12041

50. Viall CA, Chamley LW. Histopathology in the placentae of women with
antiphospholipid antibodies: A systematic review of the literature. Autoimmun Rev
(2015) 14(5):446-71. doi: 10.1016/j.autrev.2015.01.008

51. Buurma A, Cohen D, Veraar K, Schonkeren D, Claas FH, Bruijn JA, et al.
Preeclampsia is characterized by placental complement dysregulation. Hypertension
(2012) 60(5):1332-7. doi: 10.1161/HYPERTENSIONAHA.112.194324

52. Tedesco F, Narchi G, Radillo O, Meri S, Ferrone S, Betterle C. Susceptibility
of human trophoblast to killing by human complement and the role of the
complement regulatory proteins. J Immunol (1993) 151(3):1562-70.

53. Ohmura K, Oku K, Kitaori T, Amengual O, Hisada R, Kanda M, et al.
Pathogenic roles of anti-C1q antibodies in recurrent pregnancy loss. Clin Immunol
(2019) 203:37-44. doi: 10.1016/j.clim.2019.04.005

54. Out HJ, Kooijman CD, Bruinse HW, Derksen RHWM. Histopathological
findings in placentae from patients with intra-uterine fetal death and anti-
phospholipid antibodies. Eur J Obstet Gynecol Reprod Biol (1991) 41(3):179-86.
doi: 10.1016/0028-2243(91)90021-C

55. Levy R, Avvad E, Oliveira J, Porto L. Placental pathology in
antiphospholipid syndrome. Lupus (1998) 7(2_suppl):81-5. doi: 10.1177/
096120339800700218

56. Xu C, Mao D, Holers VM, Palanca B, Cheng AM, Molina H. A critical role
for murine complement regulator crry in fetomaternal tolerance. Science (2000)
287(5452):498-501. doi: 10.1126/science.287.5452.498

57. Pignatelli P, Ettorre E, Menichelli D, Pani A, Violi F, Pastori D. Seronegative
antiphospholipid syndrome: refining the value of “non-criteria” antibodies for
diagnosis and clinical management. Haematologica (2020) 105(3):562-72. doi:
10.3324/haematol.2019.221945

58. Di Simone N, Di Nicuolo F, D’Ippolito S, Castellani R, Tersigni C, Caruso A,
et al. Antiphospholipid antibodies affect human endometrial angiogenesis. Biol
Reprod (2010) 83(2):212-9. doi: 10.1095/biolreprod.110.083410

59. Di Simone N, D’Ippolito S, Marana R, Di Nicuolo F, Castellani R, Pierangeli SS,
et al. Antiphospholipid antibodies affect human endometrial angiogenesis: protective
effect of a synthetic peptide (TIFI) mimicking the phospholipid binding site of B(2)
glycoprotein I. Am J Reprod Immunol (2013) 70(4):299-308. doi: 10.1111/ji.12130

60. Piona A, La Rosa L, Tincani A, Faden D, Magro G, Grasso S, et al. Placental
thrombosis and fetal loss after passive transfer of mouse lupus monoclonal or
human polyclonal. anticardiolipin antibodies in pregnant naive BALB/c mice.
Scand ] Immunol (1995) 41:427-32. doi: 10.1111/j.1365-3083.1995.tb03588 x

61. Mulla MJ, Salmon JE, Chamley LW, Brosens JJ, Boeras CM, Kavathas PB,
et al. A role for uric acid and the Nalp3 inflammasome in antiphospholipid
antibody-induced IL-1p production by human first trimester trophoblast. PloS One
(2013) 8(6):e65237. doi: 10.1371/journal.pone.0065237

62. Agostinis C, Biffi S, Garrovo C, Durigutto P, Lorenzon A, Bek A, et al. In
vivo distribution of beta2 glycoprotein I under various pathophysiologic
conditions. Blood (2011) 118:4231-8. doi: 10.1182/blood-2011-01-333617

63. Villanueva E, Yalavarthi S, Berthier CC, Hodgin JB, Khandpur R, Lin AM,
et al. Netting neutrophils induce endothelial damage, infiltrate tissues, and expose
immunostimulatory molecules in systemic lupus erythematosus. ] Immunol (2011)
187(1):538-52. doi: 10.4049/jimmunol.1100450

64. Tait JF, Sakata M, McMullen BA, Miao CH, Funakoshi T, Hendrickson LE,
et al. Placental anticogulant proteins isolation and comparative characterization of
four members of the lipocortin family. Biochemistry (1988) 27:6268-76. doi:
10.1021/bi00417a011

Frontiers in Immunology

10

10.3389/fimmu.2022.941586

65. Kondo S, Noguchi M, Funakoshi T, Fujikawa K, Kisiel W. Inhibition of
human factor VIla-tissue factor activity by placental anticoagulant protein. Thromb
Res (1987) 48(4):449-59. doi: 10.1016/0049-3848(87)90402-6

66. Lockwood CJ, Rand JII. The immunobiology and obstetrical consequences
of antiphospholipid anti- bodies. Obstet Gynecol Surv (1994) 49:432-41. doi:
10.1097/00006254-199406000-00026

67. Krikun G, Lockwood CJ, Wu XX, Zhou XD, Guller S, Calandri C, et al. The
expression of the placental anticoagulant protein, annexin V, by villous
trophoblasts: immunolocalization and in vitro regulation. Placenta (1994) 15
(6):601-12. doi: 10.1016/S0143-4004(05)80407-2

68. Wang X, Campos B, Kaetzel MA, Dedman JR. Annexin V is critical in the
maintenance of murine placental integrity. Am J Obstet Gynecol (1999) 180
(4):1008-16. doi: 10.1016/S0002-9378(99)70674-5

69. Yelnik CM, Laskin CA, Porter TF, Branch DW, Buyon JP, Guerra MM, et al.
Lupus anticoagulant is the main predictor of adverse pregnancy outcomes in aPL-
positive patients: validation of PROMISSE study results. Lupus Sci Med (2016) 3(1):
€000131. doi: 10.1136/lupus-2015-000131

70. Meroni PL, Borghi MO, Grossi C, Chighizola CB, Durigutto P, Tedesco F.
Obstetric and vascular antiphospholipid syndrome: same antibodies but different
diseases? Nat Rev Rheumatol (2018) 14(7):433-40. doi: 10.1038/s41584-018-0032-6

71. Rosales C. Neutrophil: a cell with many roles in inflammation or several cell
types? Front Physiol (2018) 9:113. doi: 10.3389/fphys.2018.00113

72. Witko-Sarsat V, Rieu P, Descamps-Latscha B, Lesavre P, Halbwachs-
Mecarelli L. Neutrophils: molecules, functions and pathophysiological aspects.
laboratory investigation. A ] Tech Methods Pathol (2000) 80(5):617-53.
doi: 10.1038/labinvest.3780067

73. Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS,
et al. Neutrophil extracellular traps kill bacteria. Science (2004) 303(5663):1532-5.
doi: 10.1126/science.1092385

74. Gupta AK, Hasler P, Holzgreve W, Hahn S. Neutrophil NETs: a novel
contributor to preeclampsia-associated placental hypoxia? Semin Immunopathol
(2007) 29(2):163-7. doi: 10.1007/s00281-007-0073-4

75. Jiang M, Shen N, Zhou H, Wang Y, Lin S, Wu J, et al. The enrichment of
neutrophil extracellular traps impair the placentas of systemic lupus erythematosus
through accumulating decidual NK cells. Sci Rep (2021) 11(1):6870. doi: 10.1038/
541598-021-86390-0

76. Buyon JP, Shadick N, Berkman R, Hopkins P, Dalton J, Weissmann G, et al.
Surface expression of gp 165/95, the complement receptor CR3, as a marker of
disease activity in systemic lupus erythematosus. Clin Immunol Immunopathol
(1988) 46:141-9. doi: 10.1016/0090-1229(88)90014-1

77. Wirestam L, Arve S, Linge P, Bengtsson AA. Neutmphils—important
communicators in systemic lupus erythematosus and antiphospholipid
syndrome. Front Immunol (2019) 10:2734. doi: 10.3389/fimmu.2019.02734

78. Alarcon F, McLaren Z, Wright HL. Neutrophils in the pathogenesis of
rheumatoid arthritis and systemic lupus erythematosus: same foe different m.o.
Front Immunol (2021) 12:649693. doi: 10.3389/fimmu.2021.649693

79. Gupta A, Hasler P, Gebhardt S, Holzgreve W, Hahn S. Occurrence of
neutrophil extracellular DNA traps (NETs) in pre-eclampsia: a link with elevated
levels of cell-free DNA? Ann N Y Acad Sci (2006) 1075:118-22. doi: 10.1196/
annals.1368.015

80. Sharp AN, Heazell AE, Crocker IP, Mor G. Placental apoptosis in health and
disease. Am ] Reprod Immunol (2010) 64(3):159-69. doi: 10.1111/j.1600-
0897.2010.00837.x

81. Yu Y, Su K. Neutrophil extracellular traps and systemic lupus
erythematosus. J Clin Cell Immunol (2013) 4:139. doi: 10.4172/2155-9899.1000139

82. Chasset F, Arnaud L. Targeting interferons and their pathways in systemic
lupus erythematosus. Autoimmun Rev (2018) 17:44-52. doi: 10.1016/
j.autrev.2017.11.009

83. La Cava A. Anticytokine therapies in systemic lupus erythematosus.
Immunotherapy (2010) 2:575-82. doi: 10.2217/imt.10.29

84. Crow MK, Ronnblom L. Type I interferons in host defence and
inflammatory diseases. Lupus Sci Med (2019) 6:¢000336. doi: 10.1136/lupus-
2019-000336

85. Oke V, Gunnarsson I, Dorschner J, Eketjill S, Zickert A, Niewold TB, et al.
High levels of circulating interferons type I, type II and type III associate with
distinct clinical features of active systemic lupus erythematosus. Arthritis Res Ther
(2019) 21:107. doi: 10.1186/s13075-019-1878-y

86. Idborg H, Oke V. Cytokines as biomarkers in systemic lupus erythematosus:
value for diagnosis and drug therapy. Int J Mol Sci (2021) 22(21):11327. doi:
10.3390/ijms222111327

frontiersin.org


https://doi.org/10.4049/jimmunol.0903215
https://doi.org/10.1002/eji.1830220635
https://doi.org/10.1016/j.molimm.2009.04.029
https://doi.org/10.1111/pin.12041
https://doi.org/10.1016/j.autrev.2015.01.008
https://doi.org/10.1161/HYPERTENSIONAHA.112.194324
https://doi.org/10.1016/j.clim.2019.04.005
https://doi.org/10.1016/0028-2243(91)90021-C
https://doi.org/10.1177/096120339800700218
https://doi.org/10.1177/096120339800700218
https://doi.org/10.1126/science.287.5452.498
https://doi.org/10.3324/haematol.2019.221945
https://doi.org/10.1095/biolreprod.110.083410
https://doi.org/10.1111/aji.12130
https://doi.org/10.1111/j.1365-3083.1995.tb03588.x
https://doi.org/10.1371/journal.pone.0065237
https://doi.org/10.1182/blood-2011-01-333617
https://doi.org/10.4049/jimmunol.1100450
https://doi.org/10.1021/bi00417a011
https://doi.org/10.1016/0049-3848(87)90402-6
https://doi.org/10.1097/00006254-199406000-00026
https://doi.org/10.1016/S0143-4004(05)80407-2
https://doi.org/10.1016/S0002-9378(99)70674-5
https://doi.org/10.1136/lupus-2015-000131
https://doi.org/10.1038/s41584-018-0032-6
https://doi.org/10.3389/fphys.2018.00113
https://doi.org/10.1038/labinvest.3780067
https://doi.org/10.1126/science.1092385
https://doi.org/10.1007/s00281-007-0073-4
https://doi.org/10.1038/s41598-021-86390-0
https://doi.org/10.1038/s41598-021-86390-0
https://doi.org/10.1016/0090-1229(88)90014-1
https://doi.org/10.3389/fimmu.2019.02734
https://doi.org/10.3389/fimmu.2021.649693
https://doi.org/10.1196/annals.1368.015
https://doi.org/10.1196/annals.1368.015
https://doi.org/10.1111/j.1600-0897.2010.00837.x
https://doi.org/10.1111/j.1600-0897.2010.00837.x
https://doi.org/10.4172/2155-9899.1000139
https://doi.org/10.1016/j.autrev.2017.11.009
https://doi.org/10.1016/j.autrev.2017.11.009
https://doi.org/10.2217/imt.10.29
https://doi.org/10.1136/lupus-2019-000336
https://doi.org/10.1136/lupus-2019-000336
https://doi.org/10.1186/s13075-019-1878-y
https://doi.org/10.3390/ijms222111327
https://doi.org/10.3389/fimmu.2022.941586
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Castellanos Gutierrez et al.

87. Brohawn PZ, Streicher K, Higgs BW, Morehouse C, Liu H, Illei G, et al. Type
I interferon gene signature test-low and -high patients with systemic lupus
erythematosus have distinct gene expression signatures. Lupus (2019) 28
(13):1524-33. doi: 10.1177/0961203319885447

88. Weckerle CE, Franek BS, Kelly JA, Kumabe M, Mikolaitis RA, Green SL,
et al. Network analysis of associations between serum interferon-o, activity,
autoantibodies, and clinical features in systemic lupus erythematosus. Arthritis
Rheumatol (2011) 63:1044-53. doi: 10.1002/art.30187

89. Palli E, Kravvariti E, Tektonidou MG. Type I interferon signature in primary
antiphospholipid syndrome: Clinical and laboratory associations. Front Immunol
(2019) 10:487. doi: 10.3389/fimmu.2019.00487

90. Munroe ME, Lu R, Zhao YD, Fife DA, Robertson JM, Guthridge JM,
et al. Altered type II interferon precedes autoantibody accrual and elevated
type I interferon activity prior to systemic lupus erythematosus classification.
Ann Rheumatol Dis (2016) 75:2014-21. doi: 10.1136/annrheumdis-2015-
208140

91. Amezcua-Guerra LM, Marquez-Velasco R, Chavez-Rueda AK, Castillo-
Martinez D, Masso F, Paez A, et al. Type iii interferons in systemic lupus
erythematosus: association between interferon A3, disease activity, and anti-ro/
ssa antibodies. J Clin Rheumatol (2017) 23:368-75. doi: 10.1097/RHU.0000
000000000581

Frontiers in Immunology

11

10.3389/fimmu.2022.941586

92. Wu Q, Yang Q, Lourenco E, Sun H, Zhang Y. Interferon-lambdal induces
peripheral blood mononuclear cell-derived chemokines secretion in patients with
systemic lupus erythematosus: Its correlation with disease activity. Arthritis Res
Ther (2011) 13:R88. doi: 10.1186/ar3363

93. Zickert A, Oke V, Parodis I, Svenungsson E, Sundstrom Y, Gunnarsson I.
Interferon (IFN)-A is a potential mediator in lupus nephritis. Lupus Sci Med (2016)
3:e000170. doi: 10.1136/lupus-2016-000170

94. Micallef A, Grech N, Farrugia F, Schembri-Wismayer P, Calleja-Agius J. The
role of interferons in early pregnancy. Gynecol Endocrinol (2014) 30(1):1-6. doi:
10.3109/09513590.2012.743011

95. Griffith JW, Sokol CL, Luster AD. Chemokines and chemokine receptors:
positioning cells for host defense and immunity. Annu Rev Immunol (2014)
32:659-702. doi: 10.1146/annurev-immunol-032713-120145

96. Connelly KL, Kandane-Rathnayake R, Huq M, Hoi A, Nikpour M, Morand
EF. Longitudinal association of type 1 interferon-induced chemokines with disease
activity in systemic lupus erythematosus. Sci Rep (2018) 8(1):3268. doi: 10.1038/
541598-018-20203-9

97. Motta F, Codullo V, Ramoni V, Cesari S, Ferrario G, Fiandrino G, et al. Role
of placental inflammatory mediators and growth factors in patients with rheumatic
diseases with a focus on systemic sclerosis. Rheumatol (Oxford) (2021) 60(7):3307—
16. doi: 10.1093/rheumatology/keaa782

frontiersin.org


https://doi.org/10.1177/0961203319885447
https://doi.org/10.1002/art.30187
https://doi.org/10.3389/fimmu.2019.00487
https://doi.org/10.1136/annrheumdis-2015-208140
https://doi.org/10.1136/annrheumdis-2015-208140
https://doi.org/10.1097/RHU.0000000000000581
https://doi.org/10.1097/RHU.0000000000000581
https://doi.org/10.1186/ar3363
https://doi.org/10.1136/lupus-2016-000170
https://doi.org/10.3109/09513590.2012.743011
https://doi.org/10.1146/annurev-immunol-032713-120145
https://doi.org/10.1038/s41598-018-20203-9
https://doi.org/10.1038/s41598-018-20203-9
https://doi.org/10.1093/rheumatology/keaa782
https://doi.org/10.3389/fimmu.2022.941586
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Placental damage in pregnancies with systemic lupus erythematosus: A narrative review
	1 SLE generalities
	1.1 Epidemiology
	1.2 Etiology
	1.2.1 Hormonal dysfunction
	1.2.2 Genetic factors
	1.2.2.1 HLA genes in SLE
	1.2.2.2 Non-HLA genes in SLE

	1.2.3 Environmental factors

	1.3 SLE and reproduction
	1.3.1 Fertility
	1.3.2 Adverse pregnancy outcomes


	2 Placental insufficiency and SLE
	2.1 Placental histopathological findings

	3 Molecular mechanisms in SLE
	3.1 Complement system
	3.2 Antiphospholipid antibodies (aPLs)
	3.3 Neutrophil extracellular traps
	3.4 Cytokines
	3.4.1 Interferons type I
	3.4.2 Interferons type II
	3.4.3 Interferons type III

	3.5 Chemokines

	4 Conclusion
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


