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Abstract

Chorioamnionitis is a frequent cause of preterm birth and is associated with an increased risk for
injury responses in the lung, Gl tract, brain and other fetal organs. Chorioamnionitis is a
polymicrobial non-traditional infectious disease because the organisms causing chorioamnionitis
are generally of low virulence and colonize the amniotic fluid often for extended periods, and the
host (mother and the fetus) does not have typical infection related symptoms such as fever. In this
review, we discuss the effects of chorioamnionitis in experimental animal models that mimic the
human disease. Our focus is on the immune changes in multiple fetal organs and the pathogenesis
of chorioamnionitis induced injury in different fetal compartments. Since chorioamnionitis
disproportionately affects preterm infants, we discuss the relevant developmental context for the
immune system. We also provide a clinical context for the fetal responses.

Clinical Context for Chorioamnionitis

This review will emphasize primarily the effects of chorioamnionitis on fetal inflammation
and immune modulation in animal models because information on human fetal and newborn
responses are limited and compromised by the complex nature of chorioamnionitis
syndromes. An assumption has been that the normal fetus is in a sterile intrauterine
environment, but this assumption is being challenged by more analytical and sensitive PCR
and deep sequencing techniques [1]. These studies are presently in their infancy, but our
hunch is that the layers of the endometrium/decidua/chorion/amnion are a highly active
innate host defense system that normally is protecting the fetus from pathogens but perhaps
not from low grade and benign commensal organisms. It is clear that early preterm
deliveries following preterm labor with or without rupture of membranes are highly
associated with chorioamnionitis [2]. More recent studies using culture or PCR demonstrate
that chorioamnionitis is caused by polymicrobial infection with organisms not traditionally
considered as pathogens [1, 3, 4]. However, it is also well established that presence of
bacteria in the amniotic fluid does not always result in preterm delivery, nor does it always
induce chorioamnionitis. Thus, studies of immunologic outcomes in preterm newborns
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following exposure to chorioamnionitis are confounded by the imprecision of the histologic
diagnoses. A diagnosis of chorioamnionitis provides no information about the organisms,
the duration of the exposures, and very little about the intensity of the fetal exposure.
Clinical outcomes are further confounded by the frequent use of antibiotics and the
appropriate use of antenatal corticosteroids, which will modulate immune responses. A
further difficulty with the interpretation of clinical studies is the lack of a control group for
comparison with infants exposed to chorioamnionitis. Infants from indicated deliveries,
often for growth restriction or pre-eclampsia, are not normal. Therefore, we will emphasize
the experimental studies that can demonstrate the fetal responses to chorioamnionitis can
occur. What does occur is no doubt much more complex and will be the subject for research
for years to come.

Animal models of chorioamnionitis

Chorioamnionitis in humans is an ascending infection, where the organisms in the upper
genital area ascend in to the chorio-decidual space or the chorioamnion space through the
cervix [5]. Organisms are thought to spread diffusely through the chorio-decidual or the
chorioamnion plane and then invade in to the amniotic cavity. However, a recent study using
molecular microbiologic techniques in human placentae demonstrated that the initial event is
a localized chorio-decidual infection, which then invades into the amniotic cavity and
thereby infecting amniotic fluid and the fetus prior to diffuse chorio-decidual inflammation
[6]. This sequence is consistent with experiments in the Rhesus macaque demonstrating that
localized chorio-decidual infection with live Group B streptococci did not trigger preterm
labor until the amniotic fluid was colonized [7]. However, a transient chorio-decidual
infection can induce cytokine production in the amniotic fluid, which resulted in fetal lung
inflammation without overt infection of amniotic fluid, or preterm labor [8]. Therefore
animal models of chorioamnionitis resulting from injection of inflammatory agents or
organisms into the amniotic fluid reproduce the pathology of chorioamnionitis. In this paper
we will review experiments in which the sheep, non-human primates, mouse, rabbits were
given intra-amniotic or intrauterine injection of agonists/organisms. We will not review
experiments with intraperitoneal or intravascular injection of agonists since these models
reflect maternal septicemia or bacteremia, which is a rare event in human chorioamnionitis.

Models of chorioamnionitis have been described with intrauterine injection of agonists or
live bacteria in the mouse [9, 10], and the rabbit [11-13]. Chorioamnionitis can also be
induced by intra-amniotic injection in the sheep using different agonists including IL-1R
[14], IL-1a [14], LPS (ligand for TLR4) [15], and live Ureaplasma parvum [16]. In the
Rhesus macaque, intra-amniotic injection of Group B streptococci [17], Ureaplasma
parvum [18], IL-1R [19, 20] or TNF [19] causes chorioamnionitis. In the sheep, intra-
amniotic injection of PamCysK4 (ligand for TLR2) induced weak fetal lung inflammation,
but poly I:C (TLR3 ligand) did not cause inflammation [21]. Interestingly intraamniotic
injection of TNF « [22], IL-6 or IL-8 [23] did not induce lung inflammation in fetal sheep
and intra-amniotic injection of 1L-6 or IL-8 did not induce preterm labor in the rhesus
macaque [19]. These experiments demonstrate relative specificity or potency of responses to
different inflammatory agents.
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Ureaplasma spp. are among the smallest free-living, self-replicating microorganisms
organisms and are the most frequently isolated from women with chorioamnionitis [24, 25].
The strongest evidence that Ureaplasma can cause preterm labor is from experiments in
Rhesus macaques. Intra-amniotic injection of Ureaplasma parvum or the related organism
Mycoplasma hominis induced chorioamnionitis, fetal inflammation, and preterm labor [18].
In the sheep, Ureaplasma parvum is poorly cleared from the amniotic compartment after 1A
injection but does not cause preterm labor [26]. In the amniotic fluid of sheep, Ureaplasmas
have antigenic variations with changes in the multi-banded antigen and extensive horizontal
gene transfer resulting in resulting in hybrid forms of Ureaplasma serovars, implying
unstable genotypes during the course of infection [25, 27, 28]. These antigenic changes
perhaps evolved as a mechanism to evade host immune system. Curiously, chorioamnionitis
caused by Ureaplasma is of variable intensity in fetal sheep — ranging from essentially none
to severe, but without differences in the titer of the organism in amniotic fluid [26, 27].
Similarly in the human, Ureaplasma can be recovered without severe chorioamnionitis or
progressive preterm labor [29, 30].

Chorioamnionitis - inflammation/injury and maturation of the fetal lung

One of the striking and counter intuitive effects of intra-amniotic injection of LPS or IL-1 in
the fetal sheep is the increase in pulmonary surfactant lipids (Figure 1A) and surfactant
associated proteins A, B, C [14, 16, 20, 31, 32]. The increase in airway surfactant and
changes in lung structure results in improved lung mechanics in the preterm resulting in
“clinical lung maturation”. This effect of chorioamnionitis induced lung maturation is more
potent than that resulting from maternal administration of betamethasone in the sheep [33].
IA injection of LPS with tracheal ligation prevented the lung maturation [34, 35], but fetal
intratracheal infusion of LPS or IL-1 resulted in increased lung maturation, demonstrating
the sufficiency of direct airway contact with LPS or IL-1 for lung maturation [36, 37]. The
precise signaling that results in fetal lung maturation is not known. However, intramuscular
injection of an anti-CD18 antibody largely decreased inflammatory cell influx in the fetal
sheep and significantly decreased the lung maturation [38]. Similarly, human IL-1 receptor
antagonist decreased the IA LPS induced lung maturation [39]. These experiments in the
fetal sheep demonstrate that IL-1 signaling is central to the lung maturation induced by LPS.
The numbers of inflammatory cells recruited to the lung correlated with the surfactant lipid
pool size, suggesting that it will be difficult to separate the inflammatory effects of these
agonists from the beneficial lung maturation effects [14].

Despite the beneficial lung maturation, 1A injection of pro-inflammatory agonists interferes
with normal lung development. In the sheep, IA LPS decreased alveolar numbers, caused
thinning of the alveolar septae and increased the size of the alveoli (Figure 1B) [40]. An
important feature of alveolarization is the expression of elastin that identifies sites of
secondary septation. A LPS induced an aberrant and decreased expression of elastin [41].
This inhibition of formation of terminal respiratory units was also reproduced in fetal mouse
lung explants treated with LPS [42]. In this explant model, LPS inhibited FGF-10
expression, which required macrophage NF-xB signaling [43]. IA LPS in the preterm fetal
sheep also inhibited several genes critical for vascular development including VEGF-A,
VEGFR2, and NOSIII [44]. 1A LPS caused smooth muscle hypertrophy in the resistance
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arterioles and adventitial fibroblast proliferation of the fetal sheep lung [44]. These changes
of vascular remodeling resulted in increased pulmonary vascular resistance [45].

In the sheep, IA injection of U. parvum increased lung surfactant pools and induced a
clinical lung maturation, although less consistently than LPS or IL-1 [16, 46, 47]. IA U.
parvumalso induced mild lung inflammation with mixed neutrophil and monocytic
infiltration and low cytokine expression in the fetal lung. However, Ureaplasma caused a
mild decrease in elastic foci in secondary alveolar septae, impaired alveolar development,
and increased smooth muscle around bronchioles and pulmonary artery/arterioles [48],
similar to the changes caused by LPS. In contrast to what happens in the sheep, 1A
Ureaplasma parvum (and the related organism Mycoplasma hominis) caused severe fetal
inflammation in the fetal Rhesus macaque lung, characterized by increased neutrophils and
macrophages and alveolar type Il cell proliferation [18]. These results suggest species
differences in susceptibility to Ureaplasma.

In experiments simulating the effects of intrapartum exposure to inflammation, fetal lung
inflammation induced changes similar to bronchopulmonary dysplasia in transgenic mice.
Human IL-1b expressed in airway epithelial cells during the latter part of mouse gestation
caused neutrophil and monocyte influx into the lung, respiratory insufficiency with
increased postnatal mortality [49]. IL-1b disrupted alveolar septation with aberrant alpha-
smooth muscle actin and elastin deposition in the septa of distal airspaces. IL-1beta also
disrupted pulmonary vascular development.

Chorioamnionitis and Downstream Inflammatory Signaling in the Fetal

Lung

Intra-amniotic injection of IL-1 induced a robust expression of IL-18, IL-8, GM-CSF,
MCP-1, and the acute phase reactant serum amyloid A3 in the lungs of fetal sheep and fetal
monkeys [20, 50-52]. Interestingly, the Thl cytokines IFNy, IL-12, type | interferon
inducible genes CXCL9 (MIG) and CXCL10 (IP-10) and the Th2 cytokines IL-4, IL-13
were not induced [20]. 1A LPS increased expression of additional genes inducible by the
type I interferon signaling, including CXCL9 (MIG) and CXCL10 (IP-10) [53]. In the fetal
sheep, 1A LPS increased lung expression of TLR4 and TLR2 mRNA expression [21] but
decreased TLR4 expression in the gut [54] demonstrating organ specific responses. Nether
IA IL-1 nor LPS significantly increased expression of TNFa in the lung, and IA TNF did
not induce chorioamnionitis or fetal lung inflammation [22]. The counter regulatory
cytokine IL-10 and IL-1ra are only modestly increased in the fetal lung exposed to 1A 1L-1
or LPS [39].

Expression of candidate genes associated with lung injury was assessed. Caveolins (Cavs)
are implicated as major modulators of lung injury and remodeling by multiple signaling
pathways by virtue of their strategic positioning in the lipid rafts of plasma membranes. 1A
LPS decreased the expression of Cav-1 in the preterm fetal lung [55]. The decreased
expression of Cav-1 was associated with the activation of the Smad2/3, Stat 3, a-SMase/
ceramide pathways, and increased expression of HO-1 [55]. Consistent with activation of
Smads, 1A LPS increased lung TGF-81 mRNA and protein expression [56]. However the
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lung expression of CTGF — a key pro-fibrotic protein induced by TGF-B, decreased upon
exposure to 1A LPS [56]. Metallo-proteinases regulate the breakdown of extracellular matrix
in the lung. The expression of MMP-9 was increased in sheep given IA LPS [57] and in
transgenic mice that over express IL-1R in the lung [58]. Sonic Hedgehog (Shh) signaling is
a major pathway directing lung development. IA LPS also decreased Shh mRNA levels and
Glil protein expression in the fetal sheep [41]. Clearly, chorioamnionitis directly and
indirectly changes multiple pathways that have been linked to lung growth and development.

Modulation of cellular innate immunity in the fetus after chorioamnionitis

The sentinel immune cell of the lung is alveolar macrophage. In adult humans and animals,
macrophages are located in the airspaces directly in contact with the alveolar hypo-phase.
Fetuses do not normally have alveolar macrophages. In mice, macrophages can be detected
in the lung interstitium from early gestation [43], while in other species including non-
human primates and sheep, very few mature macrophages are found in the fetal lung [50]. In
all species, mature alveolar macrophages begin populating the lung in large numbers
postnatally with the onset of air breathing. Immature lung monocytes from preterm sheep
have a minimal response (IL6 secretion) to an in vitro challenge to LPS and do not respond
to TNFa [50]. However, IA LPS matures the lung monocytes by stimulating GMCSF and
PU.1 expression in the fetal lung. These monocytes migrate into the fetal alveolar spaces
and respond vigorously to both LPS and TNFa in vitro [50].

IA LPS also can cause an innate immune tolerance in the fetus. In adult animals and
humans, endotoxin tolerance is the suppression of LPS signaling caused by a complex re-
programming of inflammatory responses [59]. Pro-inflammatory cytokine expression is
down regulated, while there is no change or an increase in the expression of anti-
inflammatory genes, antimicrobial genes, genes mediating phagocytosis [59]. In the preterm
fetal sheep, exposure to 1A LPS 2d before delivery induces a robust expression to cytokines
in the fetal lung [52]. However, if the fetus is exposed to two IA LPS injections of the same
dose 7d and 2d prior to delivery, the fetal lung is refractory to the 2" LPS injection (Figure
2A) [60]. Interestingly, both lung and blood monocytes are refractory to an in vitro
challenge with LPS [60, 61]. Although the precise mechanisms are not known, the
expression of negative regulator of Toll/IL-1 signaling, IRAK-M is increased in both the
lung and blood monocytes [60]. Unlike the adult monocytes with endotoxin tolerance in
which there is sparing of IL-10, IL-1RA, TGF-R1 expression [62], there was a near global
down-regulation of expression of these cytokines in the fetal lung with endotoxin tolerance.
The lung and blood monocytes from fetal sheep exposed to two injections of IA LPS were
also refractory to stimulation by a host of other TLR agonists including PamCysK4 (TLR2),
flagellin (TLR5), and CpG-DNA (TLR9) [63].

Since Ureaplasma colonization in the setting of polymicrobial flora is common in women
with chorioamnionitis, we asked if Ureaplasma would modulate LPS responses. Intra-
amniotic injection of U parvum in sheep profoundly suppressed LPS-induced
responsiveness [64, 65]. While acute but not chronic exposure to U parvum suppressed LPS-
induced chorioamnion inflammation [64], only chronic exposure suppressed fetal lung
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inflammation (Figure 2B) [65]. Thus, the innate immune tolerance induced by U parvum can
have different temporal profiles in different fetal organs.

Very preterm infants frequently develop postnatal sepsis, and many of these infants have
had exposure to chorioamnionitis. To simulate this scenario, we gave two IA LPS injections
7d and 2d prior to delivery at 85% term gestation. After delivery, the preterm lambs were
given a low intravenous dose of LPS. Compared to control lambs exposed to A saline, the
lambs exposed to IA LPS had less hypotension suggesting a systemic tolerance for
cardiovascular effects of LPS [66]. However, no fetal tolerance was seen for cytokine
production in multiple fetal organs [66]. Other curious interactions between prenatal and
postnatal exposure have also been reported. Rats exposed to A LPS have impaired postnatal
alveolar development [67]. Exposure to 95% oxygen (severe hyperoxia) postnatally further
decreased alveolar septation and increased the pulmonary hypertension induced by IA LPS.
However, moderate hyperoxia (80% oxygen) improved alveolar growth and ameliorated the
development of postnatal pulmonary hypertension [67]. These experiments demonstrate that
immune modulation caused by chorioamnionitis may have profound effects on postnatal
immune responses to secondary injurious and infectious exposures.

Effects of maternal betamethasone on chorioamnionitis

Maternal betamethasone is the standard therapy for women with threatened preterm labor to
decrease RDS and infant death [68]. The delivery of many women given corticosteroids
often is delayed for several days to weeks [69], and histologic chorioamnionitis is clinically
silent in a majority of women in early gestational preterm labor [70]. Therefore, the
combined fetal exposures to antenatal corticosteroids and chorioamnionitis are common, but
the order of exposures can vary. Betamethasone modulates LPS-induced chorioamnionitis in
the sheep depending on the relative timing of betamethasone, IA LPS injection, and the
preterm delivery. When betamethasone and LPS were administered simultaneously, LPS
induced lung and chorioamnion inflammation was suppressed at 2d but amplified at 5 and
15d after the exposures [71, 72]. However maternal betamethasone administered before 1A
LPS, suppressed IA LPS induced inflammation, activation of thymic cells. However,
betamethasone did not decrease LPS induced inflammation when administered after 1A LPS.
These experiments indicate time dependent anti-inflammatory effects of betamethasone [73-
75]. Interestingly, the animals with inhibited LPS inflammation (maternal betamethasone
given prior to 1A LPS) had decreased lung maturation compared to those exposed to 1A LPS
followed by maternal betamethasone. These results suggest that lung maturation is driven by
inflammation in this chorioamnionitis model [73, 74].

Inflammation and injury in the fetal skin

Fetal skin from preterm infants exposed to chorioamnionitis obtained at autopsy had mixed
neutrophils, T-cells and histiocytic infiltrates into the superficial dermis. TLR2 but not
TLR4 immunoreactivity in the skin was stronger in fetuses with chorioamnionitis than in
those without chorioamnionitis. These data demonstrate that dermatitis can be a component
of the fetal inflammatory response syndrome (FIRS) [76]. Consistent with the human data,
IA LPS induced significant increases in IL-18, IL-6, IL8 and TNFa in the fetal sheep skin
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[77]. Furthermore, using fetal surgery in the sheep with isolation of skin/famnion from the
lung and the gut, we demonstrated that fetal skin inflammation needed direct exposure of the
skin to LPS, as opposed to being a secondary response to a systemic inflammation [77].
These changes of skin inflammation and upregulation of cytokine expression in the fetal
sheep skin were also demonstrated 7 days after IA U. parvum exposure [78]. Although
clinicians do not normally think of skin as a response organ, these data clearly demonstrate
that skin is a component of fetal inflammatory response syndrome (FIRS) induced by
chorioamnionitis.

Immune alteration in the thymus

In humans, thymus development occurs early in gestation with distinct cortical and
medullary compartments formed by 16 weeks gestation with population by T-cell subsets
including CD4 and CDS8 single and double positive apTCR* and y8 TCR™* cells as well as
CD4*CD25* FOXP3™ cells [79-85]. These CD4*CD25" FOXP3*, called regulatory T cells
(Tregs), are a vital mechanism of negative regulation of immune-mediated inflammation via
multiple mechanisms [86]. Other cell lineages including macrophages and myeloid and
plasmacytoid dendritic cells are also present by 16 weeks gestation [81, 87, 88]. Between 14
and 16 wks of gestation, mature T-cells begin to seed the peripheral immune system [83, 85,
89]. The fetal T-cells are thought to be polarized towards a regulatory phenotype, to control
fetus responses against maternal chimera [90].

Thymic involution has been widely reported to occur with chorioamnionitis, and particularly
with funisitis in preterm or term infants [91-97]. Consistent with the clinical reports,
experimental chorioamnionitis induced by IA LPS decreased thymus weight and cortico-
medullary ratio beginning at 5h post exposure [98, 99], effects that lasted for several days
(5-7d). However, another study did not find the same abnormal thymic architecture 7d after
IA LPS [100]. Increased percentages of CD3+ cells, but decreased percentages of FOXP3+
cells, were reported, based on immunohistochemistry analyses, with relatively similar
kinetics (starting early after 1A exposure and lasting for up to a week) [98, 99]. LPS
exposure also reduced the percentages of MHC Class I1+ cells, in both the thymic cortex and
the medulla, although the type(s) of cells that were diminished —antigen-presenting cells or
thymic epithelial cells (TEC)- was not further characterized [100]. These observations could
be important, since interactions between TECs and thymocytes are critical for thymic
function (reviewed in [101]). At least part of the mechanism involved in acute thymic
involution are increased expression of inflammatory cytokines, such as members of the IL-6
family and type | interferons, as well as glucocorticoids induced by activation of the
hypothalamus-pituitary adrenal axis [99, 102-105].

Immune alteration in fetal spleen and lymph nodes

Preterm 20-25 wk fetuses exposed to chorioamnionitis have increased neutrophils in the
spleen (5-fold) and in the bone marrow [106]. In contrast, the percentage of red and white
pulp areas occupied by naive T cells (CD45RA+), memory T cells (CD45R0O+) and B cells
(CD20+) decreased significantly in fetuses exposed to chorioamnionitis compared with
control subjects (30 wks GA). These patients also exhibited diminished numbers of T cell
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foci whereas the number of B cell foci was normal [107]. A major limitation of the clinical
studies is that the data are from fetuses that are either aborted, stillborn or from early
postnatal death reflecting the most severe cases.

In the sheep, A LPS or IA IL-1f increased the size of the posterior mediastinal lymph nodes
(PMLN) and spleen [34, 48, 108]. In this model, LPS also increased the frequency of CD3,
CD4, CD8 and v8 T cells 2-3 days post exposure [34, 48]. In addition, 1A I1L-1p modified
the polarization of the immune response, notably decreasing by 75% the frequency of
FOXP3+ cells 1 and 3 days post exposure, with a return to baseline 7d after exposure [108].
Similarly, in fetal rhesus macaques, a single IA-1L-1 exposure altered the balance between
inflammatory and Treg cells in spleen and mediastinal and mesenteric lymph nodes: Treg
(CD3*CD4*FOXP3* cells) frequency decreased at 24h, while IL-17A-producing cells
increased [20]. In this model of single acute exposure to a very potent inflammatory
stimulus, Tregs rebounded and their frequency was increased at 72h compared to controls.
IL-17 up regulation was also transient [20]. In addition to modifying T cell subsets, 1A I1L-1p
increased the frequency of activated macrophages and neutrophils (iNOS positive) in the
subcapsular and parafollicular regions of the fetal sheep PMLN [108]. Although not much
information is available for the spleen, 1A LPS exposure increased the expression of 1L-18,
IL-6 and IL-8 mRNA in fetal lambs 2d after exposure [35].

Chorioamnionitis can be an indolent infection and repeated injections of intra-amniotic LPS
induced endotoxin tolerance in the lung and blood monocytes of fetal sheep [60]. Therefore,
we evaluated the changes in lymphoid organs in response to repeated IA LPS injections. In
contrast to an acute exposure, repeated 1A LPS administered from 90 to 110 days' gestation
in the sheep did not change organ weights (PMLN, thymus, spleen) or the proportion of
CD8 and 8 T cells [109]. However, repeated LPS exposure increased CD4+ T cell
frequency in PMLN, as well as the proportion of CD4+CD25+ cells in this organ. These
CD4+CD25+ cells were not further characterized, so they could be a sign of either persisting
effector T cell activation, or on the contrary, an indication that chronic chorioamnionitis
induced Treg expansion as a counter-regulatory mechanism.

Limited data on responses of lymphoid organs were also reported in Rhesus macaques
infected with A Ureaplasma parvum or Mycoplasma hominis, at ~80% gestation [18]. Fetal
spleens had diffuse hyperplasia of reticulo-endothelial cells, accompanied by increases in
neutrophils, T-cells, and plasma cells in the red pulp and reactive proliferation of lymphoid
follicles 15d after infection. No changes in the lymphoid organs were apparent 6d after
exposures [18]. Curiously, these changes of splenic hyperplasia are the opposite of splenic
depletion reported in humans [107].

Fetal gut immune alterations, inflammation and injury after

chorioamnionitis

Since chorioamnionitis is associated with an increased risk for necrotizing enterocolitis in
preterm infants [70, 110], we explored the intestinal responses to experimental
chorioamnionitis in the sheep. A LPS, IL-1 or live U. parvum induced a fetal ileal
inflammation, decreased epithelial barrier integrity and an enterocyte injury response [54,
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111, 112]. IA IL-1a increased intestinal mMRNAs for IL-4, IL-10, IFN-g, and TNF-a.
Numbers of CD3+ and CD4+ T-cells and myeloperoxidase+ cells were increased whereas
the anti-inflammatory FoxP3+ T-cells were decreased. Intra-amniotic Ureaplasma exposure
caused inflammation within 7d with damaged villus epithelium and gut barrier loss.
Proliferation, differentiation, and maturation of enterocytes were significantly reduced after
7d of Ureaplasma exposure, leading to severe villus atrophy at 14d. The Ureaplasma
mediated impaired development and villus atrophy of the fetal gut was largely prevented by
intra-uterine IL-1 receptor antagonist treatment, demonstrating again the importance of IL-1
signaling in this pathogenesis [112]. These experiments indicate that chorioamnionitis can
induce intestinal pathology that could be a precursor to necrotizing enterocolitis.

Fetal brain inflammation and injury after chorioamnionitis

Intrauterine injection of live E. coli in rabbits at 70% gestation induced apoptosis and
disorganization of the brain white matter 5 to 6 days after exposure [113] but no
inflammation in the fetal brain was detected at 30 hours post exposures although a robust
placenta and lung inflammation were noted [11]. These experiments demonstrate that fetal
brain inflammation and injury was delayed relative to lung inflammation.

In the mice, intrauterine injection of a low dose LPS induced increased expression of IL-6 in
the amniotic fluid but only caused preterm labor in 30% of the mice. However, this exposure
to LPS significantly increased IL-1R and IL-6 mRNA expression in the fetal brain [114],
decreased dendritic counts in cortical cultures [10, 115]. Expression of glial fibrillary acidic
protein, a marker of astrocyte development, and of PLP1/DM20, a pro-oligodendrocyte
marker, did not change significantly [114].

In the fetal sheep at about 70-80% gestation, IA LPS induced apoptosis, disrupted axonal
development and caused microglial (resident macrophages) activation in all regions of the
brain 14-28d after exposure [116, 117]. Furthermore astrocytes were increased in the brain
and cerebellum of LPS-exposed fetuses but not in the spinal cord. Mature oligodendrocytes
(myelin producing cells) decreased in the cerebral and cerebellar white matter, the cerebral
cortex, caudate putamen, and hippocampus 14 days after LPS. Neurons in the cerebral
cortex, hippocampus, and substantia nigra were reduced 14 days after LPS [117]. This
increase in microglial activation was also reported in rabbits exposed to intrauterine LPS
[12]. Although the mechanisms of brain injury are not known, the studies suggest that
systemic inflammation leads to microglia activation in the fetal brain causing an injury
response. It is important to note that all animal models of chorioamnionitis caused only
microscopic changes in the brain and no cystic changes were visible [116].

Immune Alterations in Blood

In a large biomarker study of 506 preterm and term infants out of the 27 markers measured
in the blood, only IL-18, IL-6, and IL-8 were selectively associated with chorioamnionitis
and FIRS [118]. Similarly, the white blood count and CRP increased in the maternal and
fetal blood, but these changes were modest and of no clinical value for the diagnosis of early
onset sepsis [119, 120]. In infants exposed to chorioamnionitis defined by clinical criteria,
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cord blood T-cells appeared activated compared to T-cells from term infants as judged by
the expression of CD25, HLA-DR or CD69 [121].

In the preterm fetal sheep, IA LPS increased cord blood IL-6 and IL-8 5h -7d post injection
[122], and had significant effect on blood neutrophils. LPS or IL-1 injection first induced
neutropenia 1-2d post stimulation, followed by neutrophilia and increased platelet counts 7d
later [39, 108, 122]. Interestingly, in the fetal rhesus, alterations in the frequency of Tregs
(Foxp3+) and I1L-17 producing cells induced in lymphoid tissues by 1A IL-1} were not
detected in the peripheral blood (Figure 3) [20]. This experiment demonstrates the important
concept that immune responses occurring in tissues may not be visible in the blood. In
contrast, blood monocytes from fetal sheep exposed to two injections of 1A LPS have
decreased responsiveness to LPS compared to blood monocytes from control sheep
demonstrating immune modulation by chorioamnionitis.

Compartmentalization of fetal inflammatory response syndrome (FIRS)

FIRS is the systemic response of the fetus to chorioamnionitis, generally diagnosed
clinically as inflammatory cells in the umbilical cord or increased cytokines/acute phase
reactants in the cord blood [123, 124]. FIRS has been associated with fetal organ injury
responses [124]. The infection in chorioamnionitis is largely restricted to the amniotic
compartment and is not systemically disseminated since only 5% of preterm infants with
histologic chorioamnionitis have early onset sepsis [125]. Similarly, IA LPS is not
detectable in the blood in fetal sheep [60]. Further, an intravascular injection of 6ug LPS
causes profound hypotension in preterm sheep, but an 1A dose of up to 100mg (10,000 fold
excess of IV dose) is well tolerated without hypotension in the fetus [66, 122]. These data
strongly argue for a strict compartmentalization of FIRS. Therefore, the adverse effects of
chorioamnionitis on organs such as the fetal brain must be mediated by inflammation
transduced in organs in immediate contact with the amniotic fluid, which are the lung,
gastrointestinal tract, chorioamnion, and skin (Figure 4). To understand which of the organs
in contact with the amniotic fluid mediates FIRS, we surgically isolated and infused LPS
into lung, the gut, and the amniotic fluid (chorioamnion/skin) [34, 35]. Exposure of the fetal
lung and fetal skin/amnion to LPS (but not gastro-intestinal tract) caused FIRS in the fetal
sheep.

The picture that emerges from animal experiments is that chorioamnionitis induces FIRS in
distinct compartments (Table 1): a) in organs in direct contact with the amniotic fluid (lung,
Gl tract, skin and chorioamnion) and b) in organs not in direct contact with the amniotic
fluid e.g. brain (Figure 4). Immune changes in lymphoid organs that may mediate organ
injury response include polarization of T-cells in lymphoid organs to pro-inflammatory
IL-17 producing cells with a decrease in anti-inflammatory Tregs [20]. Consistent with this
notion, clinical studies demonstrate that chorioamnionitis can predispose the preterm infant
to increased injury responses to post natal noxious stimuli such as post natal sepsis and
mechanical ventilation [126, 127]. On the contrary, the immune modulation can also be anti-
inflammatory e.g. endotoxin tolerance in blood monocytes [60]. Therefore the injury
responses to chorioamnionitis can be quite variable.
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Summary of fetal inflammation after chorioamnionitis

Unlike the cytokine storm described in adults with systemic inflammatory responses induced
by infections, trauma, and burns [128], the preterm infant with chorioamnionitis has a subtle
FIRS as measured by increases in the traditional clinical markers - white blood counts and
CRP. The organ injury responses in multiple organs evident in animal models are
microscopic in nature that would not be detectable by conventional imaging techniques such
as X-rays or ultrasound. Despite the subtle changes in inflammation measurable in the
blood, the injury response in the preterm fetus can be quite damaging, and is complex due to
the superimposition of immune changes/inflammation upon developing organs (Table 1).
Fetal surgical experiments suggest that chorioamnionitis-induced pulmonary inflammation
is important in the pathogenesis of FIRS [35]. However what precisely cause the immune
changes in lymphoid organs, which cells are responsible for FIRS, and which other organs
are responsible for signaling remain to be studied.
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Figure 1. IA LPS induces lung maturation but interrupts normal alveolar development in
preterm lambs

Sheep were given IA LPS (E. coli lipopolysaccharide) and delivered 7d later at 125d
gestational age (80% gestation). (A) 1A LPS increased surfactant saturated phosphatidy!|
choline (the largest component of pulmonary surfactant) in the airways. (B) Lung
morphometry revealed ~30% fewer alveoli in the A LPS group. (*p<0.05 vs. control, Data
from [39] and [40]).
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Figure 2. Repeated exposure to IA LPS or a chronic exposure to 1A U. parvum induces
endotoxin tolerance in preterm lambs

IL-18 mRNA expression was measured in the lung obtained at autopsy from sheep delivered
at 125d gestational age (80% gestation). (A) Compared to a single exposure to 1A LPS (E.
coli lipopolysaccharide) 2d before delivery, a second exposure to A LPS 7d before delivery
decreased I1L-18 mRNA expression induced by 1A LPS 2d prior to delivery B) A chronic
exposure to live UP (U. parvum) given 70d before delivery decreased lung IL-18 mRNA
induced by IA LPS 2d prior to delivery. In frame A IL-1R expression was measured by a
RNAse protection assay while frame B used quantitative rt-PCR using Tagman probes
accounting for the different values (*p<0.05 vs. 1A LPS 2d, Data from [60] and [65]).

Semin Reprod Med. Author manuscript; available in PMC 2015 January 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Kallapur et al.

Page 21

A Tregfrequency in mesenteric LN g Frequency of IL-17 producing T-cells in
3= 2.5m the mesenteric LN
*# ’t o
& 1 o = 2.0 .
o 1 )
X 29 T
8 3 1.5+
+ 1T s 1
S ¥ 1.0
1+ @ p
Q o)
R 4 | Q 0.5 #
X 4 Ial E
o T T 0.0 T T
3
K\\&o (\b\ QJ& (\\\o (\& @&
S\ N e e
N4 N4 A4 A4
No Na No Nl
C Treg frequency in cord blood p Frequency of IL-17 producing T-cells in in
mononuclear cells cord blood mononuclear cells
3+ 2.5+
& 1 & 2.04
S 2 &
(] O 1.5
I 4 b ]
3 3
D 4 g 1.04
(@] O -
X r R 0.5
| | = h No data
0 { ﬁ T 0.0 \l v
& & € ©® &
P N NS <% N I
A4 N4 \4 \4
N Ny Na Nl

Figure 3. 1A IL-18 induces changes in the Tregs and IL-17 producing cells in the mesenteric
lymph node but not the blood in preterm rhesus macaques

Changes in the frequency of Tregs (CD4+, FOXP3+) and IL-17 producing CD3+ CD4+
cells were measured by flow cytometry 1d or 3d after 1A IL-1R in rhesus macaques
delivered at 80% gestation. Note the large dynamic changes with an initial reduction and a
subsequent rebound in Tregs in the mesenteric LN (lymph node). The changes in 1L-17
producing cells were reciprocal to the Treg frequency in the mesenteric LN. In contrast no
changes in either Tregs or IL-17+ cells were detected in the blood mononuclear cells.
(*p<0.05 vs. control, #p<0.05 vs. IA IL-1R (1d), Data from [20]).
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Figure 4. Schematic representation of the pathogenesis of FIRS after chorioamnionitis
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The initial event is the inflammation and immune response in the amniotic compartment
consisting of the amniotic fluid and the organs in contact with the amniotic fluid — amnion/
chorion, skin, lung and the Gl tract. Immune modulation in the lymphoid organs (thymus,

spleen and lymph nodes) and the blood likely occurs via signaling from the amniotic

compartment. The injury response in the fetal organs is either due to direct contact (in the
amniotic compartment) with the inflammatory products/microorganisms or in distant organs

due to immune changes in the blood or lymphatic tissues.
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Summary of immune, inflammatory and injury responses in fetus after chorioamnionitis

Tissue Stimulus and animal Structural alteration Immune alteration
model
1 Surfactant lipids, surfactant associated proteins | 1 Recruited inflammatory cells Neutrophil
A,B,C [14, 16, 20, 31, 32]. and monocytic infiltration [52, 122]
1 Smooth muscle hypertrophy in the resistance + IL-1B, IL-8, GM-CSF, MCP-1
arterioles and adventitial fibroblast proliferation -1p, IL-8, GM-CSF, .
IA LPS, IL-1 or U. parvum [44] P production [50-52, 122]
Lung in Sheep, mouse, rabbit or
monkey 1 Alveolar number, alveolar septae [40, 49] 1 TLR-2, TLR-4 expression [21]
. . . J Monocyte/ Macrophage response
| Elastin and Caveolin expression [41, 55] (tolerance) [60, 63, 65]
TAlveolar type Il cell proliferation [18].
. IA LPS or U. parvumin i, 1 1L-1B, IL-6, IL-8, TNF-a production [77,
Skin Sheep Dermatitis [77, 78] 78],
| Weight and corticomedullary ratio [98, 99]. 1CD3 + T-cells [98, 99]
Thymus [ A LPS in Sheep 1% FOXP3+ T-cells, MHC-11+ cells [98,
99].
1 % CD3, CD4, CD8 and y&-T-cells [34,
48]. Activation of macrophages and
Spleen / neutrophils (acute exposure) [18, 108].
pleen ) . o .
Lymph iInASLhZ? I(I)_r #g:ﬂ% parvum Eailzzfsarl%g]yperplasm reticulo-endothelial cells 19%FOXP3+ T-cells / 1 %Th17+ T-cells
nodes P y e ’ (early response) [20, 108].
1 %FOXP3+ T-cells/ | %Th17+ T-cells
(late response) [20].
JEpithelial barrier integrity, proliferation,
IALPS, IL-1 and U. maturation and differentiation of enterocytes [54, | T %CD3, CD4 T-cells [111].
Gut parvum in sheep 113, 112]
1 Villus atrophy and |, villus development [112] | J%FOXP3+ T-cells [111].
1 microglia, astrocytes, disrupted axonal 1. ]
i i development and apoptosis [116, 117] TIL-1-B, IL-6 mRNA [114].
Brain IU LPS in Mouse, rabbit or
Sheep JOligodendrocytes, neurons [117]. TMuicroglial activation [12, 116, 117]
1 Dentritic cells [10, 115]
1 IL-6, IL-8, serum amyloid A3 [122,
129].
Blood IA LPS or IL-1 in Sheep

J Neutrophils (early respose), and
Neutrophils, platelets (late response) [108,
122]
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