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Abstract: Pregnancy complications can have long-term negative effects on the health of the affected
mothers and their children. In this review, we highlight the underlying inflammatory etiologies of
common pregnancy complications and discuss how aberrant inflammation may lead to the acquisition
of innate immune memory. The latter can be described as a functional epigenetic reprogramming of
innate immune cells following an initial exposure to an inflammatory stimulus, ultimately resulting
in an altered response following re-exposure to a similar inflammatory stimulus. We propose
that aberrant maternal inflammation associated with complications of pregnancy increases the
cross-generational risk of developing noncommunicable diseases (i.e., pregnancy complications,
cardiovascular disease, and metabolic disease) through a process mediated by innate immune
memory. Elucidating a role for innate immune memory in the cross-generational health consequences
of pregnancy complications may lead to the development of novel strategies aimed at reducing the
long-term risk of disease.

Keywords: DOHaD; innate immune memory; trained immunity; pregnancy complications;
inflammation; cross-generational

1. Introduction

Complications of pregnancy, such as miscarriage, preterm birth, pre-eclampsia (PE),
and fetal growth restriction (FGR), can have serious immediate and long-term negative con-
sequences to the health of the affected mothers and their children [1–6]. These complications
are associated with an exaggerated maternal immune response [7,8], and epidemiological
data have revealed that mothers and children exposed to aberrant inflammation during
pregnancy have an increased risk of developing various inflammation-related conditions,
such as cardiovascular and metabolic disease, later in life [6,9].

The innate immune system contributes significantly to the establishment of normal
pregnancy [10,11], and maladaptation of the innate immune system has been implicated
in the pathophysiology of many severe pregnancy complications [12–15]. There is also
evidence that the innate immune system can acquire memory in response to inflammatory
stimuli, which in turn has been postulated to contribute to the development of diseases [16].
For example, trained immunity (TI), a form of innate immune memory, has been linked
to the development of various diseases, including autoimmune diseases, Alzheimer’s
disease, and atherosclerosis [17–19]. In this review, we discuss the potential role of innate
immune memory in the cross-generational development of noncommunicable diseases
(i.e., pregnancy complications, cardiovascular disease, and metabolic disease) following
pregnancy complications.
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2. Inflammation and the Developmental Origins of Health and Disease Hypothesis

Pregnancy is a process associated with systemic physiological adaptations [20]. Thus,
deviations from normal adaptations can predispose mothers and offspring to disease [21–24].
The developmental origins of health and disease hypothesis, first proposed by David Barker
in the early 1990s [25,26], states that environmental insults during critical developmental pe-
riods can induce adaptations that allow an individual to survive these challenges. Although
necessary to ensure short-term survival, these adaptations may become maladaptive later
in life, thereby increasing the risk of developing noncommunicable diseases. Notably, there
are various in utero stressors that affect the long-term health of the offspring. Exposure to
famine has been associated with an increased risk of future diseases including coronary
heart disease (CHD) and metabolic-associated fatty liver disease [27,28]. Furthermore,
maternal psychological stress during pregnancy has been linked to the development of
neuropsychiatric disorders, such as schizophrenia and psychosis, in the offspring [29,30],
an effect that may be mediated by maternal immune activation and inflammation [31].

Various complications of pregnancy are characterized by underlying inflammation
that alters the in utero environment and influences the development of future disease
in the offspring [8]. Pre-eclampsia, FGR, and preterm birth have also been associated
with an increased risk of overt cardiovascular disease (CVD) and CVD risk factors in the
offspring [32–34]. Furthermore, FGR has been linked to impaired lung function, insulin
resistance, and non-alcoholic fatty liver disease in childhood [35–37], as well as the devel-
opment of type 2 diabetes and fatty liver disease in adulthood [38,39]. Some pregnancy
complications are also associated with future reproductive complications in the affected
offspring. Studies have found that daughters born to pre-eclamptic mothers have an in-
creased risk of developing pre-eclampsia when they become pregnant, and sons born to
pre-eclamptic women also have a higher risk of fathering a pregnancy complicated by pre-
eclampsia [40–42]. Additionally, pre-term female offspring are more likely to experience
a pregnancy complication during their reproductive years when compared with female
offspring born at term [1].

We recently reported that aberrant maternal inflammation affects not just the offspring
directly exposed, but also subsequent generations in the absence of overt inflammatory
stimuli [43]. Using a rat model of a pre-eclampsia-like syndrome induced by the admin-
istration of low-dose lipopolysaccharide (LPS) during the second half of pregnancy, we
demonstrated that pups born to daughters that were exposed to aberrant inflammation in
utero were significantly growth-restricted when compared with controls [43]. Uteroplacen-
tal units from these pups exhibited reduced GLUT-1 expression and increased numbers of
CD68+ macrophages [43]. Thus, the consequences of aberrant maternal inflammation in
pregnancy may cross generations and impact placental transporter expression, immune
cell populations, and fetal growth.

Beyond overt pregnancy complications, other forms of inflammation during pregnancy,
such as inflammation associated with obesity, type 2 diabetes, autoimmune disorders, and
maternal infection, negatively affect the long-term health of the offspring [44–47]. Obesity
induces a state of chronic, low-grade systemic inflammation through an increased release
of proinflammatory cytokines such as tumor necrosis factor alpha (TNF), interleukin (IL)-
1β, and leptin [48]. Children of obese mothers are at an increased risk of developing
childhood asthma [49] and neurodevelopmental delays associated with a lower IQ [50]. In
adulthood, maternal obesity during pregnancy is linked to an increased risk of all-cause
death, cancer, CHD, stroke, and diabetes in the offspring [44]. Type 2 diabetes is also
characterized by systemic inflammation [51] and has been associated with a variety of
long-term health consequences in the offspring, such as an increased risk of childhood
asthma [52] and psychiatric disorders in adulthood [46]. Pregestational diabetes, including
type 1 and type 2 diabetes, as well as gestational diabetes, were associated with early onset
cardiovascular disease in the offspring [53]. Additionally, offspring born to mothers with
autoimmune diseases, such as type 1 diabetes and rheumatoid arthritis, had an elevated risk
of developing mental disorders including schizophrenia, obsessive compulsive disorder,
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and mood disorders [45]. Furthermore, inflammation due to infection during pregnancy,
such as during chlamydia infection and chorioamnionitis, has been associated with an
increased risk of childhood asthma in the offspring [47,54].

3. Immunology of Normal Pregnancy

The inflammatory profile of normal pregnancy is characterized by three immunolog-
ical phases [11]. The first phase is described as a systemic pro-inflammatory or T-helper
cell type 1 (Th1) state [11,55]. This phase consists of high levels of circulating maternal
inflammatory cytokines including IL-2, IL-8, and IL-17, in addition to the processes associ-
ated with establishing pregnancy, such as implantation, trophoblast invasion, and spiral
artery remodeling mediated primarily by the invading extravillous trophoblast cells [56,57].
The remodeling of the spiral arteries is critical for the establishment of adequate uteropla-
cental hemodynamics and, consequently, optimal fetal and placental development [58,59].
The second immunological phase of pregnancy consists of an immune tolerant state char-
acterized by a T-helper cell type 2 (Th2) profile [55], which involves the production of
anti-inflammatory cytokines such as IL-4, IL-10, and IL-13 by Th2 cells [60]. Moreover,
this phase is defined by a decrease in the circulating levels of pro-inflammatory cytokines,
thereby facilitating fetal growth and placental maturation [57]. The final immunological
phase is a pro-inflammatory state, which is required for the initiation of labor [11].

Maternal innate immune cells, such as monocytes, decidual macrophages, and uterine
natural killer (uNK) cells, are crucial for the establishment and maintenance of pregnancy
and contribute to each immunological phase both systemically and locally at the maternal–
fetal interface [61,62]. Circulating monocytes can be classified as classical or nonclassical,
with the proportion of non-classical monocytes increasing in gestation [61,63]. Additionally,
monocytes contribute to the pro-inflammatory environment during the third trimester and
facilitate parturition [61]. Macrophages, cells derived from the differentiation of monocytes,
also have important roles in pregnancy. These cells comprise 20–30% of the leukocyte
population at the maternal–fetal interface and can have a pro-inflammatory (M1) or anti-
inflammatory (M2) phenotype throughout pregnancy [64]. Furthermore, a balance of
decidual M1 and M2 macrophages is important for establishing and sustaining maternal–
fetal tolerance, the remodeling of the spiral arteries, and trophoblast invasion [61,62,64].
Uterine natural killer (uNK) cells localized to the decidua basalis of the maternal–fetal
interface also play an important role in pregnancy [65]. These cells comprise 70% of the
resident lymphocytes in the decidua during early pregnancy, with numbers decreasing
after the first trimester [66–68]. In addition to monocytes, uNK cells contribute to the
maintenance of maternal–fetal tolerance through immunomodulation at the maternal–fetal
interface [69–71]. The production of interferon (IFN)γ by uNK cells is also important
for the adequate remodeling of the spiral arteries in mice [72]. It is evident, therefore,
that the immune system is critical for establishing a successful pregnancy. Consequently,
dysregulation of these phases and alterations in the numbers and proportions of circulating
and resident cell populations may lead to pregnancy complications.

4. Immunology of Pregnancy Complications

As stated earlier, some of the most severe complications of pregnancy are characterized
by a deviation from the immunological profile of normal pregnancy [73]. Furthermore,
specific complications often have immunological features that distinguish them from
other complications.

4.1. Miscarriage

Miscarriage is defined as a loss of pregnancy before 20 weeks of gestation and occurs
in approximately 10% of all clinically recognized pregnancies [74]. Advanced maternal
age, a high body mass index, and a history of pregnancy loss are independent factors
contributing to an increased risk of miscarriage [75].
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Studies have shown that high levels of inflammatory cytokines systemically and
locally at the maternal–fetal interface are associated with the pathogenesis of recurrent
miscarriage, defined as three or more consecutive miscarriages [76–79]. For example, at
the maternal–fetal interface, miscarriage was shown to be associated with an increase
in the numbers of Th1 cells, which produce pro-inflammatory cytokines such as IFNγ

and IL-2, and a decrease in the levels of anti-inflammatory cytokines such as IL-4 and
IL-10 [76,80]. Another study revealed a similar shift toward a Th1 immune profile in
miscarriages versus normal pregnancies that included an increase in the circulating levels
of TNF, IL-6, and IFNγ [79]. Furthermore, the median levels of TNF produced by mitogen-
stimulated peripheral mononuclear blood cells (PBMCs) from women who experienced
recurrent miscarriage were increased compared to first-trimester PBMCs obtained from
women with uncomplicated pregnancies [81]. In murine models, TNF contributes to
inflammation-induced fetal loss [82] via mechanisms mediated by uNK cells [83].

4.2. Preterm Birth

Preterm birth affects 5–18% of pregnancies and 15 million babies every year [84,85].
It is defined as a birth that occurs before 37 weeks of gestation and is subclassified based
on gestational age, with severity ranging from extremely premature to late preterm [84].
As with miscarriage, a higher risk of preterm birth is associated with increasing maternal
age [86], and babies born prematurely are at a higher risk of developing chronic conditions
such as neurological and respiratory diseases [87,88].

While normal parturition is associated with a pro-inflammatory state [89], preterm
birth is associated with the upregulation of pro-inflammatory cytokines, such as IL-1β
and TNF, and the downregulation of the anti-inflammatory cytokine IL-10 [14]. Damage-
associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs)
activate and engage pattern recognition receptors (PRRs), such as toll-like receptors (TLRs),
on uNK cells [90–92]. This activation has been linked to the increased inflammation that
characterizes some cases of preterm birth [90,91,93]. Furthermore, preterm birth has been
associated with the upregulation of over 100 differentially expressed genes when compared
to term pregnancies [94]. These genes were enriched for inflammatory pathways and
contribute to immune regulation [94].

4.3. Pre-Eclampsia

Pre-eclampsia is a major cause of maternal morbidity and mortality, affecting approx-
imately 5% of pregnancies [95–97]. Pre-eclampsia is characterized by de novo maternal
hypertension and end-organ damage occurring after 20 weeks of gestation [96,98]. Ad-
ditionally, one third of pre-eclampsia cases are also complicated by FGR [99]. Several
factors are associated with an increased risk of pre-eclampsia; these include maternal age,
multifetal pregnancy, and paternal specificity [97,100]. Pre-eclampsia is a heterogeneous
syndrome, and several placental subtypes have been implicated in its pathogenesis, includ-
ing a ‘canonical’ subtype and an ‘immunological’ subtype [101]. The canonical subtype
is characterized by maternal vascular malperfusion, resulting in placental tissue damage
due to a hypoxic environment, and the release of placental products (e.g., DAMPs) into the
maternal circulation [101]. The immunological subtype has been described as an infiltra-
tion of various immune cells, including monocytes and neutrophils, into the intervillous
space [102]. This subtype is further characterized by histological evidence of chronic inflam-
mation characterized by an increase in CD8+ T-cells, CD68+ macrophages/monocytes, and
myeloperoxidase-expressing neutrophils [102]. Additionally, there is evidence of the upreg-
ulation of genes associated with homeostasis, immune response, inflammatory response,
and cytokine activity [101].

Severe maternal inflammation resulting from the abnormal activation of immune cells
may contribute to the pathogenesis of pre-eclampsia [103]. One proposed hypothesis is
that increased numbers of cytolytic NK (cNK) cells contribute to the development of pre-
eclampsia [103,104]. These cells differ from regulatory NK cells based on their CD56 and
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CD16 expression, whereby cNK have a CD56dimCD16+ phenotype and regulatory NK cells
are characterized by CD56brightCD16− [104]. Furthermore, a Th1/Th2 cell ratio imbalance
that favors Th1 cells, as well as increased levels of pro-inflammatory cytokines such as TNF,
may lead to the pro-inflammatory state that characterizes pre-eclampsia [105,106].

4.4. Fetal Growth Restriction (FGR)

Fetal growth restriction is defined as the failure of a fetus to reach its full growth
potential and affects 10% of pregnancies [107]. FGR is associated with many chronic health
conditions, including diminished growth, neurodevelopmental disorders, and persistent
immunological impairment [108,109].

As with other common complications of pregnancy, there is a well-described link
between FGR and aberrant maternal inflammation [7,110,111]. Using a murine model of
inflammation-induced FGR, Cadaret et al. reported in utero skeletal muscle changes that
ultimately resulted in FGR, thus demonstrating an association between aberrant maternal
inflammation and the pathophysiology of FGR [110]. Moreover, compared with normal
human pregnancy, pregnancies complicated by FGR with placental insufficiency exhibit
increased maternal levels of the proinflammatory cytokines IL-8 [112] and TNF [111]. Using
an inflammation-induced rat model of PE-like disease, we demonstrated a causal link
between TNF and impaired uteroplacental perfusion associated with FGR [7]. Additionally,
prenatal uric acid exposure resulted in lasting FGR and long-term neurodevelopment
defects through placental inflammation [113].

5. Placental Stress and Release of Damage-Associated Molecular Patterns

While complications of pregnancy can exhibit unique immunological profiles, a pro-
inflammatory environment characterized by increased levels of TNF is a shared feature
of these conditions [14,79,81,105,111]. Furthermore, these complications are associated
with altered uteroplacental hemodynamics, which are often attributed to abnormal pla-
centation [7,73,82,114–117]. In addition, the maternal pro-inflammatory milieu typical
of pregnancy complications may directly contribute to altered placental perfusion. For
instance, TNF is a well-known vasoconstrictor, and TNF-activated signal transduction
pathways have been shown to contribute to vascular dysfunction [118]. Together, these
findings point to a strong causal association between aberrant inflammation and altered
uteroplacental hemodynamics characteristic of severe complications of pregnancy.

Altered uteroplacental hemodynamics can result in placental hypoxia [119], oxidative
stress [7,120,121], and physical damage to the maternal–fetal interface due to increased
uteroplacental perfusion pressure [120]. These insults to placental tissues cause the release
of placental-derived DAMPs, including heat shock proteins, uric acid, ATP, and high-
mobility group box-1 (HMGB1) proteins, into the maternal circulation [122]. The activation
of PRRs by DAMPs results in the initiation of signaling pathways such as the myeloid
differentiation factor 88 (MyD88)-dependent and -independent pathways, ultimately lead-
ing to the production of inflammatory cytokines [123]. Notably, TLR-4 plays a role in
the pathophysiology of preterm birth, pre-eclampsia, and FGR [124–126]. The binding of
agonists to TLR-4 receptors on uNK cells results in the association of the TLR-4 receptor
with MyD88 or the adaptor protein Toll/IL-1 receptor domain-containing adaptor inducing
IFN-β (TRIF), ultimately activating the NFκB pathway [123]. This eventually stimulates the
production of pro-inflammatory cytokines, such as IFNγ, by uNK cells [127]. In pregnancy
complications such as pre-eclampsia and preterm birth, TLRs can be overexpressed, leading
to excessive inflammation [125,128].

We propose that during a pregnancy complication, the excessive release of placen-
tal DAMPs due to uteroplacental malperfusion leads to the amplification of the initial
inflammation that triggered the pathogenesis of the complication. We also propose that the
enhanced release of placental DAMPs in the maternal circulation is critical for long-term
epigenetic reprogramming and memory acquisition in bone marrow innate immune cell
precursors, leading to an increased risk of disease later in life.
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6. Adaptations of the Innate Immune System

The innate immune system adapts to insults including infections, inflammation, and
injury [129]. Adaptive programs include differentiation, priming, and the acquisition of
trained immunity (TI) and tolerance, and depend on the duration, type, and magnitude of
the insult [129]. Differentiation is associated with a change in the function and morphology
of cells from immature to mature phenotypes [129]. Priming includes functional changes in
phenotype leading to enhanced immunological activity [129]. Once the stimulus is removed,
this activity remains constant and does not return to basal levels. Priming contrasts
with innate memory, which is characterized by either an enhanced (trained immunity)
or a dampened (tolerance) production of pro-inflammatory cytokines upon a secondary
exposure to a similar but not necessarily identical DAMP or PAMP (Figure 1) [129].
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Figure 1. Trained immunity versus tolerance. Trained immunity and tolerance are examples of
adaptations of the innate immune system. In response to initial exposure to damage-associated
molecular patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs), naïve innate
immune cells respond with a release of pro-inflammatory cytokines. When the stimulus is removed,
cells return to basal-level activity, but epigenetic signatures persist. Upon secondary exposure to a
non-specific DAMP or PAMP, cells that have acquired epigenetic signatures associated with tolerance
respond with decreased cytokine release, whereas those with trained immunity signatures respond
with enhanced cytokine release. Several disorders have been linked to excessive trained immunity
acquisition, including organ transplant rejection and autoimmune diseases, while others have been
linked to the absence of trained immunity, such as cancer and sepsis.

Trained immunity and tolerance occur due to epigenetic changes, e.g., histone modifi-
cations, leading to the enhanced or decreased transcriptional activation of pro-inflammatory
genes, respectively, upon subsequent exposure to a DAMP or a PAMP [129]. For example,
studies have demonstrated that when innate immune cells are trained and active, the
trimethylation of the fourth lysine in histone H3 (H3K4me3) is increased throughout the
genome, indicating an open chromatin configuration [130]. When the cell returns to basal
activation levels, the monomethylation of lysine 4 in histone 3 (H3K4me1) persists and
allows for a rapid and enhanced response upon restimulation [130]. These TI-associated epi-
genetic modifications result in the enhanced production of proinflammatory cytokines (e.g.,
TNF and IL-1β) [130]. The epigenetic changes that occur in innate immune cells depend on
the quantity and type of PAMPs and DAMPs that interact with their respective PRRs [19].
For example, when LPS binds to TLR-4, tolerance to endotoxin can be induced [19]. Indeed,
Wen et al. reported that peritonitis-induced sepsis led to long-term immunosuppression
in dendritic cells as a result of epigenetic changes [131]. However, tolerance has also been
demonstrated to be reversible. Ifrim et al. demonstrated that the exposure of monocytes to
high concentrations of TLR ligands leads to tolerance, which can be switched to TI upon
exposure to low concentrations of TLR ligands [132]. Moreover, LPS-induced tolerance in
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monocytes can be reversed following exposure to β-glucan (a component of the cell wall of
Candida albicans), a PAMP associated with TI that binds primarily to the PRR dectin-1 [133].

6.1. Trained Immunity: Friend or Foe?

TI was first described following the observation of the non-specific beneficial effects of
vaccines that could not be solely attributed to the adaptive immunological memory [134].
For example, Bacillus Calmette–Guérin (BCG) inoculation, a live attenuated mycobacterium
used as a vaccine for tuberculosis, resulted in a decreased rate of mortality—mainly by
decreasing the rate of respiratory infections and sepsis—within days of vaccination, a
time frame too short for adaptive immunity to develop [135]. Other vaccines, such as
yellow fever, vaccinia, and measles vaccines, were also shown to exhibit non-specific
beneficial effects by protecting against several diseases/infections as well as reducing
overall morbidity and mortality rates [136]. Moreover, studies have shown that TI following
vaccination with BCG protects against yellow fever [137] and malaria [138]. Trained
immunity inducers include various types of PAMPs and DAMPs, such as BCG, which is
one of the most studied PAMPs in the trained immunity field, along with β-glucan [139,140].
Innate lymphoid cells such as NK cells as well as myeloid phagocytes such as monocytes,
macrophages, and neutrophils have all been shown to acquire TI [141]. Although trained
immune cells in circulation have a relatively short half-life (e.g., 2–5 days for monocytes),
this form of memory has been shown to persists for several months, indicating that it must
be acquired at the level of hematopoietic stem and progenitor cells [19].

In most cases, TI is considered to be a protective mechanism against infections and dis-
eases such as cancer. However, there is evidence that TI may also contribute to disease. For
instance, a study by Bekkering et al. revealed that, compared with monocytes from healthy
individuals, monocytes from patients with symptomatic atherosclerosis release higher
levels of proinflammatory cytokines upon in vitro exposure to a secondary inflammatory
stimulus, indicating evidence of TI [17]. Monocytes from these patients also exhibited
the increased expression of glycolytic enzymes, which is associated with epigenetic repro-
gramming at the histone methylation level, hence indicating higher levels of TI compared
with monocytes from asymptomatic individuals [17]. Moreover, hyperglycemia induces
TI in macrophages and subsequently promotes atherosclerosis [142]. Similarly, TI may be
associated with various cardiovascular disorders [142]. Recent evidence also implicates
TI in allograft rejection due to the increased production of proinflammatory cytokines by
trained macrophages, leading to the activation of the adaptive immune response [143].
Additionally, other conditions associated with TI acquisition include hyper-IgD syndrome;
autoinflammatory disorders such as familial fever syndromes, gout, and inflammatory
bowel disease; type 2 diabetes; and systemic lupus erythematosus [19]. Similarly, mouse
models of Alzheimer’s disease revealed evidence of TI and tolerance in microglia [18].

6.2. Cross-Generational Inheritance of Trained Immunity

Epigenetic signatures can be inherited, which raises the possibility that TI can also be
transmitted cross-generationally and therefore play an important role in the transmission of
disease predisposition from mother to child. One possible mechanism for the transmission
of TI involves the epigenetic reprogramming of the gametes following the exposure of one
or both parents to inflammation. A study by Katzmarski et al. revealed evidence of TI
transmission and heterologous resistance to infections across generations [144]. Male mice
that survived a sublethal infection with Candida or a zymosan challenge, and developed
TI as a result, were able to transmit resistance to infection by unrelated bacteria (E. coli or
L. monocytogenes) to the F1 progeny [144]. This resistance was mediated mainly through
the enhanced activation of myeloid cells. While that study provided evidence of the cross-
generational transmission of protective TI, one may also infer that pathological TI can be
inherited in a similar way. However, the findings from the study by Katzmarski et al. were
not reproduced by Kaufmann et al., who described a lack of cross-generational inheritance
of immune resistance to infections using a similar mouse model [145].
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Another potential mechanism is that the uteroplacental unit is key to the transmission
of TI from mother to offspring. Altered uteroplacental hemodynamics resulting from in-
flammation could lead to the release of placental DAMPs not just in the maternal blood, but
also in the fetal circulation. The presence of DAMPs in the fetal circulation could then lead
to epigenetic reprogramming and the acquisition of memory in fetal bone marrow myeloid
precursors. In support of this hypothesis are findings from our laboratory revealing the
increased presence of inflammatory macrophages in the uteroplacental units from pregnant
rat offspring previously exposed to LPS during in utero development [43]. Moreover, pups
from rats exposed to LPS in utero were growth-restricted, indicating that the risk of disease
is also transmitted across generations, likely via inflammatory memory [73].

7. Potential Mechanisms Linking Acquisition of TI after Exposure to Aberrant
Maternal Inflammation to Increased Risk of Disease
7.1. Predisposition to Disease Due to Underlying Conditions

There is a general consensus that pregnancy is a physiological ‘stress test’ that un-
masks underlying conditions or risk factors that develop into overt disease later in life [146].
This conclusion is based on the observation that pregnancy complications often share
etiologies with chronic inflammation-associated diseases later in life [146]. For example,
as pregnancy is characterized by a pro-thrombotic state, hereditary thrombophilia is often
unmasked by venous thrombosis in pregnancy [146]. Pregnancy can also trigger or exacer-
bate symptoms of undiagnosed lymphangioleiomyomatosis, a rare cystic lung disease that
affects premenopausal women [147,148]. Thus, pregnancy can be viewed as a stress test
to identify risks of future disease and is therefore a critical period to implement primary
preventative care and enhanced follow-up measures for women at high risk for certain
diseases, such as cardiovascular disease [149]. However, the cross-generational impacts
of these underlying conditions and their relation to future health in the offspring remain
unclear. Contrastingly, one can hypothesize that instead of unmasking a disease, pregnancy
complications act as secondary stimuli that exacerbate the TI acquired due to an underlying
condition. Consequently, the development of disease later in life may be mediated by TI.

It is also important to consider the impact of genetic factors and lifestyle choices
on the development of pregnancy complications and the risk of subsequent disease. For
example, the polygenic risk score for high blood pressure is associated with an increased
risk of pre-eclampsia, as well as the development of hypertension [150]. These genetic
risk factors may also be transmitted to the offspring, thereby predisposing them to future
disease. Diet has also been associated with complications in pregnancy and offspring health.
For example, the high maternal intake of saturated fats is associated with pre-eclampsia,
FGR, and preterm birth [151]. Dietary saturated fats are also linked to cardiovascular
disease [152]. Parental food habits are the most significant determinants of children’s eating
behavior [153]; therefore, parents may model the consumption of diets linked to future
disease and influence their children’s diets. Because childhood dietary patterns can persist
into adulthood [154], the social inheritance of diets associated with disease may further
contribute to the development of noncommunicable diseases in adulthood.

7.2. TI as a Mediator of Cross-Generational Disease

Given the evidence that TI and the effects of pregnancy complications persist across
generations, it is possible that TI is causally linked to the increased risk of offspring disease
following exposure to aberrant inflammation (Figure 2). However, much remains to be
elucidated in this field, and whether an increased risk of pregnancy complications and sub-
sequent disease is mechanistically linked to the acquisition of TI has yet to be determined.

Gamliel et al. investigated the acquisition of TI in uNK cells and their function in
subsequent pregnancies [155]. The investigators reported that trained uNK cells obtain
physiological memory during normal pregnancy [155]. These cells, which the authors
termed pregnancy-trained decidual NK (PTdNK) cells, were characterized by the high
expression of the NKG2C and LILRB1 receptors [155]. These PTdNK cells persist in subse-
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quent pregnancies and exhibit the increased secretion of the proinflammatory cytokines
IFNγ and vascular endothelial growth factor (VEGF), which are known to promote placen-
tal vascularization and, consequently, pregnancy success [155].

In another study, Dang et al. explored the impacts of pathological memory on preg-
nancy by investigating the effect of BCG as a PAMP to induce TI [156]. These investigators
established a mouse model that involved the administration of BCG multiple times prior to
pregnancy. They found that establishing TI before pregnancy led to FGR, although they
did not observe abnormal placental histology or gene expression at the end of gestation
when comparing ‘trained’ and ‘untrained’ mice [156]. However, that study did not provide
data on TI-associated cytokine production by circulating immune cells.
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8. Conclusions

Complications during pregnancy and other inflammatory conditions that predispose
offspring to future disease are associated with a deviation from the normal immunolog-
ical signature of pregnancy. Therefore, we propose that immune maladaptation during
pregnancy results in the acquisition of innate immune memory that can persist cross-
generationally, affecting the long-term health of the offspring.

Consequently, TI may serve as an indicator of increased risk for future noncommunica-
ble diseases in the offspring. The extent of TI could be determined by assessing epigenetic
modifications and/or cytokine release in myeloid or lymphoid innate immune cells. There-
fore, the acquisition of TI could be monitored as a way of identifying children at high
risk of developing disease later in life. Guided therapies could be developed to eliminate
and/or mitigate the acquisition of TI and, by association, the increased risk of disease in
subsequent generations.



Cells 2022, 11, 3935 10 of 16

Author Contributions: Writing—original draft preparation, N.A.L.-T., A.J.T. and A.A.; writing—review
and editing, N.A.L.-T., A.J.T., A.A., T.C., S.G. and C.H.G.; visualization, N.A.L.-T. All authors have
read and agreed to the published version of the manuscript.

Funding: Research from our laboratory described in this review was funded by the Canadian
Institutes of Health Research (grant number PJT156222).

Acknowledgments: Figures were created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Boivin, A.; Luo, Z.-C.; Audibert, F.; Mâsse, B.; Lefebvre, F.; Tessier, R.; Nuyt, A.M. Pregnancy complications among women born

preterm. CMAJ 2012, 184, 1777–1784. [CrossRef]
2. Crispi, F.; Bijnens, B.; Figueras, F.; Bartrons, J.; Eixarch, E.; Noble, F.L.; Ahmed, A.; Gratacós, E. Fetal Growth Restriction Results in

Remodeled and Less Efficient Hearts in Children. Circulation 2010, 121, 2427–2436. [CrossRef]
3. Longo, S.; Bollani, L.; Decembrino, L.; Di Comite, A.; Angelini, M.; Stronati, M. Short-term and long-term sequelae in intrauterine

growth retardation (IUGR). J. Matern. Fetal Neonatal Med. 2013, 26, 222–225. [CrossRef]
4. Oliver-Williams, C.T.; Heydon, E.E.; Smith, G.C.; Wood, A.M. Miscarriage and future maternal cardiovascular disease: A

systematic review and meta-analysis. Heart 2013, 99, 1636–1644. [CrossRef]
5. Perng, W.; Stuart, J.; Rifas-Shiman, S.L.; Rich-Edwards, J.W.; Stuebe, A.; Oken, E. Preterm birth and long-term maternal

cardiovascular health. Ann. Epidemiol. 2015, 25, 40–45. [CrossRef]
6. Wu, P.; Haththotuwa, R.; Kwok, C.S.; Babu, A.; Kotronias, R.A.; Rushton, C.; Zaman, A.; Fryer, A.A.; Kadam, U.; Chew-Graham,

C.A.; et al. Preeclampsia and Future Cardiovascular Health. Circ. Cardiovasc. Qual. Outcomes 2017, 10, e003497. [CrossRef]
7. Cotechini, T.; Komisarenko, M.; Sperou, A.; Macdonald-Goodfellow, S.; Adams, M.A.; Graham, C.H. Inflammation in rat

pregnancy inhibits spiral artery remodeling leading to fetal growth restriction and features of preeclampsia. J. Exp. Med. 2014,
211, 165–179. [CrossRef]

8. Nadeau-Vallée, M.; Obari, D.; Palacios, J.; Brien, M.-È.; Duval, C.; Chemtob, S.; Girard, S. Sterile inflammation and pregnancy
complications: A review. Reproduction 2016, 152, R277–R292. [CrossRef]

9. Hooijschuur, M.C.E.; Ghossein-Doha, C.; Kroon, A.A.; De Leeuw, P.W.; Zandbergen, A.A.M.; Van Kuijk, S.M.J.; Spaanderman,
M.E.A. Metabolic syndrome and pre-eclampsia. Ultrasound. Obstet. Gynecol. 2019, 54, 64–71. [CrossRef]

10. Burwick, R.M.; Lokki, A.I.; Fleming, S.D.; Regal, J.F. Editorial: Innate Immunity in Normal and Adverse Pregnancy. Front.
Immunol. 2021, 12, 646596. [CrossRef]

11. Mor, G.; Cardenas, I. REVIEW ARTICLE: The Immune System in Pregnancy: A Unique Complexity. Am. J. Reprod Immunol. 2010,
63, 425–433. [CrossRef]

12. Bezemer, R.E.; Schoots, M.H.; Timmer, A.; Scherjon, S.A.; Erwich, J.J.H.M.; van Goor, H.; Gordijn, S.J.; Prins, J.R. Altered Levels of
Decidual Immune Cell Subsets in Fetal Growth Restriction, Stillbirth, and Placental Pathology. Front. Immunol. 2020, 11, 1898.
[CrossRef]

13. Lai, N.; Fu, X.; Hei, G.; Song, W.; Wei, R.; Zhu, X.; Guo, Q.; Zhang, Z.; Chu, C.; Xu, K.; et al. The Role of Dendritic Cell Subsets in
Recurrent Spontaneous Abortion and the Regulatory Effect of Baicalin on It. J. Immunol. Res. 2022, 2022, 9693064. [CrossRef]

14. Murphy, S.P.; Hanna, N.N.; Fast, L.D.; Shaw, S.K.; Berg, G.; Padbury, J.F.; Romero, R.; Sharma, S. Evidence for participation of
uterine natural killer cells in the mechanisms responsible for spontaneous preterm labor and delivery. Am. J. Obstet Gynecol. 2009,
200, 308.e301–309.e301. [CrossRef]

15. Schonkeren, D.; van der Hoorn, M.L.; Khedoe, P.; Swings, G.; van Beelen, E.; Claas, F.; van Kooten, C.; de Heer, E.; Scherjon, S.
Differential distribution and phenotype of decidual macrophages in preeclamptic versus control pregnancies. Am. J. Pathol. 2011,
178, 709–717. [CrossRef]

16. Netea, M.G.; Domínguez-Andrés, J.; Barreiro, L.B.; Chavakis, T.; Divangahi, M.; Fuchs, E.; Joosten, L.A.B.; van der Meer, J.W.M.;
Mhlanga, M.M.; Mulder, W.J.M.; et al. Defining trained immunity and its role in health and disease. Nat. Rev. Immunol. 2020,
20, 375–388. [CrossRef] [PubMed]

17. Bekkering, S.; van den Munckhof, I.; Nielen, T.; Lamfers, E.; Dinarello, C.; Rutten, J.; de Graaf, J.; Joosten, L.A.; Netea, M.G.;
Gomes, M.E.; et al. Innate immune cell activation and epigenetic remodeling in symptomatic and asymptomatic atherosclerosis
in humans in vivo. Atherosclerosis 2016, 254, 228–236. [CrossRef]

18. Wendeln, A.C.; Degenhardt, K.; Kaurani, L.; Gertig, M.; Ulas, T.; Jain, G.; Wagner, J.; Hasler, L.M.; Wild, K.; Skodras, A.; et al.
Innate immune memory in the brain shapes neurological disease hallmarks. Nature 2018, 556, 332–338. [CrossRef] [PubMed]

19. Mulder, W.J.M.; Ochando, J.; Joosten, L.A.B.; Fayad, Z.A.; Netea, M.G. Therapeutic targeting of trained immunity. Nat. Rev. Drug
Discov. 2019, 18, 553–566. [CrossRef]

20. Soma-Pillay, P.; Nelson-Piercy, C.; Tolppanen, H.; Mebazaa, A. Physiological changes in pregnancy. Cardiovasc. J. Afr. 2016,
27, 89–94. [CrossRef] [PubMed]

21. Ball, E.; Bulmer, J.; Ayis, S.; Lyall, F.; Robson, S. Late sporadic miscarriage is associated with abnormalities in spiral artery
transformation and trophoblast invasion. J. Pathol. 2006, 208, 535–542. [CrossRef]

http://doi.org/10.1503/cmaj.120143
http://doi.org/10.1161/CIRCULATIONAHA.110.937995
http://doi.org/10.3109/14767058.2012.715006
http://doi.org/10.1136/heartjnl-2012-303237
http://doi.org/10.1016/j.annepidem.2014.10.012
http://doi.org/10.1161/CIRCOUTCOMES.116.003497
http://doi.org/10.1084/jem.20130295
http://doi.org/10.1530/REP-16-0453
http://doi.org/10.1002/uog.20126
http://doi.org/10.3389/fimmu.2021.646596
http://doi.org/10.1111/j.1600-0897.2010.00836.x
http://doi.org/10.3389/fimmu.2020.01898
http://doi.org/10.1155/2022/9693064
http://doi.org/10.1016/j.ajog.2008.10.043
http://doi.org/10.1016/j.ajpath.2010.10.011
http://doi.org/10.1038/s41577-020-0285-6
http://www.ncbi.nlm.nih.gov/pubmed/32132681
http://doi.org/10.1016/j.atherosclerosis.2016.10.019
http://doi.org/10.1038/s41586-018-0023-4
http://www.ncbi.nlm.nih.gov/pubmed/29643512
http://doi.org/10.1038/s41573-019-0025-4
http://doi.org/10.5830/CVJA-2016-021
http://www.ncbi.nlm.nih.gov/pubmed/27213856
http://doi.org/10.1002/path.1927


Cells 2022, 11, 3935 11 of 16

22. Kwame, A.-B.; Fidelis, B. Pathophysiological mechanisms of maternal pro-inflammatory mediators in preterm labour. J. Physiol.
Pathophysiol. 2022, 13, 1–16. [CrossRef]

23. Sfakianoudis, K.; Rapani, A.; Grigoriadis, S.; Pantou, A.; Maziotis, E.; Kokkini, G.; Tsirligkani, C.; Bolaris, S.; Nikolettos, K.;
Chronopoulou, M.; et al. The Role of Uterine Natural Killer Cells on Recurrent Miscarriage and Recurrent Implantation Failure:
From Pathophysiology to Treatment. Biomedicines 2021, 9, 1425. [CrossRef]

24. Uzan, J.; Carbonnel, M.; Piconne, O.; Asmar, R.; Ayoubi, J.M. Pre-eclampsia: Pathophysiology, diagnosis, and management. Vasc.
Health Risk Manag. 2011, 7, 467–474. [CrossRef] [PubMed]

25. Barker, D.J.P.; Godfrey, K.M.; Gluckman, P.D.; Harding, J.E.; Owens, J.A.; Robinson, J.S. Fetal nutrition and cardiovascular disease
in adult life. Lancet 1993, 341, 938–941. [CrossRef] [PubMed]

26. Hales, C.N.; Barker, D.J.; Clark, P.M.; Cox, L.J.; Fall, C.; Osmond, C.; Winter, P.D. Fetal and infant growth and impaired glucose
tolerance at age 64. BMJ 1991, 303, 1019–1022. [CrossRef] [PubMed]

27. Liu, J.; Wang, G.; Wu, Y.; Guan, Y.; Luo, Z.; Zhao, G.; Jiang, Y. Early-Life Exposure to Famine and Risk of Metabolic Associated
Fatty Liver Disease in Chinese Adults. Nutrients 2021, 13, 4063. [CrossRef]

28. Roseboom, T.J.; van der Meulen, J.H.; Osmond, C.; Barker, D.J.; Ravelli, A.C.; Schroeder-Tanka, J.M.; van Montfrans, G.A.;
Michels, R.P.; Bleker, O.P. Coronary heart disease after prenatal exposure to the Dutch famine, 1944–1945. Heart 2000, 84, 595–598.
[CrossRef]

29. Li, J.; Olsen, J.; Vestergaard, M.; Obel, C. Attention-deficit/hyperactivity disorder in the offspring following prenatal maternal
bereavement: A nationwide follow-up study in Denmark. Eur. Child. Adolesc. Psychiatry 2010, 19, 747–753. [CrossRef]

30. Khashan, A.S.; Abel, K.M.; McNamee, R.; Pedersen, M.G.; Webb, R.T.; Baker, P.N.; Kenny, L.C.; Mortensen, P.B. Higher Risk of
Offspring Schizophrenia Following Antenatal Maternal Exposure to Severe Adverse Life Events. Arch. Gen. Psychiatry 2008,
65, 146–152. [CrossRef]

31. Hantsoo, L.; Kornfield, S.; Anguera, M.C.; Epperson, C.N. Inflammation: A Proposed Intermediary Between Maternal Stress and
Offspring Neuropsychiatric Risk. Biol. Psychiatry 2019, 85, 97–106. [CrossRef] [PubMed]

32. Dalziel, S.R.; Parag, V.; Rodgers, A.; Harding, J.E. Cardiovascular risk factors at age 30 following pre-term birth. Int. J. Epidemiol.
2007, 36, 907–915. [CrossRef] [PubMed]

33. Menendez-Castro, C.; Rascher, W.; Hartner, A. Intrauterine growth restriction-impact on cardiovascular diseases later in life. Mol.
Cell Pediatr. 2018, 5, 4. [CrossRef] [PubMed]

34. Nahum Sacks, K.; Friger, M.; Shoham-Vardi, I.; Spiegel, E.; Sergienko, R.; Landau, D.; Sheiner, E. Prenatal exposure to preeclampsia
as an independent risk factor for long-term cardiovascular morbidity of the offspring. Pregnancy Hypertens 2018, 13, 181–186.
[CrossRef] [PubMed]

35. Kotecha, S.J.; Watkins, W.J.; Heron, J.; Henderson, J.; Dunstan, F.D.; Kotecha, S. Spirometric lung function in school-age children:
Effect of intrauterine growth retardation and catch-up growth. Am. J. Respir. Crit Care Med. 2010, 181, 969–974. [CrossRef]

36. Nobili, V.; Marcellini, M.; Marchesini, G.; Vanni, E.; Manco, M.; Villani, A.; Bugianesi, E. Intrauterine Growth Retardation, Insulin
Resistance, and Nonalcoholic Fatty Liver Disease in Children. Diabetes Care 2007, 30, 2638–2640. [CrossRef]

37. Ronkainen, E.; Dunder, T.; Kaukola, T.; Marttila, R.; Hallman, M. Intrauterine growth restriction predicts lower lung function at
school age in children born very preterm. Arch. Dis. Child. Fetal. Neonatal. Ed. 2016, 101, F412–F417. [CrossRef]

38. Rich-Edwards, J.W.; Colditz, G.A.; Stampfer, M.J.; Willett, W.C.; Gillman, M.W.; Hennekens, C.H.; Speizer, F.E.; Manson, J.E.
Birthweight and the risk for type 2 diabetes mellitus in adult women. Ann. Intern. Med. 1999, 130, 278–284. [CrossRef]

39. Suomela, E.; Oikonen, M.; Pitkänen, N.; Ahola-Olli, A.; Virtanen, J.; Parkkola, R.; Jokinen, E.; Laitinen, T.; Hutri-Kähönen, N.;
Kähönen, M.; et al. Childhood predictors of adult fatty liver. The Cardiovascular Risk in Young Finns Study. J. Hepatol. 2016,
65, 784–790. [CrossRef]

40. Esplin, M.S.; Fausett, M.B.; Fraser, A.; Kerber, R.; Mineau, G.; Carrillo, J.; Varner, M.W. Paternal and Maternal Components of the
Predisposition to Preeclampsia. N. Engl. J. Med. 2001, 344, 867–872. [CrossRef]

41. Sherf, Y.; Sheiner, E.; Shoham Vardi, I.; Sergienko, R.; Klein, J.; Bilenko, N. Like mother like daughter: Low birth weight and
preeclampsia tend to reoccur at the next generation. J. Matern Fetal Neonatal. Med. 2019, 32, 1478–1484. [CrossRef] [PubMed]

42. Skjaerven, R.; Vatten, L.J.; Wilcox, A.J.; Rønning, T.; Irgens, L.M.; Lie, R.T. Recurrence of pre-eclampsia across generations:
Exploring fetal and maternal genetic components in a population based cohort. BMJ 2005, 331, 877. [CrossRef] [PubMed]

43. Ushida, T.; Cotechini, T.; Protopapas, N.; Atallah, A.; Collyer, C.; Toews, A.J.; Macdonald-Goodfellow, S.K.; Tse, M.Y.; Winn, L.M.;
Pang, S.C.; et al. Aberrant inflammation in rat pregnancy leads to cardiometabolic alterations in their offspring and intrauterine
growth restriction in the F2 generation. J. Dev. Orig. Health Dis. 2022, 1–13. [CrossRef]

44. Eriksson, J.G.; Sandboge, S.; Salonen, M.K.; Kajantie, E.; Osmond, C. Long-term consequences of maternal overweight in
pregnancy on offspring later health: Findings from the Helsinki Birth Cohort Study. Ann. Med. 2014, 46, 434–438. [CrossRef]

45. He, H.; Yu, Y.; Liew, Z.; Gissler, M.; László, K.D.; Valdimarsdóttir, U.A.; Zhang, J.; Li, F.; Li, J. Association of Maternal Autoimmune
Diseases With Risk of Mental Disorders in Offspring in Denmark. JAMA Netw. Open 2022, 5, e227503. [CrossRef]

46. Nogueira Avelar E Silva, R.; Yu, Y.; Liew, Z.; Vested, A.; Sørensen, H.T.; Li, J. Associations of Maternal Diabetes During Pregnancy
With Psychiatric Disorders in Offspring During the First 4 Decades of Life in a Population-Based Danish Birth Cohort. JAMA
Netw. Open 2021, 4, e2128005. [CrossRef]

http://doi.org/10.5897/JPAP2021.0140
http://doi.org/10.3390/biomedicines9101425
http://doi.org/10.2147/vhrm.S20181
http://www.ncbi.nlm.nih.gov/pubmed/21822394
http://doi.org/10.1016/0140-6736(93)91224-A
http://www.ncbi.nlm.nih.gov/pubmed/8096277
http://doi.org/10.1136/bmj.303.6809.1019
http://www.ncbi.nlm.nih.gov/pubmed/1954451
http://doi.org/10.3390/nu13114063
http://doi.org/10.1136/heart.84.6.595
http://doi.org/10.1007/s00787-010-0113-9
http://doi.org/10.1001/archgenpsychiatry.2007.20
http://doi.org/10.1016/j.biopsych.2018.08.018
http://www.ncbi.nlm.nih.gov/pubmed/30314641
http://doi.org/10.1093/ije/dym067
http://www.ncbi.nlm.nih.gov/pubmed/17468503
http://doi.org/10.1186/s40348-018-0082-5
http://www.ncbi.nlm.nih.gov/pubmed/29560535
http://doi.org/10.1016/j.preghy.2018.06.013
http://www.ncbi.nlm.nih.gov/pubmed/30177050
http://doi.org/10.1164/rccm.200906-0897OC
http://doi.org/10.2337/dc07-0281
http://doi.org/10.1136/archdischild-2015-308922
http://doi.org/10.7326/0003-4819-130-4_Part_1-199902160-00005
http://doi.org/10.1016/j.jhep.2016.05.020
http://doi.org/10.1056/NEJM200103223441201
http://doi.org/10.1080/14767058.2017.1410124
http://www.ncbi.nlm.nih.gov/pubmed/29172830
http://doi.org/10.1136/bmj.38555.462685.8F
http://www.ncbi.nlm.nih.gov/pubmed/16169871
http://doi.org/10.1017/S2040174422000265
http://doi.org/10.3109/07853890.2014.919728
http://doi.org/10.1001/jamanetworkopen.2022.7503
http://doi.org/10.1001/jamanetworkopen.2021.28005


Cells 2022, 11, 3935 12 of 16

47. van Meel, E.R.; Attanasi, M.; Jaddoe, V.W.V.; Reiss, I.K.M.; Moll, H.A.; de Jongste, J.C.; Duijts, L. Chlamydia trachomatis during
pregnancy and childhood asthma-related morbidity: A population-based prospective cohort. Eur. Respir J. 2020, 56, 1901829.
[CrossRef]

48. El-Wakkad, A.; Hassan Nel, M.; Sibaii, H.; El-Zayat, S.R. Proinflammatory, anti-inflammatory cytokines and adiponkines in
students with central obesity. Cytokine 2013, 61, 682–687. [CrossRef]

49. Polinski, K.J.; Liu, J.; Boghossian, N.S.; McLain, A.C. Maternal Obesity, Gestational Weight Gain, and Asthma in Offspring. Prev.
Chronic. Dis. 2017, 14, E109. [CrossRef]

50. Huang, L.; Yu, X.; Keim, S.; Li, L.; Zhang, L.; Zhang, J. Maternal prepregnancy obesity and child neurodevelopment in the
Collaborative Perinatal Project. Int. J. Epidemiol. 2014, 43, 783–792. [CrossRef]

51. Donath, M.Y.; Shoelson, S.E. Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. 2011, 11, 98–107. [CrossRef]
[PubMed]

52. Martinez, M.P.; Lin, J.; Chow, T.; Chung, J.; Wang, X.; Xiang, A.H. Maternal Gestational Diabetes and Type 2 Diabetes During
Pregnancy and Risk of Childhood Asthma in Offspring. J. Pediatr. 2020, 219, 173–179.e171. [CrossRef] [PubMed]

53. Yu, Y.; Arah, O.A.; Liew, Z.; Cnattingius, S.; Olsen, J.; Sørensen, H.T.; Qin, G.; Li, J. Maternal diabetes during pregnancy and early
onset of cardiovascular disease in offspring: Population based cohort study with 40 years of follow-up. BMJ 2019, 367, l6398.
[CrossRef] [PubMed]

54. Getahun, D.; Strickland, D.; Zeiger, R.S.; Fassett, M.J.; Chen, W.; Rhoads, G.G.; Jacobsen, S.J. Effect of chorioamnionitis on early
childhood asthma. Arch. Pediatr. Adolesc. Med. 2010, 164, 187–192. [CrossRef]

55. Mor, G.; Cardenas, I.; Abrahams, V.; Guller, S. Inflammation and pregnancy: The role of the immune system at the implantation
site. Ann. N. Y. Acad. Sci. 2011, 1221, 80–87. [CrossRef] [PubMed]

56. Cartwright, J.E.; Fraser, R.; Leslie, K.; Wallace, A.E.; James, J.L. Remodelling at the maternal-fetal interface: Relevance to human
pregnancy disorders. Reproduction 2010, 140, 803–813. [CrossRef]

57. Jarmund, A.H.; Giskeødegård, G.F.; Ryssdal, M.; Steinkjer, B.; Stokkeland, L.M.T.; Madssen, T.S.; Stafne, S.N.; Stridsklev, S.;
Moholdt, T.; Heimstad, R.; et al. Cytokine Patterns in Maternal Serum From First Trimester to Term and Beyond. Front. Immunol.
2021, 12, 752660. [CrossRef]

58. Albrecht, E.D.; Pepe, G.J. Regulation of Uterine Spiral Artery Remodeling: A Review. Reprod Sci. 2020, 27, 1932–1942. [CrossRef]
59. Burke, S.D.; Barrette, V.F.; Gravel, J.; Carter, A.L.I.; Hatta, K.; Zhang, J.; Chen, Z.; Leno-Durán, E.; Bianco, J.; Leonard, S.; et al.

REVIEW ARTICLE: Uterine NK Cells, Spiral Artery Modification and the Regulation of Blood Pressure During Mouse Pregnancy.
Am. J. Reprod Immunol. 2010, 63, 472–481. [CrossRef]

60. Piccinni, M.-P.; Scaletti, C.; Maggi, E.; Romagnani, S. Role of hormone-controlled Th1- and Th2-type cytokines in successful
pregnancy. J. Neuroimmunol. 2000, 109, 30–33. [CrossRef]

61. Faas, M.M.; Spaans, F.; De Vos, P. Monocytes and Macrophages in Pregnancy and Pre-Eclampsia. Front. Immunol. 2014, 5, 298.
[CrossRef] [PubMed]

62. Negishi, Y.; Takahashi, H.; Kuwabara, Y.; Takeshita, T. Innate immune cells in reproduction. J. Obs. Gynaecol. Res. 2018,
44, 2025–2036. [CrossRef] [PubMed]

63. Melgert, B.N.; Spaans, F.; Borghuis, T.; Klok, P.A.; Groen, B.; Bolt, A.; de Vos, P.; van Pampus, M.G.; Wong, T.Y.; van Goor, H.; et al.
Pregnancy and Preeclampsia Affect Monocyte Subsets in Humans and Rats. PLoS ONE 2012, 7, e45229. [CrossRef] [PubMed]

64. Yao, Y.; Xu, X.-H.; Jin, L. Macrophage Polarization in Physiological and Pathological Pregnancy. Front. Immunol. 2019, 10, 792.
[CrossRef] [PubMed]

65. Hanna, J.; Goldman-Wohl, D.; Hamani, Y.; Avraham, I.; Greenfield, C.; Natanson-Yaron, S.; Prus, D.; Cohen-Daniel, L.; Arnon, T.I.;
Manaster, I.; et al. Decidual NK cells regulate key developmental processes at the human fetal-maternal interface. Nat. Med. 2006,
12, 1065–1074. [CrossRef]

66. de Mendonça Vieira, R.; Meagher, A.; Crespo, Â.C.; Kshirsagar, S.K.; Iyer, V.; Norwitz, E.R.; Strominger, J.L.; Tilburgs, T. Human
Term Pregnancy Decidual NK Cells Generate Distinct Cytotoxic Responses. J. Immunol. 2020, 204, 3149–3159. [CrossRef]

67. PrabhuDas, M.; Bonney, E.; Caron, K.; Dey, S.; Erlebacher, A.; Fazleabas, A.; Fisher, S.; Golos, T.; Matzuk, M.; McCune, J.M.; et al.
Immune mechanisms at the maternal-fetal interface: Perspectives and challenges. Nat. Immunol. 2015, 16, 328–334. [CrossRef]

68. Williams, P.J.; Searle, R.F.; Robson, S.C.; Innes, B.A.; Bulmer, J.N. Decidual leucocyte populations in early to late gestation normal
human pregnancy. J. Reprod. Immunol. 2009, 82, 24–31. [CrossRef]

69. Koopman, L.A.; Kopcow, H.D.; Rybalov, B.; Boyson, J.E.; Orange, J.S.; Schatz, F.; Masch, R.; Lockwood, C.J.; Schachter, A.D.; Park,
P.J.; et al. Human decidual natural killer cells are a unique NK cell subset with immunomodulatory potential. J. Exp. Med. 2003,
198, 1201–1212. [CrossRef]

70. Riley, J.K.; Yokoyama, W.M. REVIEW ARTICLE: NK Cell Tolerance and the Maternal–Fetal Interface. Am. J. Reprod Immunol.
2008, 59, 371–387. [CrossRef]

71. Sojka, D.K.; Yang, L.; Yokoyama, W.M. Uterine Natural Killer Cells. Front. Immunol. 2019, 10, 960. [CrossRef] [PubMed]
72. Ashkar, A.A.; Croy, B.A. Functions of uterine natural killer cells are mediated by interferon gamma production during murine

pregnancy. Semin. Immunol. 2001, 13, 235–241. [CrossRef] [PubMed]
73. Cotechini, T.; Graham, C.H. Aberrant maternal inflammation as a cause of pregnancy complications: A potential therapeutic

target? Placenta 2015, 36, 960–966. [CrossRef] [PubMed]
74. Dugas, C.; Slane, V.H. Miscarriage. In StatPearls; StatPearls Publishing LLC.: Treasure Island, FL, USA, 2022.

http://doi.org/10.1183/13993003.01829-2019
http://doi.org/10.1016/j.cyto.2012.11.010
http://doi.org/10.5888/pcd14.170196
http://doi.org/10.1093/ije/dyu030
http://doi.org/10.1038/nri2925
http://www.ncbi.nlm.nih.gov/pubmed/21233852
http://doi.org/10.1016/j.jpeds.2019.12.053
http://www.ncbi.nlm.nih.gov/pubmed/31987655
http://doi.org/10.1136/bmj.l6398
http://www.ncbi.nlm.nih.gov/pubmed/31801789
http://doi.org/10.1001/archpediatrics.2009.238
http://doi.org/10.1111/j.1749-6632.2010.05938.x
http://www.ncbi.nlm.nih.gov/pubmed/21401634
http://doi.org/10.1530/REP-10-0294
http://doi.org/10.3389/fimmu.2021.752660
http://doi.org/10.1007/s43032-020-00212-8
http://doi.org/10.1111/j.1600-0897.2010.00818.x
http://doi.org/10.1016/S0165-5728(00)00299-X
http://doi.org/10.3389/fimmu.2014.00298
http://www.ncbi.nlm.nih.gov/pubmed/25071761
http://doi.org/10.1111/jog.13759
http://www.ncbi.nlm.nih.gov/pubmed/30058156
http://doi.org/10.1371/journal.pone.0045229
http://www.ncbi.nlm.nih.gov/pubmed/23028864
http://doi.org/10.3389/fimmu.2019.00792
http://www.ncbi.nlm.nih.gov/pubmed/31037072
http://doi.org/10.1038/nm1452
http://doi.org/10.4049/jimmunol.1901435
http://doi.org/10.1038/ni.3131
http://doi.org/10.1016/j.jri.2009.08.001
http://doi.org/10.1084/jem.20030305
http://doi.org/10.1111/j.1600-0897.2008.00593.x
http://doi.org/10.3389/fimmu.2019.00960
http://www.ncbi.nlm.nih.gov/pubmed/31118936
http://doi.org/10.1006/smim.2000.0319
http://www.ncbi.nlm.nih.gov/pubmed/11437631
http://doi.org/10.1016/j.placenta.2015.05.016
http://www.ncbi.nlm.nih.gov/pubmed/26094029


Cells 2022, 11, 3935 13 of 16

75. Iqbal, Z.; Jilanee, S.D.A.; Uppada, L.P.; Imtiaz, S.; Khan, H.; Shah, S.M.H.; Tousif, S.; Rahim, A. Evaluating the Clinical Risk
Factors Associated With Miscarriages in Women in Karachi, Pakistan. Cureus 2021, 13, e19057. [CrossRef] [PubMed]

76. Giannubilo, S.R.; Landi, B.; Pozzi, V.; Sartini, D.; Cecati, M.; Stortoni, P.; Corradetti, A.; Saccucci, F.; Tranquilli, A.L.; Emanuelli, M.
The involvement of inflammatory cytokines in the pathogenesis of recurrent miscarriage. Cytokine 2012, 58, 50–56. [CrossRef]
[PubMed]

77. Hill, J.A.; Polgar, K.; Anderson, D.J. T-helper 1-type immunity to trophoblast in women with recurrent spontaneous abortion.
JAMA 1995, 273, 1933–1936. [CrossRef]

78. Rai, R.; Regan, L. Recurrent miscarriage. Lancet 2006, 368, 601–611. [CrossRef]
79. Calleja-Agius, J.; Jauniaux, E.; Pizzey, A.R.; Muttukrishna, S. Investigation of systemic inflammatory response in first trimester

pregnancy failure. Hum. Reprod 2012, 27, 349–357. [CrossRef]
80. Jin, L.-P.; Fan, D.-X.; Zhang, T.; Guo, P.-F.; Li, D.-J. The Costimulatory Signal Upregulation is Associated with Th1 Bias at the

Maternal–Fetal Interface in Human Miscarriage. Am. J. Reprod Immunol. 2011, 66, 270–278. [CrossRef]
81. Azizieh, F.Y.; Raghupathy, R.G. Tumor necrosis factor-α and pregnancy complications: A prospective study. Med. Princ. Pract.

2015, 24, 165–170. [CrossRef]
82. Renaud, S.J.; Cotechini, T.; Quirt, J.S.; Macdonald-Goodfellow, S.K.; Othman, M.; Graham, C.H. Spontaneous pregnancy

loss mediated by abnormal maternal inflammation in rats is linked to deficient uteroplacental perfusion. J. Immunol. 2011,
186, 1799–1808. [CrossRef] [PubMed]

83. Murphy, S.P.; Fast, L.D.; Hanna, N.N.; Sharma, S. Uterine NK cells mediate inflammation-induced fetal demise in IL-10-null mice.
J. Immunol. 2005, 175, 4084–4090. [CrossRef] [PubMed]

84. World Health Organization. Preterm Birth. Available online: https://www.who.int/news-room/fact-sheets/detail/preterm-
birth (accessed on 28 October 2022).

85. Blencowe, H.; Cousens, S.; Oestergaard, M.Z.; Chou, D.; Moller, A.B.; Narwal, R.; Adler, A.; Vera Garcia, C.; Rohde, S.; Say,
L.; et al. National, regional, and worldwide estimates of preterm birth rates in the year 2010 with time trends since 1990 for
selected countries: A systematic analysis and implications. Lancet 2012, 379, 2162–2172. [CrossRef] [PubMed]

86. Fuchs, F.; Monet, B.; Ducruet, T.; Chaillet, N.; Audibert, F. Effect of maternal age on the risk of preterm birth: A large cohort study.
PLoS ONE 2018, 13, e0191002. [CrossRef] [PubMed]

87. Hart, K.; Cousins, M.; Watkins, W.J.; Kotecha, S.J.; Henderson, A.J.; Kotecha, S. Association of Early Life Factors with Prematurity-
Associated Lung Disease: Prospective Cohort Study. Eur. Respir. J. 2021, 59, 2101766. [CrossRef]

88. Peacock, J.L.; Marston, L.; Marlow, N.; Calvert, S.A.; Greenough, A. Neonatal and infant outcome in boys and girls born very
prematurely. Pediatr. Res. 2012, 71, 305–310. [CrossRef] [PubMed]

89. Romero, R.; Espinoza, J.; Gonçalves, L.F.; Kusanovic, J.P.; Friel, L.A.; Nien, J.K. Inflammation in preterm and term labour and
delivery. Semin. Fetal Neonatal. Med. 2006, 11, 317–326. [CrossRef] [PubMed]

90. Noguchi, T.; Sado, T.; Naruse, K.; Shigetomi, H.; Onogi, A.; Haruta, S.; Kawaguchi, R.; Nagai, A.; Tanase, Y.; Yoshida, S.; et al.
Evidence for activation of Toll-like receptor and receptor for advanced glycation end products in preterm birth. Mediat. Inflamm.
2010, 2010, 490406. [CrossRef]

91. Törnblom, S.A.; Klimaviciute, A.; Byström, B.; Chromek, M.; Brauner, A.; Ekman-Ordeberg, G. Non-infected preterm parturition
is related to increased concentrations of IL-6, IL-8 and MCP-1 in human cervix. Reprod Biol. Endocrinol. 2005, 3, 39. [CrossRef]

92. Wahid, H.H.; Dorian, C.L.; Chin, P.Y.; Hutchinson, M.R.; Rice, K.C.; Olson, D.M.; Moldenhauer, L.M.; Robertson, S.A. Toll-Like
Receptor 4 Is an Essential Upstream Regulator of On-Time Parturition and Perinatal Viability in Mice. Endocrinology 2015,
156, 3828–3841. [CrossRef]

93. Koga, K.; Cardenas, I.; Aldo, P.; Abrahams, V.M.; Peng, B.; Fill, S.; Romero, R.; Mor, G. ORIGINAL ARTICLE: Activation of TLR3
in the Trophoblast is Associated with Preterm Delivery. Am. J. Reprod Immunol. 2009, 61, 196–212. [CrossRef] [PubMed]

94. Couture, C.; Brien, M.-E.; Boufaied, I.; Duval, C.; Soglio, D.D.; Enninga, E.A.L.; Cox, B.; Girard, S. Proinflammatory changes in
the maternal circulation, maternal–fetal interface, and placental transcriptome in preterm birth. Am. J. Obstet. Gynecol. 2022.
[CrossRef] [PubMed]

95. Lu, H.-Q.; Hu, R. The role of immunity in the pathogenesis and development of pre-eclampsia. Scand. J. Immunol. 2019, 90, e12756.
[CrossRef] [PubMed]

96. Phipps, E.A.; Thadhani, R.; Benzing, T.; Karumanchi, S.A. Pre-eclampsia: Pathogenesis, novel diagnostics and therapies. Nat. Rev.
Nephrol. 2019, 15, 275–289. [CrossRef] [PubMed]

97. Redman, C.W.; Sargent, I.L. Immunology of pre-eclampsia. Am. J. Reprod Immunol. 2010, 63, 534–543. [CrossRef] [PubMed]
98. Cheng, S.-B.; Sharma, S. Preeclampsia and health risks later in life: An immunological link. Semin. Immunopathol. 2016, 38, 699–708.

[CrossRef] [PubMed]
99. Sciatti, E.; Orabona, R. A window of opportunity on cardiovascular prevention: Pre-eclampsia and fetal growth restriction. Eur. J.

Prev. Cardiol. 2020, 28, e17–e18. [CrossRef]
100. Wagner, L.K. Diagnosis and management of preeclampsia. Am. Fam. Phys. 2004, 70, 2317–2324.
101. Leavey, K.; Bainbridge, S.A.; Cox, B.J. Large Scale Aggregate Microarray Analysis Reveals Three Distinct Molecular Subclasses of

Human Preeclampsia. PLoS ONE 2015, 10, e0116508. [CrossRef]
102. Leavey, K.; Grynspan, D.; Cox, B.J. Both “canonical” and “immunological” preeclampsia subtypes demonstrate changes in

placental immune cell composition. Placenta 2019, 83, 53–56. [CrossRef]

http://doi.org/10.7759/cureus.19057
http://www.ncbi.nlm.nih.gov/pubmed/34824942
http://doi.org/10.1016/j.cyto.2011.12.019
http://www.ncbi.nlm.nih.gov/pubmed/22266274
http://doi.org/10.1001/jama.1995.03520480053039
http://doi.org/10.1016/S0140-6736(06)69204-0
http://doi.org/10.1093/humrep/der402
http://doi.org/10.1111/j.1600-0897.2011.00997.x
http://doi.org/10.1159/000369363
http://doi.org/10.4049/jimmunol.1002679
http://www.ncbi.nlm.nih.gov/pubmed/21187445
http://doi.org/10.4049/jimmunol.175.6.4084
http://www.ncbi.nlm.nih.gov/pubmed/16148158
https://www.who.int/news-room/fact-sheets/detail/preterm-birth
https://www.who.int/news-room/fact-sheets/detail/preterm-birth
http://doi.org/10.1016/S0140-6736(12)60820-4
http://www.ncbi.nlm.nih.gov/pubmed/22682464
http://doi.org/10.1371/journal.pone.0191002
http://www.ncbi.nlm.nih.gov/pubmed/29385154
http://doi.org/10.1183/13993003.01766-2021
http://doi.org/10.1038/pr.2011.50
http://www.ncbi.nlm.nih.gov/pubmed/22258087
http://doi.org/10.1016/j.siny.2006.05.001
http://www.ncbi.nlm.nih.gov/pubmed/16839830
http://doi.org/10.1155/2010/490406
http://doi.org/10.1186/1477-7827-3-39
http://doi.org/10.1210/en.2015-1089
http://doi.org/10.1111/j.1600-0897.2008.00682.x
http://www.ncbi.nlm.nih.gov/pubmed/19239422
http://doi.org/10.1016/j.ajog.2022.08.035
http://www.ncbi.nlm.nih.gov/pubmed/36027951
http://doi.org/10.1111/sji.12756
http://www.ncbi.nlm.nih.gov/pubmed/30739345
http://doi.org/10.1038/s41581-019-0119-6
http://www.ncbi.nlm.nih.gov/pubmed/30792480
http://doi.org/10.1111/j.1600-0897.2010.00831.x
http://www.ncbi.nlm.nih.gov/pubmed/20331588
http://doi.org/10.1007/s00281-016-0579-8
http://www.ncbi.nlm.nih.gov/pubmed/27339196
http://doi.org/10.1177/2047487320925646
http://doi.org/10.1371/journal.pone.0116508
http://doi.org/10.1016/j.placenta.2019.06.384


Cells 2022, 11, 3935 14 of 16

103. Shields, C.A.; McCalmon, M.; Ibrahim, T.; White, D.L.; Williams, J.M.; LaMarca, B.; Cornelius, D.C. Placental ischemia-stimulated
T-helper 17 cells induce preeclampsia-associated cytolytic natural killer cells during pregnancy. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2018, 315, R336–R343. [CrossRef]

104. Elfarra, J.; Amaral, L.M.; McCalmon, M.; Scott, J.D.; Cunningham, M.W., Jr.; Gnam, A.; Ibrahim, T.; LaMarca, B.; Cornelius,
D.C. Natural killer cells mediate pathophysiology in response to reduced uterine perfusion pressure. Clin. Sci. (Lond) 2017,
131, 2753–2762. [CrossRef] [PubMed]

105. Medeiros, L.T.; Peraçoli, J.C.; Bannwart-Castro, C.F.; Romão, M.; Weel, I.C.; Golim, M.A.; de Oliveira, L.G.; Kurokawa, C.S.;
Medeiros Borges, V.T.; Peraçoli, M.T. Monocytes from pregnant women with pre-eclampsia are polarized to a M1 phenotype. Am.
J. Reprod Immunol. 2014, 72, 5–13. [CrossRef] [PubMed]

106. Saito, S.; Sakai, M. Th1/Th2 balance in preeclampsia. J. Reprod Immunol. 2003, 59, 161–173. [CrossRef]
107. Unterscheider, J.; O’Donoghue, K.; Daly, S.; Geary, M.P.; Kennelly, M.M.; McAuliffe, F.M.; Hunter, A.; Morrison, J.J.; Burke, G.;

Dicker, P.; et al. Fetal growth restriction and the risk of perinatal mortality–case studies from the multicentre PORTO study. BMC
Pregnancy Childbirth 2014, 14, 63. [CrossRef] [PubMed]

108. Contreras, Y.M.; Yu, X.; Hale, M.A.; Callaway, C.W.; Bareyan, D.; McKnight, R.A.; Joss-Moore, L.A.; Enioutina, E.Y.; Lane, R.H.
Intrauterine growth restriction alters T-lymphocyte cell number and dual specificity phosphatase 1 levels in the thymus of
newborn and juvenile rats. Pediatr. Res. 2011, 70, 123–129. [CrossRef]

109. Sharma, D.; Farahbakhsh, N.; Shastri, S.; Sharma, P. Intrauterine growth restriction–part 2. J. Matern. Fetal. Neonatal. Med. 2016,
29, 4037–4048. [CrossRef]

110. Cadaret, C.N.; Posont, R.J.; Beede, K.A.; Riley, H.E.; Loy, J.D.; Yates, D.T. Maternal inflammation at midgestation impairs
subsequent fetal myoblast function and skeletal muscle growth in rats, resulting in intrauterine growth restriction at term1. Transl.
Anim. Sci. 2019, 3, 867–876. [CrossRef]

111. Bartha, J.L.; Romero-Carmona, R.; Comino-Delgado, R. Inflammatory cytokines in intrauterine growth retardation. Acta Obs.
Gynecol. Scand. 2003, 82, 1099–1102. [CrossRef]

112. Raghupathy, R.; Al-Azemi, M.; Azizieh, F. Intrauterine growth restriction: Cytokine profiles of trophoblast antigen-stimulated
maternal lymphocytes. Clin. Dev. Immunol. 2012, 2012, 734865. [CrossRef]

113. Brien, M.-E.; Hughes, K.; Girard, S. Prenatal administration of IL-1Ra attenuate the neurodevelopmental impacts following
non-pathogenic inflammation during pregnancy. Sci. Rep. 2021, 11, 23404. [CrossRef] [PubMed]

114. Burton, G.J.; Jauniaux, E. Pathophysiology of placental-derived fetal growth restriction. Am. J. Obstet. Gynecol. 2018, 218, S745–S761.
[CrossRef] [PubMed]

115. Hutchinson, E.S.; Brownbill, P.; Jones, N.W.; Abrahams, V.M.; Baker, P.N.; Sibley, C.P.; Crocker, I.P. Utero-Placental Haemodynam-
ics in the Pathogenesis of Pre-Eclampsia. Placenta 2009, 30, 634–641. [CrossRef] [PubMed]

116. Burton, G.J.; Woods, A.W.; Jauniaux, E.; Kingdom, J.C.P. Rheological and Physiological Consequences of Conversion of the
Maternal Spiral Arteries for Uteroplacental Blood Flow during Human Pregnancy. Placenta 2009, 30, 473–482. [CrossRef]
[PubMed]

117. Levytska, K.; Higgins, M.; Keating, S.; Melamed, N.; Walker, M.; Sebire, N.J.; Kingdom, J.C. Placental Pathology in Relation to
Uterine Artery Doppler Findings in Pregnancies with Severe Intrauterine Growth Restriction and Abnormal Umbilical Artery
Doppler Changes. Am. J. Perinatol. 2017, 34, 451–457. [CrossRef] [PubMed]

118. Kroetsch, J.T.; Levy, A.S.; Zhang, H.; Aschar-Sobbi, R.; Lidington, D.; Offermanns, S.; Nedospasov, S.A.; Backx, P.H.; Heximer, S.P.;
Bolz, S.S. Constitutive smooth muscle tumour necrosis factor regulates microvascular myogenic responsiveness and systemic
blood pressure. Nat. Commun. 2017, 8, 14805. [CrossRef]

119. Robb, K.P.; Cotechini, T.; Allaire, C.; Sperou, A.; Graham, C.H. Inflammation-induced fetal growth restriction in rats is associated
with increased placental HIF-1α accumulation. PLoS ONE 2017, 12, e0175805. [CrossRef] [PubMed]

120. Burton, G.J.; Cindrova-Davies, T.; Yung, H.W.; Jauniaux, E. HYPOXIA AND REPRODUCTIVE HEALTH: Oxygen and develop-
ment of the human placenta. Reproduction 2021, 161, F53–F65. [CrossRef]

121. Hung, T.-H.; Skepper, J.N.; Charnock-Jones, D.S.; Burton, G.J. Hypoxia-Reoxygenation. Circ. Res. 2002, 90, 1274–1281. [CrossRef]
122. Brien, M.E.; Duval, C.; Palacios, J.; Boufaied, I.; Hudon-Thibeault, A.A.; Nadeau-Vallée, M.; Vaillancourt, C.; Sibley, C.P.;

Abrahams, V.M.; Jones, R.L.; et al. Uric Acid Crystals Induce Placental Inflammation and Alter Trophoblast Function via an
IL-1-Dependent Pathway: Implications for Fetal Growth Restriction. J. Immunol. 2017, 198, 443–451. [CrossRef]

123. Koga, K.; Aldo, P.B.; Mor, G. Toll-like receptors and pregnancy: Trophoblast as modulators of the immune response. J. Obstet.
Gynaecol. Res. 2009, 35, 191–202. [CrossRef] [PubMed]

124. Arce, R.M.; Caron, K.M.; Barros, S.P.; Offenbacher, S. Toll-like receptor 4 mediates intrauterine growth restriction after systemic
Campylobacter rectus infection in mice. Mol. Oral. Microbiol. 2012, 27, 373–381. [CrossRef]

125. Kim, Y.M.; Romero, R.; Oh, S.Y.; Kim, C.J.; Kilburn, B.A.; Armant, D.R.; Nien, J.K.; Gomez, R.; Mazor, M.; Saito, S.; et al. Toll-like
receptor 4: A potential link between “danger signals,” the innate immune system, and preeclampsia? Am. J. Obstet. Gynecol. 2005,
193, 921–927. [CrossRef]

126. Robertson, S.A.; Hutchinson, M.R.; Rice, K.C.; Chin, P.-Y.; Moldenhauer, L.M.; Stark, M.J.; Olson, D.M.; Keelan, J.A. Targeting
Toll-like receptor-4 to tackle preterm birth and fetal inflammatory injury. Clin. Transl. Immunol. 2020, 9, e1121. [CrossRef]

127. Eriksson, M.; Meadows, S.K.; Basu, S.; Mselle, T.F.; Wira, C.R.; Sentman, C.L. TLRs mediate IFN-gamma production by human
uterine NK cells in endometrium. J. Immunol. 2006, 176, 6219–6224. [CrossRef] [PubMed]

http://doi.org/10.1152/ajpregu.00061.2018
http://doi.org/10.1042/CS20171118
http://www.ncbi.nlm.nih.gov/pubmed/29042488
http://doi.org/10.1111/aji.12222
http://www.ncbi.nlm.nih.gov/pubmed/24689463
http://doi.org/10.1016/S0165-0378(03)00045-7
http://doi.org/10.1186/1471-2393-14-63
http://www.ncbi.nlm.nih.gov/pubmed/24517273
http://doi.org/10.1203/PDR.0b013e31821f6e75
http://doi.org/10.3109/14767058.2016.1154525
http://doi.org/10.1093/tas/txz037
http://doi.org/10.1046/j.1600-0412.2003.00259.x
http://doi.org/10.1155/2012/734865
http://doi.org/10.1038/s41598-021-02927-3
http://www.ncbi.nlm.nih.gov/pubmed/34862457
http://doi.org/10.1016/j.ajog.2017.11.577
http://www.ncbi.nlm.nih.gov/pubmed/29422210
http://doi.org/10.1016/j.placenta.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19497617
http://doi.org/10.1016/j.placenta.2009.02.009
http://www.ncbi.nlm.nih.gov/pubmed/19375795
http://doi.org/10.1055/s-0036-1592347
http://www.ncbi.nlm.nih.gov/pubmed/27649292
http://doi.org/10.1038/ncomms14805
http://doi.org/10.1371/journal.pone.0175805
http://www.ncbi.nlm.nih.gov/pubmed/28423052
http://doi.org/10.1530/REP-20-0153
http://doi.org/10.1161/01.RES.0000024411.22110.AA
http://doi.org/10.4049/jimmunol.1601179
http://doi.org/10.1111/j.1447-0756.2008.00963.x
http://www.ncbi.nlm.nih.gov/pubmed/19335792
http://doi.org/10.1111/j.2041-1014.2012.00651.x
http://doi.org/10.1016/j.ajog.2005.07.076
http://doi.org/10.1002/cti2.1121
http://doi.org/10.4049/jimmunol.176.10.6219
http://www.ncbi.nlm.nih.gov/pubmed/16670332


Cells 2022, 11, 3935 15 of 16

128. Kumazaki, K.; Nakayama, M.; Yanagihara, I.; Suehara, N.; Wada, Y. Immunohistochemical distribution of Toll-like receptor 4 in
term and preterm human placentas from normal and complicated pregnancy including chorioamnionitis. Hum. Pathol. 2004,
35, 47–54. [CrossRef]

129. Divangahi, M.; Aaby, P.; Khader, S.A.; Barreiro, L.B.; Bekkering, S.; Chavakis, T.; van Crevel, R.; Curtis, N.; DiNardo, A.R.;
Dominguez-Andres, J.; et al. Trained immunity, tolerance, priming and differentiation: Distinct immunological processes. Nat.
Immunol. 2021, 22, 2–6. [CrossRef] [PubMed]

130. van der Heijden, C.; Noz, M.P.; Joosten, L.A.B.; Netea, M.G.; Riksen, N.P.; Keating, S.T. Epigenetics and Trained Immunity.
Antioxid Redox Signal. 2018, 29, 1023–1040. [CrossRef] [PubMed]

131. Wen, H.; Dou, Y.; Hogaboam, C.M.; Kunkel, S.L. Epigenetic regulation of dendritic cell-derived interleukin-12 facilitates
immunosuppression after a severe innate immune response. Blood 2008, 111, 1797–1804. [CrossRef] [PubMed]

132. Ifrim, D.C.; Quintin, J.; Joosten, L.A.; Jacobs, C.; Jansen, T.; Jacobs, L.; Gow, N.A.; Williams, D.L.; van der Meer, J.W.; Netea, M.G.
Trained immunity or tolerance: Opposing functional programs induced in human monocytes after engagement of various pattern
recognition receptors. Clin. Vaccine Immunol. 2014, 21, 534–545. [CrossRef]

133. Novakovic, B.; Habibi, E.; Wang, S.Y.; Arts, R.J.W.; Davar, R.; Megchelenbrink, W.; Kim, B.; Kuznetsova, T.; Kox, M.; Zwaag,
J.; et al. β-Glucan Reverses the Epigenetic State of LPS-Induced Immunological Tolerance. Cell 2016, 167, 1354–1368.e1314.
[CrossRef] [PubMed]

134. Aaby, P.; Kollmann, T.R.; Benn, C.S. Nonspecific effects of neonatal and infant vaccination: Public-health, immunological and
conceptual challenges. Nat. Immunol. 2014, 15, 895–899. [CrossRef] [PubMed]

135. Biering-Sørensen, S.; Aaby, P.; Napirna, B.M.; Roth, A.; Ravn, H.; Rodrigues, A.; Whittle, H.; Benn, C.S. Small randomized trial
among low-birth-weight children receiving bacillus Calmette-Guérin vaccination at first health center contact. Pediatr. Infect. Dis.
J. 2012, 31, 306–308. [CrossRef] [PubMed]

136. Blok, B.A.; Arts, R.J.; van Crevel, R.; Benn, C.S.; Netea, M.G. Trained innate immunity as underlying mechanism for the long-term,
nonspecific effects of vaccines. J. Leukoc. Biol. 2015, 98, 347–356. [CrossRef] [PubMed]

137. Arts, R.J.W.; Moorlag, S.; Novakovic, B.; Li, Y.; Wang, S.Y.; Oosting, M.; Kumar, V.; Xavier, R.J.; Wijmenga, C.; Joosten, L.A.B.; et al.
BCG Vaccination Protects against Experimental Viral Infection in Humans through the Induction of Cytokines Associated with
Trained Immunity. Cell Host Microbe 2018, 23, 89–100.e105. [CrossRef] [PubMed]

138. Walk, J.; de Bree, L.C.J.; Graumans, W.; Stoter, R.; van Gemert, G.-J.; van de Vegte-Bolmer, M.; Teelen, K.; Hermsen, C.C.; Arts,
R.J.W.; Behet, M.C.; et al. Outcomes of controlled human malaria infection after BCG vaccination. Nat. Commun. 2019, 10, 874.
[CrossRef]

139. Kleinnijenhuis, J.; Quintin, J.; Preijers, F.; Joosten, L.A.; Ifrim, D.C.; Saeed, S.; Jacobs, C.; van Loenhout, J.; de Jong, D.;
Stunnenberg, H.G.; et al. Bacille Calmette-Guerin induces NOD2-dependent nonspecific protection from reinfection via epigenetic
reprogramming of monocytes. Proc. Natl. Acad. Sci. USA 2012, 109, 17537–17542. [CrossRef]

140. Quintin, J.; Saeed, S.; Martens, J.H.A.; Giamarellos-Bourboulis, E.J.; Ifrim, D.C.; Logie, C.; Jacobs, L.; Jansen, T.; Kullberg, B.J.;
Wijmenga, C.; et al. Candida albicans infection affords protection against reinfection via functional reprogramming of monocytes.
Cell Host Microbe 2012, 12, 223–232. [CrossRef]

141. Gasteiger, G.; D’Osualdo, A.; Schubert, D.A.; Weber, A.; Bruscia, E.M.; Hartl, D. Cellular Innate Immunity: An Old Game with
New Players. J. Innate. Immun. 2017, 9, 111–125. [CrossRef]

142. Drummer, C.; Saaoud, F.; Shao, Y.; Sun, Y.; Xu, K.; Lu, Y.; Ni, D.; Atar, D.; Jiang, X.; Wang, H.; et al. Trained Immunity and
Reactivity of Macrophages and Endothelial Cells. Arterioscler Thromb. Vasc. Biol. 2021, 41, 1032–1046. [CrossRef]

143. Ochando, J.; Fayad, Z.A.; Madsen, J.C.; Netea, M.G.; Mulder, W.J.M. Trained immunity in organ transplantation. Am. J. Transplant.
2020, 20, 10–18. [CrossRef] [PubMed]

144. Katzmarski, N.; Domínguez-Andrés, J.; Cirovic, B.; Renieris, G.; Ciarlo, E.; Le Roy, D.; Lepikhov, K.; Kattler, K.; Gasparoni, G.;
Händler, K.; et al. Transmission of trained immunity and heterologous resistance to infections across generations. Nat. Immunol.
2021, 22, 1382–1390. [CrossRef] [PubMed]

145. Kaufmann, E.; Landekic, M.; Downey, J.; Chronopoulos, J.; Teimouri Nezhad, S.; Tran, K.; Vinh, D.C.; Barreiro, L.B.; Divangahi, M.
Lack of evidence for intergenerational inheritance of immune resistance to infections. Nat. Immunol. 2022, 23, 203–207. [CrossRef]
[PubMed]

146. Kaaja, R.J.; Greer, I.A. Manifestations of Chronic Disease During Pregnancy. JAMA 2005, 294, 2751–2757. [CrossRef]
147. Khaddour, K.; Shayuk, M.; Ludhwani, D.; Gowda, S.; Ward, W.L. Pregnancy unmasking symptoms of undiagnosed lymphangi-

oleiomyomatosis: Case report and review of literature. Respir. Med. Case Rep. 2019, 26, 63–67. [CrossRef]
148. Mitra, S.; Ghosal, A.G.; Bhattacharya, P. Pregnancy unmasking lymphangioleiomyomatosis. J. Assoc. Physicians. India 2004,

52, 828–830.
149. Smith, G.N.; Pudwell, J.; Roddy, M. The Maternal Health Clinic: A New Window of Opportunity for Early Heart Disease Risk

Screening and Intervention for Women with Pregnancy Complications. J. Obstet. Gynaecol. Can. 2013, 35, 831–839. [CrossRef]
150. Kivioja, A.; Toivonen, E.; Tyrmi, J.; Ruotsalainen, S.; Ripatti, S.; Huhtala, H.; Jääskeläinen, T.; Heinonen, S.; Kajantie, E.; Kere,

J.; et al. Increased Risk of Preeclampsia in Women With a Genetic Predisposition to Elevated Blood Pressure. Hypertension 2022,
79, 2008–2015. [CrossRef]

151. Khaire, A.; Wadhwani, N.; Madiwale, S.; Joshi, S. Maternal fats and pregnancy complications: Implications for long-term health.
Prostaglandins. Leukot. Essent. Fatty Acids 2020, 157, 102098. [CrossRef] [PubMed]

http://doi.org/10.1016/j.humpath.2003.08.027
http://doi.org/10.1038/s41590-020-00845-6
http://www.ncbi.nlm.nih.gov/pubmed/33293712
http://doi.org/10.1089/ars.2017.7310
http://www.ncbi.nlm.nih.gov/pubmed/28978221
http://doi.org/10.1182/blood-2007-08-106443
http://www.ncbi.nlm.nih.gov/pubmed/18055863
http://doi.org/10.1128/CVI.00688-13
http://doi.org/10.1016/j.cell.2016.09.034
http://www.ncbi.nlm.nih.gov/pubmed/27863248
http://doi.org/10.1038/ni.2961
http://www.ncbi.nlm.nih.gov/pubmed/25232810
http://doi.org/10.1097/INF.0b013e3182458289
http://www.ncbi.nlm.nih.gov/pubmed/22189537
http://doi.org/10.1189/jlb.5RI0315-096R
http://www.ncbi.nlm.nih.gov/pubmed/26150551
http://doi.org/10.1016/j.chom.2017.12.010
http://www.ncbi.nlm.nih.gov/pubmed/29324233
http://doi.org/10.1038/s41467-019-08659-3
http://doi.org/10.1073/pnas.1202870109
http://doi.org/10.1016/j.chom.2012.06.006
http://doi.org/10.1159/000453397
http://doi.org/10.1161/ATVBAHA.120.315452
http://doi.org/10.1111/ajt.15620
http://www.ncbi.nlm.nih.gov/pubmed/31561273
http://doi.org/10.1038/s41590-021-01052-7
http://www.ncbi.nlm.nih.gov/pubmed/34663978
http://doi.org/10.1038/s41590-021-01102-0
http://www.ncbi.nlm.nih.gov/pubmed/35058614
http://doi.org/10.1001/jama.294.21.2751
http://doi.org/10.1016/j.rmcr.2018.11.010
http://doi.org/10.1016/S1701-2163(15)30841-0
http://doi.org/10.1161/HYPERTENSIONAHA.122.18996
http://doi.org/10.1016/j.plefa.2020.102098
http://www.ncbi.nlm.nih.gov/pubmed/32380367


Cells 2022, 11, 3935 16 of 16

152. Hooper, L.; Martin, N.; Jimoh, O.F.; Kirk, C.; Foster, E.; Abdelhamid, A.S. Reduction in saturated fat intake for cardiovascular
disease. Cochrane Database Syst Rev. 2020, 5, CD011737. [CrossRef]

153. Scaglioni, S.; De Cosmi, V.; Ciappolino, V.; Parazzini, F.; Brambilla, P.; Agostoni, C. Factors influencing children’s eating
behaviours. Nutrients 2018, 10, 706. [CrossRef] [PubMed]

154. Movassagh, E.Z.; Baxter-Jones, A.D.G.; Kontulainen, S.; Whiting, S.J.; Vatanparast, H. Tracking Dietary Patterns over 20 Years
from Childhood through Adolescence into Young Adulthood: The Saskatchewan Pediatric Bone Mineral Accrual Study. Nutrients
2017, 9, 990. [CrossRef] [PubMed]

155. Gamliel, M.; Goldman-Wohl, D.; Isaacson, B.; Gur, C.; Stein, N.; Yamin, R.; Berger, M.; Grunewald, M.; Keshet, E.; Rais,
Y.; et al. Trained Memory of Human Uterine NK Cells Enhances Their Function in Subsequent Pregnancies. Immunity 2018,
48, 951–962.e955. [CrossRef] [PubMed]

156. Dang, Y.; Souchet, C.; Moresi, F.; Jeljeli, M.; Raquillet, B.; Nicco, C.; Chouzenoux, S.; Lagoutte, I.; Marcellin, L.; Batteux, F.; et al.
BCG-trained innate immunity leads to fetal growth restriction by altering immune cell profile in the mouse developing placenta.
J. Leukoc. Biol. 2022, 111, 1009–1020. [CrossRef] [PubMed]

http://doi.org/10.1002/14651858.CD011737
http://doi.org/10.3390/nu10060706
http://www.ncbi.nlm.nih.gov/pubmed/29857549
http://doi.org/10.3390/nu9090990
http://www.ncbi.nlm.nih.gov/pubmed/28885565
http://doi.org/10.1016/j.immuni.2018.03.030
http://www.ncbi.nlm.nih.gov/pubmed/29768178
http://doi.org/10.1002/JLB.4A0720-458RR
http://www.ncbi.nlm.nih.gov/pubmed/34533228

	Introduction 
	Inflammation and the Developmental Origins of Health and Disease Hypothesis 
	Immunology of Normal Pregnancy 
	Immunology of Pregnancy Complications 
	Miscarriage 
	Preterm Birth 
	Pre-Eclampsia 
	Fetal Growth Restriction (FGR) 

	Placental Stress and Release of Damage-Associated Molecular Patterns 
	Adaptations of the Innate Immune System 
	Trained Immunity: Friend or Foe? 
	Cross-Generational Inheritance of Trained Immunity 

	Potential Mechanisms Linking Acquisition of TI after Exposure to Aberrant Maternal Inflammation to Increased Risk of Disease 
	Predisposition to Disease Due to Underlying Conditions 
	TI as a Mediator of Cross-Generational Disease 

	Conclusions 
	References

